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C ellular and molecular mechanisms
that suppress small RNAs in

oocytes while maintaining them in
zygotes remain unknown. Signal-medi-
ated regulation of small RNA biogenesis
pathway is emerging as a theme for regu-
lating small RNA production. We
recently reported that ERK-mediated
phosphorylation of Dicer, a central
player in small RNA biogenesis, induced
Dicer to move from the cytoplasm to the
nucleus. Dicer phosphorylation inhibited
its function, e.g., the production of 26G
endo-siRNAs in the female germline.
Moreover, our findings showed that the
inhibition of Dicer function was neces-
sary for normal progression of meiosis I
and oogenesis, and that Dicer function
had to be restored before fertilization for
normal progression of embryogenesis.
Thus, extracellular signal-dependent
inhibition and then reactivation of Dicer
is essential for oocyte-to-embryo transi-
tion. Strikingly, signal-induced Dicer
translocation from the cytoplasm to
nucleus is evolutionarily conserved from
worm, flies, mice to humans thereby sug-
gesting the ERK-mediated control of
Dicer activity may be a generalized
mechanism for regulating small RNA
biogenesis.

Introduction

Organismal development requires pre-
cise orchestration of multiple signaling
networks and molecular pathways. A key
molecular pathway that governs develop-
mental transitions is the small non-coding
RNA pathway such as the microRNA
(miRNA) and the siRNA pathway.1,2 The

miRNA and the siRNA pathways were
uncovered as mediators of developmental
transitions during C. elegans larval devel-
opment, and regulate gene expression
either through sequence specific degrada-
tion of mRNAs as a post-transcriptional
gene silencing mechanism or through
translational repression of mRNAs (eg.,
let-7 miRNA).3-5 Generation of the func-
tional miRNA or siRNA is mediated by a
series of processing steps; in particular the
Dicer RNAse III enzyme cleaves the
dsRNA or pre-miRNA into the final
siRNA and miRNA forms, respec-
tively.3,6,7 These small RNAs modulate
gene expression under multiple develop-
mental and tissue contexts, mediating
diverse cellular responses like cell cycle
regulation8 and differentiation.9 Molecu-
lar mechanisms that impose specificity on
the small RNA biogenesis pathway remain
to be fully elucidated. Argonaute proteins
direct distinct species of small RNAs e.g.,
miRNA, piRNA, siRNAs into specific
RNA Induced Silencing Complexes
(RISC).10-12 Argonautes were thus
thought to impose specificity in genera-
tion of distinct classes of small RNAs.
However, since most Argonautes (e.g.,
Ago2) are ubiquitously expressed and
often have the same phenotype as loss of
Dicer,13,14 the question of how specificity
is achieved in the pathway is still an
intense area of investigation.

More recently, links between signaling
pathways and small RNA biogenesis effec-
tors have been uncovered suggesting that
there may be context-dependent regula-
tion of small RNA expression. For exam-
ple, ERK phosphorylates TRBP2 protein
which binds to Dicer and regulates its
activity in vertebrates.15 Biochemically,
phosphorylated TRBP2 stabilizes Dicer
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via direct binding. Functionally, however,
binding of phosphorylated TRBP2 to
Dicer can increase or decrease the abun-
dance of miRNAs in cultured cells.15 An
increase in miRNA abundance is pre-
dicted based on enhanced stability of
Dicer; however, a decrease in miRNAs is
unexpected and suggests that there may be
additional levels of control that regulate or
modulate Dicer activity, which in turn
influences the abundance of miRNAs.
Thus, post-translational control of cata-
lytic enzymes is increasingly in focus as an
important mechanism for context-depen-
dent regulation of small RNAs. While
multiple mechanisms are proposed in cul-
tured cells, the in vivo context of such reg-
ulation, why such regulation would occur
and what its biological consequences
might be, are only just beginning to be
elucidated.

The RAS-MPK-1 Pathway
Coordinates C. elegans Germline

Development

The C. elegans germline is organized
in a distal to proximal polarity with
respect to the uterus; the germline stem
cells are at the distal end and mature

oocytes at the proximal end16 (Fig. 1).
Germ cells initiate meiosis in the transi-
tion zone (TZ) and progress through an
extended meiotic prophase of pachytene.
On the surface, the cells are packaged
into a hexagonal symmetry via the
plasma membrane (Fig. 1A). Due to
incomplete cytokinesis, the distal mitotic
region forms a syncytium whereby the
cytoplasm is shared among the majority
of the germ cells from distal mitotic
region until the loop region (Fig. 1A).
At the diplotene stage in the loop region
the syncytial germ cells morph into indi-
vidual oocytes. The oocytes then
undergo growth and maturation during
diakinesis in the proximal region.16

Genetic studies from many labs have
shown that the RAS-MPK-1 (ERK)
pathway is essential for oogenesis.17-19

For example, MPK-1 coordinately con-
trols 7 distinct biological processes dur-
ing oogenesis such as germ cell apoptosis
and oocyte growth.18 The total MPK-1
protein is distributed homogeneously
throughout the germline. However, the
active form of MPK-1, visualized by an
antibody specific to the diphosphory-
lated form of MPK-1 (dpMPK-1), dis-
plays a dynamic and spatially restricted
localization pattern (Fig. 1B). MPK-1 is

first activated and high during pachy-
tene, low in the loop region, and then
high again in proximal oocytes due to
the sperm signal20 (Fig. 1B). Of note,
dpMPK-1 is dramatically downregulated
in the final oocyte right after it com-
pletes meiotic maturation and just
before ovulation and fertilization21

(Fig. 1B).

Nuclear Translocation of Dicer is
Dependent on ERK-Mediated

Phosphorylation and is
Conserved Evolutionarily

Expression of Dicer during oogenesis is
conserved from C. elegans to mam-
mals.1,21,22 In C. elegans, complete loss of
Dicer (DCR-1 in worms) blocks oocyte
meiotic maturation,23 whereas a reduction
in Dicer function allows for oogenesis to
proceed but results in early embryonic
death.21 Spatially, Dicer is expressed
throughout the germline.22 At the cellular
level, Dicer is expressed in the cytoplasm
and P granules.21 In a screen designed to
identify targets of MPK-1 ERK in the C.
elegans germline we identified, and bio-
chemically confirmed, DCR-1 as an ERK
target.17 Subsequently, we showed that
human and mouse Dicer were also targets
of ERK phosphorylation in vitro and in
cell culture. Characterization of phosphor-
ylated Dicer using phospho-specific anti-
bodies during C. elegans germline
development demonstrated that phospho-
Dicer was nuclear from mid-pachytene
onwards, overlapping with dpMPK-1
expression pattern. Thus, Dicer phosphor-
ylation was dependent on the activation of
MPK-1 and resulted in the translocation
of phospho-Dicer from the cytoplasm to
the nucleus, in vivo. Using the antibody
generated against the C. elegans DCR-1,
we showed that human and mouse Dicer
both underwent cytoplasm-to-nucleus
translocation in an ERK-dependent man-
ner, highlighting the conserved nature of
this regulation.21 Taken together, the evo-
lutionary conservation of ERK-mediated
Dicer phosphorylation and its subsequent
translocation suggest that this phenome-
non may have important functional conse-
quences in different biological contexts.

Figure 1. C. elegans germline organization. (A) C. elegans germline has an organized cell surface (left
arm), with hexagonal plasma membranes. Due to incomplete cytokinesis in the distal region, the
germline has a central rachis with shared cytoplasm (right arm). The two gonad arms end in com-
mon uterus. (B) Schematized view of one gonad arm. MPK-1 is active in mid-pachytene, downregu-
lated in the loop, active proximal diakinetic oocytes and turned off in mature oocyte. Active ERK has
not been demonstrated in early embryo.
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Phosphorylation of Dicer is
Necessary and Sufficient to

Trigger its Nuclear Localization

In its canonical function, Dicer acts in
the cytoplasm24 to generate miRNAs and
siRNAs. However, Dicer can localize to
the nucleus in many contexts.25 For exam-
ple, in fission yeast, a C-terminally-tagged
version of Dicer localizes to perinuclear
foci.26 The mechanism by which Dicer
translocates to the nucleus in yeast, how-
ever, is unclear as fusion of only the C-ter-
minal end of Dicer to GFP is not
sufficient to direct GFP to the nucleus.
Thus, the C-terminal end of Dicer does
not behave as a simple nuclear localization
signal in yeast.27 Dicer can also localize to
chromosomes during mitosis in vertebrate
cultured cells.28 The localization of Dicer
to chromosomes in this context was spe-
cific to rDNA loci, but did not correlate
with processing of pre-rRNA or the meth-
ylation status of these loci, and the mecha-
nism of this nuclear translocation remains
at large.

In C. elegans, Dicer is phosphorylated
by MPK-1 on the C-terminally located
RNase IIIb and dsRNA binding domains,
on Serine 1705 and Serine 1833 respec-
tively, and this phosphorylation renders
Dicer nuclear in the germline.21 Visualiza-
tion of GFP tagged Dicer transgenes
revealed that the wild-type Dicer trans-
gene is nuclear in localization in the germ-
line in regions with high active MPK-1,
and cytoplasmic in regions with no active
MPK-1. Phospho-mimetic Dicer trans-
genes (wherein Serine 1705 and / or 1833
were replaced with Glutamic acid) dis-
played a nuclear localization of Dicer pro-
tein throughout the germline. Lack of
Dicer phosphorylation (wherein Serine
1705 and / or 1833 were replaced with
Alanine) rendered the Dicer protein cyto-
plasmic and in P granules, demonstrating
that phosphorylation is necessary and suf-
ficient to support nuclear localization of
Dicer.

However, it remains unclear how phos-
phorylated Dicer finds its way to the
nucleus. It is highly likely that phosphory-
lation may recruit nuclear import proteins
such as the RAN/Importin mediated sys-
tem. But it is also likely, based on crystal
structure predictions,29 that

phosphorylation of the C-terminal tail of
Dicer results in exposure of a nuclear
localization signal in the very C-terminal
tail, which results in its nuclear import.
Current ongoing studies in multiple labs
and future studies should help address
these questions. Functionally, phosphory-
lation of Dicer has a large impact on its
activity, and reveals a novel role for Dicer
in regulating progression of meiosis I, and
oocyte-to-embryo transition.

Impact of Dicer Phosphorylation
on Small RNAs in C. elegans

Deep sequencing analysis of small
RNAs (in the range between 20 and 30
nucleotide) from wild type, phospho-
mimetic and unphosphorylatable Dicer
transgenes revealed no significant differen-
ces in miRNA abundance between the
dcr-1(0) and wild-type animals. Examina-
tion of specific miRNA species showed
dramatically lowered expression of only
the embryo-specific miR35-miR42 cluster
in dcr-1(0) animals. However, lack of the
miR35–42 cluster could be accounted for
by the complete lack of embryo develop-
ment in dcr-1(0) animals. It is likely that
the perdurance of dcr-1(C) activity com-
ing from maternal contribution of Dicer
protein, when segregated from heterozy-
gous mothers results in a persistence of
miRNAs in the dcr-1(0) homozygous
animals.

Thus, contrary to the dogma, we found
no significant difference in miRNA abun-
dance in animals that lack dcr-1. There-
fore, 26G class endo-siRNAs, which are
Dicer-dependent and abundant in the
germline30,31 were assayed as an indicator
for loss of Dicer activity. These endo-siR-
NAs are grouped into Class I or the sper-
matogenic class and Class II or the
oogenic and the embryogenic class.30-33

Both Class I and Class II 26G RNAs are
germline specific, and usually detected
only in young adult or adult animals.
Thus, we hypothesized that in the dcr-1
(0) adult animals the 26G endo-siRNAs
should not be impacted by maternal con-
tribution of Dicer activity, which should
be minimal by adulthood. The analysis of
26G RNAs demonstrated that (i), the
26G endo-siRNAs were depleted in dcr-1

(0) animals, as predicted, (ii) wild-type
Dicer transgene rescued the dcr-1(0) ani-
mal for 26G endo-siRNAs, and (iii) that
both phospho-mimetic Dicer transgenes
showed loss of the 26G endo-siRNAs sug-
gesting that phosphorylation of Dicer
inhibits its activity toward these small
RNAs. Conversely, unphosphorylatable
Dicer transgenes had different profiles.
S1833A Dicer transgene lead to the gener-
ation of 26G endo-siRNAs, while S1705A
did not. Thus the inability to phosphory-
late Dicer at Serine 1833 results in a con-
stitutively active protein whereas the
S1705A mutation results in a protein that
may have novel (but yet undetermined)
activities. Cumulatively, we propose that
differential phosphorylation of Dicer may
regulate its ability to generate distinct
populations of small RNAs.

Something Strange in the
Neighborhood: A new Dicer-

depletion-dependent Small RNA
Species, Pseudo-miRNA

During the course of the above analy-
sis, a very surprising observation was
made. It was discovered that in dcr-1(0)
animals some small RNAs were enriched
800–1000 fold when compared to wild-
type animals. These small RNAs were 26–
30-nucleotide in length (Fig. 2) and
shared the core 21-nucleotide sequence
with miRNAs. As Dicer generates miR-
NAs in the canonical pathway, we called
these small RNA species “pseudo-
miRNAs” since they were generated upon
loss of Dicer. We propose that the
pseudo-miRNAs are derived independent
of dcr-1-processing of pre-miRNAs that
accumulate under conditions of dcr-1
depletion. But is Drosha (DRSH-1 in C.
elegans) required for pseudo-miRNA bio-
genesis? Drosha functions as part of the
microprocessor complex to cleave the lon-
ger RNA precursor (pri-miRNA)34 and
produce the pre-miRNA, which are
cleaved by Dicer to generate miRNA.
Assay of drsh-1(0) animals revealed that
the pseudo-miRNAs are fully dependent
on Drosha. This finding supports the
hypothesis that pseudo-miRNAs are gen-
erated from the same pre-miRNA pool as
their mature miRNA counterparts. Since
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the pseudo-miRNAs were only observed
in conditions of dcr-1 depletion, we pro-
pose that abundance of pseudo-miRNAs
can be used to track Dicer activity in vivo.
For example, phospho-mimetic Dicer
transgenes accumulate pseudo-miRNA 58
and 80 at 200–250 fold higher level com-
pared to the wild-type transgene. In con-
trast, lack of Dicer phosphorylation
resulted in either 10–fold15- (S1833A) or
80–120-fold increase (S1705A) in
pseudo-miRNA 58 and 80 as compared
to the wild-type transgene. These data
suggest that phosphorylation of Dicer
results in downregulation of Dicer activity
(thus leading to production of the pseudo-
miRNAs), while lack of phosphorylation
at Serine 1833 renders the Dicer protein
largely inactive. And S1705A Dicer pro-

tein may have as yet unidentified
novel activities. The data also sug-
gest that the inability to phos-
phorylate Serine 1705 or 1833
may confer on each Dicer variant
a different level of activity, which
may culminate in differences in
pseudo-miRNA accumulation
level.

These data demonstrate that
Dicer phosphorylation modulates
the normal small RNA repertoire
and raises many exciting ques-
tions. What is the function of
pseudo-miRNAs? Do pseudo-
mioRNAs function similar to
miRNAs and regulate gene expres-
sion? Are pseudo-miRNAs meta-
bolic byproducts of small RNA
pathway processing enzymes?

A role for ERK-mediated
Regulation of Dicer During

in oocyte-to-embryo
Transition

In mice and C. elegans, loss of
Dicer function in oocytes causes
infertility.21,23 But, in both cases,
oogenesis proceeds apparently
normally at least until just before
fertilization (or after oocyte matu-
ration). In mouse oocytes that
lack dicer function no detectable
defects are observed in growing
oocytes (during meiosis I) but

Figure 2. Psuedo-miRNAs. Small RNA species that are 26–30-nucleotide long, and share 21-nucleo-
tide core sequence with miRNAs (box). These are generated in conjunction with the mature miRNA
forms, but in the absence of Dicer activity.

Figure 3. Model for why Dicer is so tightly regulated in the germline, and the embryo. During diakinesis (col-
umn 1), the oldest oocyte (¡1) contains active MPK-1 and phosphorylated Dicer (green, inactive). As this
oocyte exits diakinesis and matures (¡1, column 2), MPK-1 is inactivated; Dicer is de-phosphorylated and pre-
sumably active. Active Dicer is then competent to generate small RNAs presumably in early embryos. These
small RNAs may degrade maternal RNAs. Thus phosphorylation and dephosphorylation of Dicer appears to
be necessary for the reprogramming of an oocyte to an embryo.
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rather after the oocytes mature.35 In C.
elegans, genetic mosaic studies indicate
that dcr-1 function is dispensable for
oogenesis during meiosis I, but essential
for embryogenesis: worms that lack dcr-1
function in the germline produce appar-
ently normal oocytes, but embryos that
die at varied stages of early development.
Additionally, while systemic loss of dcr-1
function in worms results in endomitotic
oocytes,23 genetic mosaic studies demon-
strate that endomitotic phenotype arises
from the loss of dcr-1 in somatic tissues,
but not the germline.21 The somatic
gonad in worms is known to initiate spe-
cific events during oocyte maturation and
ovulation.36 Thus, even though Dicer is
expressed at the RNA and protein level
throughout the germline, it does not
appear to function in the germline to pro-
mote oocyte development.

But, if Dicer is expressed in the female
germline and has no apparent function in
oocyte development, why is it there? Phos-
pho-mimetic Dicer transgenic animals
have normal oocyte development; how-
ever, the embryos die early and resemble
animals that have lost Dicer specifically
from the germline. This data suggests that
phospho-mimetic Dicer behaves very
much like loss of Dicer from the germline.
Unphosphorylated Dicer transgenic ani-
mals, however, present with 2 phenotypes:
increased MPK-1 activation (via
S1833A), and defects in germline progres-
sion and oocyte development (via
S1705A), suggesting that lack of phos-
phorylation of Dicer presented with new
phenotypes, which were unlike systemic
or tissue specific loss of Dicer. This sug-
gests that Dicer needs to be phosphory-
lated for normal progression of oogenesis
and oocyte development, but lack of phos-
phorylation results in aberrations in
MPK-1 activation, meiotic progression
and oocyte development. Conversely,
presence of phosphorylated Dicer in the
embryo is incompatible with embryonic
development. Together with the genetic
mosaic analysis, these data propose a
model on how MPK-1 may regulate Dicer
activity to mediate oocyte development
and oocyte-to-embryo transition.

In the C. elegans germline MPK-1 is
active in the mid-pachytene stage of
oogenesis, downregulated in the loop

region, reactivated in developing oocytes,
and downregulated in the mature oocyte
just before fertilization (Fig. 1). MPK-1
drives these oogenic processes at least in
part through its phosphorylation and inhi-
bition of Dicer function within develop-
ing oocytes. Thus, until the very end of
oogenesis Dicer function is inhibited
toward certain classes of small RNAs.
Minute’s prior to oocyte fertilization
(upon maturation), a switch is flipped,
and MPK-1 activity is downregulated, fol-
lowed by the dephosphorylation of Dicer.
Dephosphorylation of Dicer then renders
it functional in anticipation of fertilization
and embryogenesis. Thus, for oogenesis to
occur normally, Dicer function must be
inhibited or at least significantly altered,
and for embryogenesis to occur normally,
Dicer function must be reinitiated. The
presence of active MPK-1 during oogene-
sis drives the former process, its absence
allows for the latter process, and the pre-
cipitous switch from active to inactive
MPK-1 that occurs in the terminal oocyte
just before fertilization signals the exact
timing of the oocyte-to-embryo transition
and the likely reprogramming of small
RNA production (Fig. 3).

It is interesting to speculate (Fig. 3)
that one reason for a tight control on
Dicer activity during this critical phase of
development is to protect certain maternal
RNAs in the germline, and degrade them
in a step-wise fashion upon embryo devel-
opment, via generation of specific classes
of endo-siRNAs (through unphosphory-
lated active Dicer). It would be very inter-
esting in the future to determine whether
lack of turning down maternal RNAs in
the embryo results in embryonic lethality,
and what the mechanisms might be that
may govern this. Certainly, suppression of
small RNAs in the maternal germline was
demonstrated in mouse oocytes. Loss of
the dgcr8 microprocessor gene,37,38 from
mouse oocytes does not affect oocyte
development, but results in embryonic
death at E6.5, suggesting that miRNA
activity is not necessary for oocyte devel-
opment but essential for embryonic devel-
opment. Interestingly much like in
worms,21 loss of dicer in mouse oocytes
also does not result in a clear decrease in
miRNA levels, but rather endo-siRNA
levels are dampened, suggesting that dicer

may mediate its oocyte function primarily
through siRNAs in mammals as well.39

While the precise profiles of small RNAs
in the oocyte and early embryos remain to
be clarified, our observations in aggregate
support the model that a switch in the
functions of the small RNA biogenesis
pathway coincides with the oocyte-to-
embryo transition, and open many excit-
ing new directions.
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