BIOLOGY OF REPRODUCTION (2014) 91(2):39, 1–8
Published online before print 2 July 2014.
DOI 10.1095/biolreprod.114.119370

Murine Follicular Development Requires Oocyte DICER, but Not DROSHA1
Shuiqiao Yuan, Nicole Ortogero, Qiuxia Wu, Huili Zheng, and Wei Yan2
Department of Physiology and Cell Biology, University of Nevada School of Medicine, Reno, Nevada

Both DICER and DROSHA are RNase III enzymes involved in
the biogenesis of small noncoding RNAs. DROSHA cleaves the
stem-loop portion of the primary miRNAs and produces
precursor miRNAs in the nucleus, whereas DICER processes
double-stranded RNA precursors into mature miRNAs and
endogenous small interference RNAs in the cytoplasm. Selective
inactivation of Dicer in growing oocytes of primary follicles
leads to female infertility due to oocyte spindle defects.
However, it remains unknown if oocyte Dicer expression in
the fetal ovary is required for proper follicular development in
the postnatal ovary. Moreover, the role of Drosha in folliculogenesis has never been investigated. Here, we report that
conditional knockout of Dicer in prophase I oocytes of the fetal
ovary led to compromised folliculogenesis, premature ovarian
failure, and female infertility in the adult ovary, whereas
selective inactivation of Drosha in oocytes of either the fetal
or the developing ovary had no effects on normal folliculogenesis and female fertility in adulthood. Our data indicate that
oocyte DICER expression in the fetal ovary is required, and
oocyte DROSHA is dispensable, for postnatal follicular development and female fertility in adulthood.
fertility, meiosis, oocyte, oogenesis, ovary, ovulation,
posttranscriptional regulation, premature ovarian failure,
primordial germ cells, small RNA, spindle

INTRODUCTION
Sexual reproduction requires gametes from both sexes. Male
and female gametes (i.e., sperm and oocytes) are both derived
from primordial germ cells (PGCs) [1]. During embryonic
development, both male and female PGCs multiply themselves
through mitosis and then adopt different differentiation
pathways: prospermatogonia in the testis remain in G0 phase
until the onset of pubertal testicular development, whereas
oogonia in the ovary enter meiosis prophase I and become
oocytes followed by a late prophase I arrest at birth [2, 3]. The
number of available primordial follicles at birth, which is
believed to represent the total follicular reserve for the entire
reproductive lifespan in a female, is determined by the
proliferation rate of the female PGCs and also the rate of
PGCs committing meiosis during embryonic ovarian development [4]. Upon puberty, mature oocytes are produced via
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folliculogenesis, a process through which primordial follicles
develop into primary, secondary, and eventually antral follicles
competent for ovulation. During folliculogenesis, both oocytes
and follicular cells are subject to complex regulation of gene
expression, which can occur at multiple levels, including
transcriptional, posttranscriptional, and posttranslational [5]. In
oocytes, posttranscriptional regulation is prominent because
numerous maternal transcripts need to be produced and stored
for usage during fertilization and during postfertilization
development [6]. RNA-binding proteins (RBPs) have long
been suggested to be involved in the control of mRNA fate,
and thus research efforts have been focused on oocyteexpressed RBPs for the past several decades [6]. Small
noncoding RNAs (sncRNAs) represent another critical component in the complex machinery of posttranscriptional
regulation [7–9]. Among numerous sncRNAs, miRNAs and
endogenous small interference RNAs (endo-siRNAs) are well
studied and both function to affect stability and translational
efficiency through binding 3 0 untranslated regions of their
target mRNAs [7, 10]. The biogenetic pathways of these two
types of sncRNAs have been defined, both of which involve a
cytoplasmic RNase III, DICER, and miRNA production also
requires another nuclear RNase III, i.e., DROSHA [11–14].
Similar to mRNA genes, miRNA genes are transcribed into
primary miRNA transcripts (pri-miRNAs) with 5 0 caps, 3 0
polyA tails, and a stem-loop region containing the mature
miRNA sequences [15]. The stem-loop portion of pri-miRNAs
can be recognized by the microprocessor complex, which
contains DROSHA, a nuclear RNase III, and its cofactor
DGCR8, and cleaves to form precursor miRNAs (premiRNAs), which are then exported from the nucleus to the
cytoplasm by a RAN-binding protein called EXPORTIN5 [16,
17]. Once in the cytoplasm, DICER recognizes the doublestranded RNA in the stem-loop region of pre-miRNAs and
cleaves out two mature miRNAs [15]. Endo-siRNAs are
processed by DICER in the cytoplasm using naturally formed
double-stranded RNAs (dsRNAs), which can be derived from
two mRNAs with partial segments that are complementary
[15]. Endo-siRNAs have been identified in male and female
germ cells as well as in embryonic stem cells [15]. Because
endo-siRNAs are processed in the cytoplasm, its biogenesis
requires DICER, but not DROSHA [15–17].
The early embryonic lethality phenotype (i.e., embryo dies
at Embryonic Day 6.5 [E6.5]–E7.5) in global Dicer, Dgcr8, or
Drosha knockout (KO) mice highlights the necessity of
miRNAs and endo-siRNAs in development [11–14]. Studies
using Dicer or Drosha conditional KO (cKO) mice have
demonstrated that miRNAs and endo-siRNAs play critical
roles in both the development and functions of almost all
organs and cell types [18]. Dicer plays an essential role in both
male and female germ cell development [19–27]. In the male,
selective inactivation of Dicer or Drosha in postnatal
spermatogenic cells causes disrupted spermatogenesis characterized by severe depletion of spermatocytes and spermatids,
azoospermia, and complete male infertility [21, 23–27].
Although selective inactivation of Dicer in growing oocytes
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of primary follicles does not cause obvious disruptions in
folliculogenesis, the Dicer-deficient oocytes fail to mature
properly and display aberrant spindle integrity and misalignment of chromosomes [20]. Consequently, those Zp3-Dicer
cKO females are completely infertile. This finding was initially
interpreted to reflect the necessity of miRNAs in oocyte
maturation, but later noted as an effect of endo-siRNA
depletion due to DICER deficiency because miRNA depletion
by Dgcr8 inactivation in growing oocytes of primary follicles
does not disrupt folliculogenesis, and Dgcr8-null oocytes
develop normally and are fertile [28]. These earlier studies
suggest that it is endo-siRNAs, but not miRNAs, that are
essential for oocyte maturation and thus female fertility [29]. In
this study, we aimed to answer the following questions: 1)
Does Dgcr8 inactivation phenocopy Drosha inactivation? 2) Is
Dicer or Drosha expression in early prophase I oocytes needed
for follicular development in the developing and adult ovaries?
3) Is DROSHA required for folliculogenesis and female
fertility? Here, we report that inactivation of oocyte Dicer in
the fetal ovary led to compromised folliculogenesis and
premature ovarian failure in the adult ovary, whereas
inactivation of Drosha in oocytes of either fetal or developing
ovaries did not affect folliculogenesis and female fertility in
adulthood.

Dissection of Early Mouse Embryos
The presence of vaginal plugs in female Droshaþ/del mice mated with
Droshaþ/del males was marked as E0.5. At E6.5, E7.5, and E8.5, the pregnant
females were euthanized and the embryos were dissected as described [33].
After photography, a portion of the embryo was washed three times in PBS,
and then put into individual PCR tubes, each containing 30 ll of embryo lysis
buffer (1 mM Tris-HCl, pH 8.4, 50 mM KCl, 2 mM MgCl2, 0.45% NP-40,
0.45% Tween20, and 180 lg/ml protease K), followed by incubation at 558C
for 5 h and boiling 10 min at 958C. An aliquot of 5 ll embryo lysates was used
for PCR genotyping using primer sets described in Table 1.

Histology and Immunohistochemistry

MATERIALS AND METHODS
Animal Use and Generation of cKO Mice
The Institutional Animal Care and Use Committee of the University of
Nevada, Reno, approved all animal use protocols. All mice were housed and
maintained under specific pathogen-free conditions with a temperature- and
humidity-controlled animal facility in the University of Nevada, Reno. All flox
and Cre lines used in this study were purchased from the Jackson Laboratory.
All mouse lines were backcrossed for five generations to get onto the C57B6/6J
background. Adult Dicer flox/flox female mice [30] were bred with adult Ddx4Cre male mice [31] to generate Ddx4-Cre; Dicerþ/flox offspring, which were
further crossed with Dicer flox/flox mice to obtain Ddx4-Cre; Dicer flox/flox female
mice. Drosha flox/flox male mice [14] were bred with Zp3-Cre female mice [32]
to generate Zp3-Cre; Droshaþ/flox mice, which were then further crossed with
Drosha flox/flox mice to obtain Zp3-Cre; Drosha flox/flox females for this study. To
generate Drosha global KO mice, Zp3-Cre; Droshaþ/flox female mice were
mated with wild-type (WT) male mice to obtain Droshaþ/del mice, which were
then further intercrossed to generate Droshadel/del (global KO) mice.

Quantitative Analyses of Follicles
Quantitative analyses of various follicles in cKO and WT control ovaries at
Postnatal Day 30 (P30), P40, and P120 were conducted as described [34].
Briefly, serial sections (8 lm) of the ovarian paraffin blocks were cut, and every
10th section was mounted onto slides, followed by H&E staining. The numbers
of primordial, primary, secondary, and antral follicles were then counted under
a microscope. To avoid counting follicles twice, only follicles with a visible
nucleolus in the oocyte were counted. The number of follicles on each slide was
multiplied by 10 and subsequently multiplied by 8 to obtain the estimated total
number of follicles in each ovary.

Single-Oocyte Quantitative PCR Analyses
Single GV or MII oocytes were collected from WT, Ddx4-Dicer cKO, and
Zp3-Drosha cKO females and treated with hyaluronidase to remove cumulus
cells. Single oocytes were then individually put into PCR tubes containing 5 ll
CellDirect 23 Reaction Mix lysis buffer (One-Step quantitative PCR [qPCR]
kit; Invitrogen) and immediately frozen in liquid nitrogen and stored at 808C.
Complementary DNA synthesis and specific target amplification using single
oocytes were performed according to the manufacturer’s instructions (One-Step
qPCR kit). The qPCR analyses were conducted using Drosha- or Dicer-specific
primers, and Gapdh was used as a reference gene (Table 1).

Fertility Test and Oocyte Collection
For fertility test, six 6-wk-old Ddx4-Cre; Dicer flox/flox or Zp3-Cre;
Drosha flox/flox female mice were bred with adult WT males of proven fertility
for a period of 10 wk. To collect fully grown, germinal vesicle (GV)-intact,
cumulus-enclosed oocytes, 4- to 6-wk-old WT, Ddx4-Cre; Dicer flox/flox, and
Zp3-Cre; Drosha flox/flox female mice were primed with equine chorionic
gonadotropin (eCG; 5 IU/mouse) via i.p. injection. The primed mice were
killed 46–48 h after eCG treatment, and the ovaries were dissected in M2
medium to release GV-stage oocytes. For mature (metaphase II [MII] stage)
oocytes, mice were first injected with eCG (5 IU/mouse, i.p.) and subsequently
with human chorionic gonadotropin (hCG; 5 IU/mouse, i.p.) 48 h after eCG
treatment, followed by collecting MII-stage oocytes with cumulus cells from
oviduct 14–16 h after hCG treatment. The GV- and MII-stage oocytes were
treated with 0.1% bovine testicular hyaluronidase in M2 medium at 378C for 2–
3 min to remove cumulus cells. The cumulus-free GV and MII oocytes were
washed three times in M2 medium and used for subsequent molecular analyses.

Statistical Analyses
Data are presented as mean 6 SEM, and statistical differences between
datasets were assessed by one-way ANOVA or t-test using SPSS 16.0 software.
P , 0.05 and P , 0.01 were considered as significant and highly significant
differences, respectively.

RESULTS

Mouse Genotyping

Global Inactivation of Drosha Leads to Embryonic Lethality

Mouse DNA was prepared by digestion of tail snips in a lysis buffer (40
mM NaOH, 0.2 mM EDTA) for 2 h at 958C, followed by neutralization using
the same volume of neutralizing buffer (40 mM Tris-HCl). PCR reactions were
conducted in a 20-ll volume with tail DNA (1 ll), H2O (7 ll), 23 GoTaqGreen
master mix (10 ll) (Promega, Cat. No. M7122), and 10 lM of forward and
reverse primer (1 ll each). The primers used for genotyping are listed in Table
1. The PCR conditions were 958C 2 min; (958C 30 sec, 608C 30 sec, 728C 1
min) 3 33 cycles; 728C 5 min.

Global ablation of DGCR8, a cofactor of DROSHA in
miRNA biogenesis, led to embryonic lethality at E6.5 [12, 13].
Because DGCR8 acts as an essential cofactor for DROSHA
RNase III activity during pre-miRNA production [15, 29],
Drosha global KO mice should, in theory, phenocopy DGCR8
KOs. Indeed, among 61 pups produced in eight litters by four
heterozygous breeding pairs (Drosha þ/del X Drosha þ/del), only
2
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Ovaries were dissected and fixed in Bouin fixative overnight at 48C
followed by paraffin embedding. Paraffin sections (5 lm) were stained with
hematoxylin and eosin (H&E) for histological examination. For oocyte
immunostaining, oocytes of different genotypes were fixed in 4% paraformaldehyde in M2 medium for 1 h and washed three times in 0.1 M glycine with 0.3
mg/ml bovine serum albumin (BSA) at room temperature (RT), followed by
permeabilization with 0.2% Triton X-100 in PBS for 15 min and blocking with
a buffer (2% BSA in PBS) for 1 h at RT. The oocytes were then incubated with
the following antibodies diluted in blocking buffer for 1 h at RT: rabbit antiDROSHA polyclonal antibody (Cat. No. ab12286; 1:500 dilution; Abcam) and
mouse anti-beta-tubulin (Cat. No. T5293; 1:500 dilution; Sigma). After three
washes with the blocking buffer, oocytes were incubated with fluorescenceconjugated, species-specific secondary antibodies (Alexa Fluor 594 goat antimouse IgG [H þ L] and Alexa Fluor 568 goat anti-rabbit IgG [H þ L]; 1:2000
dilution; Invitrogen Molecular Probes) for 1 h at RT. Finally, the oocytes were
counterstained with 4 0 , 6-diamidino-2-phenylindole dilactate (DAPI; Sigma)
for indirect immunofluorescent assays using a fluorescence microscope
(AxioVision; Carl Zeiss).

DIFFERENTIAL ROLES OF DICER AND DROSHA IN OOCYTES
TABLE 1. Sequences of primers used in this study.
Name
Zp3-Cre
Ddx4-Cre
Dicerflox
Dicerdel
Droshaflox
Droshadel
Dicer
Drosha-Exon9
Drosha-Exon20
Gapdh

Forward (5 0 ! 3 0 )

Reverse (5 0 ! 3 0 )

Usage

GCGGTCTGGCAGTAAAAACTATC
CACGTGCAGCCGTTTAAGCCGCGT
CCTGACAGTGACGGTCCAAAG
CCTGACAGTGACGGTCCAAAG
GCAGAAAGTCTCCCACTCCTAACC
GCAGAAAGTCTCCCACTCCTAACC
TTTACACACGCCTCCTACCA
AGACGGTGATCCGATAGTGG
GGACCATCACGAAGGACACT
AACTTTGGCATTGTGGAAGG

GTGAAACAGCATTGCTGTCACTT
TTCCCATTCTAAACAACACCCTGAA
CATGACTCTTCAACTCAAACT
CCTGAGCAAGGCAAGTCATTC
CCAGGGGAAATTAAACGAGACTCC
GCTCTCTTCTGGTGTCTGAAGACAACT
CAGAGGGCAAGTCAGTCAAG
GACTCCGAGCTGTTCCATCT
CACGGGTCTCTTGGTTTTGT
ACACATTGGGGGTAGGAACA

Genotyping
Genotyping
Genotyping
Genotyping
Genotyping
Genotyping
qPCR
qPCR
qPCR
qPCR

WT (19/61, 31%) and heterozygotes (42/61, 69%) were
obtained, and no homozygous pups were ever found,
suggesting a potential embryonic lethality phenotype. To
determine the timing of embryonic lethality, we collected the
embryos from Drosha heterozygous females mated with
heterozygous males at E6.5, E7.5, and E8.5 and examined
the morphology (Fig. 1). Drosha/ embryos were much
smaller than WT or heterozygous embryos at E6.5 and
degenerated between E7.5 and E8.5 (Fig. 1), suggesting that
Drosha-null embryos also die at ;E6.5.

Inactivation of Oocyte Dicer in the Fetal Ovary Leads to
Compromised Folliculogenesis and Premature Ovarian
Failure in the Adult Ovary

Generation of Ddx4-Dicer cKO and Zp3-Drosha cKO Mice
A previous study has demonstrated that conditional
inactivation of Dicer in growing oocytes of developing follicles
causes spindle defects and female infertility in mice [20].
However, it remains unknown whether inactivation of Dicer in
oocytes of fetal ovaries will affect follicular development in
postnatal ovaries. To address this question, we crossed
Dicer flox/flox female mice with male Ddx4-Cre mice. The Dicer
conditional allele contains two loxp sites flanking exon 23 of
the Dicer gene, which encodes for a critical portion of the
catalytic domain [30], whereas the Ddx4-Cre line expresses
Cre recombinase exclusively in PGCs starting at E15.5 (Fig.
2A) [31]. Thus, the Ddx4-Cre; Dicer flox/flox female mice should
lack DICER in oocytes of fetal ovaries at E15.5 and thereafter.
We also crossed Drosha flox/flox mice with a Zp3-Cre deleter
line, which starts to express Cre exclusively in growing oocytes
of primary follicles (Fig. 2A) [32, 35, 36]. The Drosha
conditional allele has two loxp sites flanking exon 9, and the
deletion of exon 9 leads to frame shift and multiple premature
stop codons [14].
To confirm the inactivation of Dicer or Drosha, we
performed qPCR analyses using oocytes collected from
Ddx4-Cre; Dicer flox/flox (herein called Ddx4-Dicer cKO) and
Zp3-Cre; Drosha flox/flox (herein called Zp3-Drosha cKO)
female mice. In Ddx4-Dicer cKO oocytes, no expression of
exon 23-containing Dicer mRNAs was detected, whereas
Drosha mRNA levels appeared to be slightly reduced (Fig.
2B). Similarly, exon 9-carrying Drosha transcripts were
completely absent, whereas the exon 20 transcripts persisted
despite drastically decreased levels in both GV and MII
oocytes collected from Zp3-Drosha cKO females (Fig. 2, C
and D). Further immunofluorescent staining detected markedly
reduced levels of DROSHA in Drosha cKO GV-stage oocytes
(Fig. 2, E and F). These results indicate that although Drosha
mRNAs were still transcribed after the loss of exon 9,
production of the truncated DROSHA appeared to be minimal.
Therefore, Dicer and Drosha were indeed inactivated in the
Ddx4-Dicer and Zp3-Drosha cKO oocytes, respectively.
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Ddx4-Dicer cKO female mice produced no offspring during
a 10-wk fertility test by breeding with males of proven fertility,
suggesting that Ddx4-Dicer cKO females are infertile. To
explore potential ovarian defects, we examined the histology of
Ddx4-Dicer cKO ovaries at P30, P40, and P120. At P30 and
P40, WT ovaries contained all types of follicles, including
primordial, primary, secondary, and antral follicles, whereas
primordial and antral follicles were rarely seen in Ddx4-Dicer
cKO ovaries (Fig. 3A). At P120, WT ovaries displayed
dynamic folliculogenesis with all types of follicles and corpora
lutea present, whereas Ddx4-Dicer cKO ovaries appeared to
lack any developing follicles (Fig. 3A), suggesting a
progressive loss of follicles.
To determine the process of follicle depletion in Ddx4-Dicer
cKO ovaries, we counted various follicles in WT and Ddx4Dicer cKO ovaries at P30, P40, and P120 (Fig. 3, B–E). The
number of primordial follicles was significantly smaller in
Ddx4-Dicer cKO ovaries than in WT ovaries at all three age
groups (Fig. 3B). Despite a slight increase in the number of
primary follicles in Ddx4-Dicer cKO ovaries from P30 to P40,
the primary follicle number was much smaller than that in WT
ovaries at all three time points (Fig. 3C). Interestingly, although
the number of secondary follicles was drastically decreased
between P40 and P120 in Ddx4-Dicer cKO ovaries, WT and
Ddx4-Dicer cKO ovaries appeared to contain comparable
numbers of secondary follicles at both P30 and P40 (Fig. 3D).
Similar to primary follicles, antral follicles were significantly
fewer in Ddx4-Dicer cKO ovaries than in WT ovaries at all
three time points (Fig. 3E). Overall, these results suggest that
premature ovarian failure in Ddx4-Dicer cKO females most
likely results from defects at multiple steps during follicular
development, including the reduced primordial follicle formation and enhanced depletion of developing follicles during
folliculogenesis. Consistent with the histological observation,
superovulation experiments indicated that the numbers of
oocytes recovered from Ddx4-Dicer cKO mice were only
;50% and ;10% of those from WT females at P40 and P120,
respectively (Fig. 3F). These data suggest that folliculogenesis
in Ddx4-Dicer cKO females is compromised, and the
primordial follicle pool is exhausted by the age of ;4 mo,
resembling premature ovarian failure in humans.
Earlier studies have shown that although folliculogenesis
appears to be normal in Zp3-Cre; Dicer flox/flox females, oocytes
from these mice display spindle defects [20]. To determine
whether oocytes collected from Ddx4-Dicer cKO females also
had similar defects, we performed immunofluorescent staining
of the spindle using b-tubulin antibodies (Fig. 3G). Consistent
with the previous report [20], oocytes of Ddx4-Dicer cKO
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DISCUSSION

females frequently displayed multiple spindles with misaligned
chromosomes strewn around the spindle axes, whereas WT
oocytes formed a single barrel-shaped spindle with integrated
and congregated chromosomes at the metaphase plate (Fig.
3G). Taken together, our data suggest that loss of oocyte Dicer
in the fetal ovary leads to defective follicular development in
the postnatal and adult ovaries.

DICER is required for the production of both miRNAs and
endo-siRNAs, whereas DROSHA is essential for miRNA
biogenesis, but dispensable for endo-siRNA production [15,
29]. Several reports have suggested that both DICER and
DROSHA may have yet-to-be-defined, sncRNA-independent
roles [16, 37, 38]. Although miRNA and/or endo-siRNA
deficiency is most likely the cause for the phenotype observed
in Ddx4-Dicer cKO females, disruptions of other DICERdependent cellular functions couldn’t be excluded. We
therefore confined this report to phenotypic characterization
without sncRNA transcriptome analyses.
The DGCR8-DROSHA complex functions as a microprocessor required for pre-miRNA production during miRNA
biogenesis [15, 29]. The function was initially established
based on data mostly from in vitro experiments using cultured
cell lines [38]. If DGCR8 and DROSHA are equally important
for pre-miRNA production in vivo, then Drosha global KO
females should phenocopy Dgcr8 global KO females. Dgcr8
global ablation leads to embryonic lethality at E6.5 and cKO of
Dgcr8 in growing oocytes of developing follicles abolishes
most of the miRNA production in oocytes, but causes no
discernible phenotype [12]. Interestingly, Drosha global KO
mice also die at E6.5. Similar to Zp3-Dgcr8 cKO females [12],

Oocyte Drosha Is Dispensable for Follicular Development
Histology of Zp3-Drosha cKO ovaries was indistinguishable from that of WT controls at P40 and P120 (Fig. 4A).
Similar numbers of oocytes were recovered from both Zp3Drosha cKO and WT females (Fig. 4B). A 10-wk fertility test
by breeding the Zp3-Drosha cKO females with fertility-proven
WT male mice revealed normal fertility (Fig. 4C). Similar to
Zp3-Drosha cKO female mice, Ddx4-Cre; Drosha flox/flox
female mice that we generated were completely fertile (data
not shown). Moreover, our breeding records showed no fertility
decrease in either Ddx4-Drosha cKO or Zp3-Drosha cKO
female mice older than 6 mo, suggesting that Drosha
deficiency does not cause latent phenotype in aging female
mice. Together, these data suggest that oocyte Drosha is
dispensable for normal follicular development.
4
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FIG. 1. Drosha/ embryos died at E6.5. WT ( þ/ þ) and Drosha heterozygous ( þ/) embryos developed normally between E6.5 and E8.5, whereas
Drosha-null (/) embryos ceased growth at E6.5 and degenerated by E8.5. Bar ¼ 200 lm.

DIFFERENTIAL ROLES OF DICER AND DROSHA IN OOCYTES

Downloaded from www.biolreprod.org.
FIG. 2. Selective inactivation of Dicer or Drosha in prophase I oocytes of the fetal ovary or in growing oocytes of developing follicles. A) Schematic
timeline of Cre expression during oocyte and follicular development. The Ddx4-Cre deleter line starts to express CRE in early prophase I oocytes at E15.5,
whereas Zp3-Cre mice display CRE activity in growing oocytes of developing follicles. L, leptotene; Z, zygotene; P, pachytene; MI, metaphase I; PrF,
primordial follicles; PF, primary follicle; SF, secondary follicle; AF, antral follicle. B) The qPCR analyses of Dicer and Drosha mRNA levels in WT and
Ddx4-Dicer cKO oocytes. C) The qPCR analyses of levels of exon 9- and exon 20-containing Drosha mRNAs in WT and Zp3-Drosha cKO GV oocytes. D)
The qPCR analyses of levels of exon 9- and exon 20-containing Drosha mRNAs in WT and Zp3-Drosha MII oocytes. Note that in all qPCR analyses (B–D),
relative mRNA levels were determined using the DDCT method. Data are presented as means 6 SEM (n ¼ 6). *P , 0.05; **P , 0.01. E)
Immunofluorescent staining of DROSHA in WT and Zp3-Drosha cKO GV-stage oocytes. DNA was visualized with DAPI (blue), and morphology was
shown by the phase-contrast images. Dashed lines circle the nuclear membrane. All images were taken using the same exposure time. Bar ¼ 50 lm. F)
Quantitative analyses of immunofluorescent intensity of DROSHA in WT and Zp3-Drosha cKO GV-stage oocytes. Data are presented as means 6 SEM (n
¼ 10). **P , 0.01.
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FIG. 3. Lack of Dicer in early prophase I oocytes leads to compromised folliculogenesis, premature ovarian failure, and oocyte maturation defects in the
adult ovary. A) Ovarian histology of WT and Ddx4-Dicer cKO females at P30, P40, and P120. H&E-stained cross sections of WT (left panels) ovaries show
normal folliculogenesis at all three age groups. In Ddx4-Dicer cKO (right panels) ovaries, primordial follicles (PrF), and antral follicles (AF) are rarely seen
at P30 and P40, and follicles are largely lacking at P120 (right lower panel). PF, primary follicle; SF, secondary follicle; CL, corpus luteum. Bar ¼ 100 lm.
B–E) The numbers of PrF (B), PF (C), SF (D), and AF (E) in WT and Ddx4-Dicer cKO ovaries at P30, P40, and P120. Bars represent means 6 SEM. *P , 0.05
(n ¼ 3 for both WT and Ddx4-Dicer cKO at P30; n ¼ 3 for WT and n ¼ 4 for Ddx4-Dicer cKO at P40; n ¼ 3 for both WT and Ddx4-Dicer cKO at P120). F) The
number of GV-stage oocytes collected from WT and Ddx4-Dicer cKO females after superovulation at P40 and P120. Bars represent means 6 SEM (n ¼ 12
for WT, n ¼ 4 for Ddx4-Cre-Dicer cKO at P40; n ¼ 8 for WT, n ¼ 3 for Ddx4-Dicer cKO at P120). Data marked with different letters are statistically
significant (P , 0.05). G) Spindle defects in Ddx4-Dicer cKO oocytes revealed by immunofluorescent analyses. The spindle was stained with b-tubulin
antibody, and DNA was counterstained with DAPI. Representative images are shown. Bar ¼ 50 lm.

Zp3-Drosha cKO females display no discernible phenotype.
Moreover, conditional inactivation of Drosha in oocytes of the
fetal ovary at E15.5 (Ddx4-Cre; Drosha flox/flox mice) has no
effects on follicular development in postnatal and adult ovaries
or on female fertility. Together, these data support the notion
that DROSHA and DGCR8 play a similar role, and both are
required for embryonic development beyond E6.5, but their
expression in oocytes is dispensable for follicular development.
Dicer inactivation in growing oocytes of primary follicles
appears to be compatible with folliculogenesis because no
abnormalities in ovarian histology and normal superovulation

outcome were observed [20]. However, those Dicer-deficient
oocytes failed to mature properly, as evidenced by aberrant
spindle formation [20], which may have been directly caused
by DICER deficiency or have indirectly resulted from
disrupted production of DICER-dependent miRNAs and/or
endo-siRNAs. In this report, we have demonstrated that oocyte
Dicer expression in the fetal ovary is essential for postnatal
follicular development. The fact that Ddx4-Dicer cKO ovaries
contain many fewer primordial follicles but display no
significantly accelerated primordial recruitment at young
(P30 and P40) and adult (P120) ages suggests that the
6
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FIG. 4. Oocyte Drosha is dispensable for folliculogenesis. A) Ovarian histology of WT and Zp3-Drosha cKO females at P40 and P120. H&E-stained cross
sections of WT (left panels) and Zp3-Drosha cKO (right panels) ovaries show normal folliculogenesis at both P40 and P120. PrF, primordial follicles; PF,
primary follicle; SF, secondary follicle; AF, antral follicle; CL, corpus luteum. Bar ¼ 100 lm. B) The number of GV-stage oocytes recovered from WT and
Zp3-Drosha cKO females after superovulation at P40 and P120. Bars represent means 6 SEM (n ¼ 12 for WT, n ¼ 6 for Zp3-Drosha cKO at P40; n ¼ 8 for
WT, n ¼ 9 for Zp3-Drosha cKO at P120). Data marked with different letters are statistically significant (P , 0.05). C) Zp3-Drosha cKO females display
normal fertility. Adult Zp3-Drosha cKO females mated with adult WT males produced a litter size comparable to that of WT control mating pairs. Both
individual and mean values are shown (n ¼ 20 for WT and n ¼ 23 for Zp3-Drosha cKO mice).

premature ovarian failure in Ddx4-Dicer cKO females is likely
caused by reduced primordial follicle formation. Moreover, the
significantly reduced number of primary follicles suggests
suppressed recruitment of primordial follicles and/or enhanced
depletion of primary follicles, and the drastically reduced
number of antral follicles may be due to a block in secondary
follicle stage given that the number of secondary follicles
appeared to decrease at a slower pace from P30 to P40.
Together, our data indicate that oocyte Dicer expression in the
fetal ovary is required for postnatal follicular development both
quantitatively and qualitatively. Conditional knockout of
Drosha in oocytes of either the fetal (Ddx4-Drosha cKO) or
the postnatal (Zp3-Drosha cKO) ovary causes no disruptions in
folliculogenesis, which is in sharp contrast to the Ddx4-Dicer

cKO females showing compromised folliculogenesis, premature ovarian failure, and female infertility. The phenotypic
differences between Dicer and Drosha cKO females reflect
most likely the contribution of their nonoverlapping functions,
e.g., endo-siRNA production, or other unknown, DICERdependent and DROSHA-independent cellular functions.
Nevertheless, it remains puzzling that Drosha, despite its
essential role in miRNA production and the abundant
expression of miRNAs in both developing and mature oocytes,
is dispensable for oocyte development and fertility.
In summary, our data provide physiological evidence
showing that proper Dicer expression in early prophase I
oocytes of the fetal ovary is essential for normal follicular
development in the postnatal ovary. Like DGCR8, DROSHA is
7
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essential for early embryonic development, but its expression
in oocytes is dispensable for postnatal follicular development.
Further study is needed to fully understand the differential roles
of oocyte DICER and DROSHA in sncRNA biogenesis and in
other sncRNA-independent functions during folliculogenesis.

