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Role of the nucleoplasmin 2 C-terminal domain in the
formation of nucleolus-like bodies in mouse oocytes
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ABSTRACT Nucleolus-like bodies (NLBs) are char-
acteristic structures found in the germinal vesicles of
mammalian oocytes. Although these structures are es-
sential for embryonic development, their composition,
precise function, and mechanism of formation have not
been elucidated. Here, we used immunoblotting and
EGFP fusion protein fluorescence to demonstrate that
murine nucleoplasmin 2 (NPM2) is a component of
mouse NLBs and that the targeting of NPM2 to NLBs is
regulated by a lysine-rich, 16-aa C-terminal motif (K-
rich motif). When the K-rich motif was fused to another
nuclear protein, MafG, the resultant fusion protein
accumulated in NLBs but not in the nucleoli of somatic
cells, suggesting that the K-rich motif functions to target
NPM2 specifically to NLBs. To investigate the role of the
K-rich motif in NLB formation, we replaced the endoge-
nous NPM2 in growing oocytes with a mutant NPM2
protein lacking the K-rich motif (NPM2C16del). Growing
oocytes surrounded by granulosa layers were coinjected
with NPM2C16del mRNA and with small-interfering RNA
targeting NPM2 (siNpm2), which was used to degrade
the endogenous NPM2 mRNA. After culture in vitro,
the NLBs in the resulting full-grown oocytes were
significantly smaller than those in control oocytes that
had been coinjected with siNpm2 and NPM2 mRNA,
indicating that the K-rich motif is necessary for NLB
development. Together, these results suggest that
NPM2 targeting of NLBs is regulated by the K-rich
motif and is essential for the formation of NLBs.—
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The germinal vesicles (GVs) of full-grown mamma-
lian oocytes contain specific nucleolus-like bodies
(NLBs) that exhibit distinct structural and functional
differences from the nucleoli of somatic cells. In so-
matic cells, the nucleolus is the site of active ribosomal
RNA (rRNA) synthesis and ribosome production. It is
composed of 3 compartments with distinct roles; pre-
rRNA transcription occurs in the fibrillar center, pre-
RNA processing occurs in the dense fibrillar compo-
nent, and ribosomal subunits are assembled in the
granular component (1). The proteins comprising the
nucleoli were identified through a proteomics analysis

(2). On the other hand, rRNA is not synthesized within
NLBs (3, 4). Electron microscopic observations have
revealed an entirely compact and homogenous struc-
ture without the well-defined compartments seen in the
somatic nucleolus (4, 5). Although a recent study
demonstrated that NLBs are essential for early embry-
onic development (6), their precise function remains
to be elucidated. Furthermore, no NLB components
have been conclusively identified.

Dynamic changes in nucleolar morphology during
oogenesis and embryogenesis have been observed by
electron microscopy. During their growth phase, mam-
malian oocytes have nucleoli with reticulated fibril-
logranular structures that are the site of active rRNA
synthesis (7). When growth ceases, however, the nucle-
oli condense and transform into NLBs (4, 5). The NLBs
diffuse into the cytoplasm on GV breakdown; after
fertilization, they reassemble in the pronuclei, where
they are referred to as nucleolus precursor bodies
(NPBs) due to their apparent function as the core in
the process of nucleolus formation (8). In mice, the
proteins required for nucleolar function, such as
RPA116, upstream binding factor, fibrillarin, and B23,
begin to assemble at the NPB periphery before rDNA
transcription resumes (9). The nucleoli gradually form
around the NPBs, accompanied by the development of
active rDNA transcription, while the NPB cores them-
selves remain intact as solid spherical bodies (8, 10).
Finally, at the late morula or blastocyst stage, the
mature nucleoli are formed, and the NPBs disappear
(11). Although the dynamics of NLBs and NPBs are
thus well characterized, the mechanism of their forma-
tion has not been elucidated.

The nucleoplasmin (NPM) family of proteins has 3
members: B23 (NPM1), NPM2, and NPM3. These
acidic proteins have a conserved N-terminal core-re-
gion domain and 2 or 3 polyglutamic acid tracts (12).
B23 and NPM3 are nucleolar proteins that are ubiqui-
tously expressed in various tissues (13–15), whereas
NPM2 is specifically expressed in oocytes and in early
preimplantation embryos, in which its presence in the
nucleoplasm was detected immunocytochemically (16).
In Xenopus laevis, the function of nucleoplasmin, an
ortholog of murine NPM2, is well elucidated; it func-
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tions as a chaperone for histone H2A/H2B and is
essential for sperm chromatin decondensation (17, 18).
In mice, however, the sperm chromatin is normally
decondensed; interestingly, in Npm2-knockout mouse
oocytes, the NLBs are disorganized (16), indicating
that murine NPM2 is involved not in the decondensa-
tion of sperm chromatin, but rather in the formation of
NLBs through an unknown mechanism.

This study elucidated the role of NPM2 in NLB
formation in mouse oocytes. We found that NPM2 itself
is a component of NLBs and that its C-terminal region
harbors a lysine-rich, NLB-targeting motif. This 16-aa
motif is essential for the development of NLBs during
oocyte growth.

MATERIALS AND METHODS

Collection and culture of oocytes and embryos

Fully grown oocytes at the GV stage were obtained from 8- to
12-wk-old B6D2F1 mice (SLC Japan, Shizuoka, Japan) 44 to
48 h after injection of the mice with 7.5 IU of pregnant mare’s
serum gonadotropin (PMSG; ASKA Pharmaceutical Co., To-
kyo, Japan). The ovaries were removed from the mice and
transferred to HEPES-buffered KSOM medium (19) supple-
mented with 0.2 mM 3-isobutyl-1-methylxanthine (IBMX;
Sigma-Aldrich, St. Louis, MO, USA). The ovarian follicles
were punctured with a 27-gauge needle, and the cumulus
cells were gently removed from the cumulus-oocyte com-
plexes using a narrow-bore glass pipette. GV-stage oocytes
were then transferred into �-minimal essential medium (�-
MEM; Life Technologies, Inc., Grand Island, NY, USA)
containing 0.2 mM IBMX, 5% fetal bovine serum (FBS;
Sigma-Aldrich), and 10 ng/ml epidermal growth factor (EGF;
Sigma-Aldrich).

Metaphase II-stage oocytes were obtained from the ovi-
ducts of 3-wk-old B6D2F1 mice that had been induced to
superovulate by the injection of 5 IU of PMSG followed 48 h
later by 5 IU of human chorionic gonadotropin (ASKA
Pharmaceutical). For in vitro fertilization, the oocytes were
transferred to HTF medium (20) supplemented with 10
mg/ml BSA (Sigma-Aldrich) and inseminated with capaci-
tated spermatozoa obtained from the caudal epididymides of
adult ICR male mice (SLC Japan). The spermatozoa were
capacitated by preincubation for 2 h in HTF medium. Six
hours after insemination, the fertilized oocytes were washed
and cultured in KSOM.

Removal of NLBs from GV-stage oocytes

Oocyte manipulations were carried out as described previ-
ously (6). Briefly, a micromanipulator equipped with a Piezo
impact drive (Prime Tech, Ibaraki, Japan) was used to remove
the NLBs of GV-stage oocytes in HEPES-buffered KSOM
supplemented with 0.2 mM IBMX and 10 �g/ml cytochalasin
B (Sigma-Aldrich).

Oocyte growth in vitro

Oocyte–granulosa cell complexes were isolated from 12-d-old
B6D2F1 mice by the following procedure: The ovaries were
removed from the mice and transferred to HEPES-buffered
KSOM. The oocyte-granulosa cell complexes were collected
by mechanical dissection using 30-gauge needles and then
transferred into �-MEM with GlutaMax (Invitrogen, Carlsbad,

CA, USA) containing 5% FBS, 100 IU/L PMSG, 5 �g/ml
insulin (Sigma-Aldrich), 5 �g/ml transferrin (Sigma-Al-
drich), and 5 ng/ml sodium selenium (Sigma-Aldrich). Com-
plexes meeting previously described appearance and size
criteria for soundness (21) were culled, incubated for 1 h,
and transferred into HEPES-buffered KSOM for microinjec-
tion of siRNA and/or mRNA. Following microinjection, the
complexes were transferred into �-MEM with GlutaMax sup-
plemented as described above, and 5–7 oocyte–granulosa cell
complexes were cultured in a 50-�l drop under mineral oil
(Sigma-Aldrich) in a humidified atmosphere of 5% CO2/
95% air at 37°C. Half of the medium was exchanged for fresh
medium every other day. After culture for 12 d, the fully
grown, GV-stage oocytes were collected by repeated aspira-
tions using a micropipette and analyzed by immunocyto-
chemistry or immunoblotting.

RNA isolation and cDNA synthesis

Total RNA was isolated from GV-stage oocytes or blastocyst-
stage embryos using Isogen (Nippon Gene, Tokyo, Japan),
according to the manufacturer’s instructions. The isolated
RNA was dissolved in diethylpyrocarbonate-treated water, and
reverse-transcribed using a PrimeScript RT-PCR kit (Takara,
Otsu, Japan), according to the manufacturer’s instructions.

Plasmid construction

To produce fusions of enhanced green fluorescent protein
(EGFP) with NPM2 or B23, we first PCR-amplified the EGFP
cDNA without its stop codon from plasmid pEGFP-N1 (Clon-
tech Laboratories, Palo Alto, CA, USA) using EcoRI site-
anchored primers. The PCR products were separated by
electrophoresis, purified using a DNA clean kit (Geneclean;
MP Biomedicals, Solon, OH, USA), digested with EcoRI, and
cloned into the pIRESneo3 plasmid (Clontech Laboratories)
to create the plasmid pIRESneo3-EGFP. Then, full-length
clones of the mouse B23 or NPM2 genes were PCR-amplified
from the total GV-stage oocyte cDNA using KOD-Plus-DNA
polymerase (Toyobo, Tokyo, Japan) with BamHI site-an-
chored primers. The PCR products were purified, digested
with BamHI, and cloned into the BamHI site of pIRESneo3-
EGFP to create fusion constructs consisting of the NPM2 or
B23 cDNA linked to the 3�-end of the EGFP cDNA (encoding
EGFP-NPM2 or EGFP-B23, respectively).

Plasmids encoding EGFP-NPM2 “del” mutants [EGFP-
NPM21–155del, which lacks the N-terminal region (aa 1–155)
of NPM2 containing the core domain and A2 tract; EGFP-
NPM2NLSdel, which lacks the nuclear localization signal
(NLS) of NPM2; EGFP-NPM2A3del, which lacks the A3 acidic
tract; EGFP-NPM2179–191del, which lacks aa 179–191; and
NPM2C16del, which lacks the 16 aa acids at the NPM2 C-
terminus comprising the K-rich motif] were constructed from
the plasmid encoding EGFP-NPM2 by inverted PCR using the
KOD-Plus-Mutagenesis Kit (Toyobo), according to the man-
ufacturer’s instructions. Plasmids encoding EGFP fused with
the NLS, 16-aa K-rich, or the NLS plus 16-aa K-rich (EGFP-
NLS, EGFP-C16, and EGFP-NLS-C16, respectively) were ob-
tained by inverted PCR from the plasmid encoding EGFP-
NPM21–155del. Point mutations in NPM2 were introduced into
the plasmid encoding EGFP-NPM2 by site-directed mutagen-
esis.

To create plasmids encoding NPM2 or NPM2C16del, which
has mutations in 6 nucleotides of the NPM2 siRNA (siNpm2)-
targeted sequence, we first PCR-amplified the NPM2 coding
sequence from the plasmid encoding EGFP-NPM2 using
ExTaq DNA polymerase (TaKaRa). The PCR product was
cloned into the pCRII-TOPO vector using a TOPO TA
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cloning kit (Invitrogen) according to the manufacturer’s
instructions. Next, inverted PCR was performed using the
KOD-Plus-Mutagenesis Kit to create the plasmid encoding
NPM2C16del. Finally, mutations in 6 nucleotides of the NPM2
siRNA-targeted sequence were introduced by site-directed
mutagenesis.

To produce an EGFP-MafG fusion protein, a full-length
clone of mouse MafG was amplified from total blastocyst
cDNA using BamHI site-anchored primers. The antisense
primer had an XhoI site adjacent to the stop codon. The PCR
products were purified, digested with BamHI, and cloned into
the BamHI site of pIRESneo3-EGFP. To add the 16-aa K-rich
motif of the NPM2 to the C terminus of the EGFP-MafG
fusion protein, the cDNA segment encoding the 16 amino
acid residues of NPM2 was amplified using XhoI site-anchored
primers and inserted into the XhoI site of the plasmid
encoding EGFP-MafG to make EGFP–MafG–C16.

All constructs were verified by DNA sequence analysis.

Preparation and microinjection of mRNA

Capped mRNA was made from NotI- or BamHI-linearized
DNA constructs by in vitro transcription using a T7 mMessage
mMachine kit (Ambion, Austin, TX, USA). Poly(A) tails were
added to the capped mRNA using a Poly(A) Tailing Kit
(Ambion) according to the manufacturer’s instructions. To
remove the template DNA, the reaction mixture was treated
with Turbo DNase (provided with the in vitro transcription
kit). The synthesized mRNA was purified using a MEGAclear
Purification Kit (Ambion) according to the manufacturer’s
instructions. The mRNA samples were diluted with nuclease-
free water to a final concentration of 300–650 ng/�l and
stored at �80°C until used. Before microinjection, the
mRNAs were diluted with nuclease-free water to concentra-
tions that produced similar amounts of each protein of
interest in preliminary experiments.

Microinjection was performed under an inverted micro-
scope (Eclipse TE300; Nikon Corporation, Tokyo, Japan)
using a micromanipulator and microinjector (both from
Narishige Co., Tokyo, Japan). GV-stage oocytes were trans-
ferred to HEPES-buffered KSOM containing 0.2 mM IBMX
and injected with �10 pl of mRNA using narrow glass
capillaries (GC100 TF-10; Harvard Apparatus Ltd., Kent, UK).
Following microinjection, the oocytes were transferred into
�-MEM containing 0.2 mM IBMX for 20 h and then used for
immunocytochemistry or immunoblotting. When the subcel-
lular localization of EGFP fusion proteins was examined
during preimplantation development, �10 pl of 400 ng/�l
mRNAs was injected into zygotes 2 h after insemination.

For RNA interference experiments, oocyte–granulosa cell
complexes were transferred to HEPES-buffered KSOM, and
the oocyte cytoplasm was injected with �5 pl of siRNA (20
�M) and/or mRNA solution. Stealth Select siRNA against
NPM2 (siNpm2) was purchased from Invitrogen; the se-
quence was 5�-CCACCAAUCACUAUUGCUACGCUGA-3�.
An siRNA against GFP (siGFP) was used as a control; the
sequence was 5�-CCACUACCUGAGCACCCAGUCCGCC-3�.

Cell culture and transfection

NIH/3T3 cells were grown in Dulbecco’s modified Eagle’s
medium (Sigma-Aldrich) supplemented with 10% FBS. The
cells were transfected with expression vectors using the Fu-
Gene HD Transfection reagent (Roche, Indianapolis, IN,
USA), according to the manufacturer’s instructions. Forty-
eight hours later, cells were fixed with 3.7% paraformalde-
hyde in PBS for 15 min and analyzed by immunocytochemis-
try.

Immunocytochemistry

Oocytes or embryos were fixed in 3.7% paraformaldehyde in
PBS for 1 h, washed with PBS containing 1 mg/ml BSA
(PBS/BSA), permeabilized with 0.5% Triton X-100 for 15
min, incubated with 50 �g/ml RNase (Roche Diagnostics,
Mannheim, Germany) for 40 min at room temperature, and
then incubated overnight at 4°C with anti-B23 mouse mono-
clonal antibody (Ab; Sigma-Aldrich), anti-fibrillarin rabbit
polyclonal Ab (Abcam, Cambridge, MA, USA), anti-NPM2
goat antiserum (provided by Martin M. Matzuk, Baylor Col-
lege of Medicine, Houston, TX, USA), or anti-GFP rabbit
polyclonal Ab (Molecular Probes, Eugene, OR, USA) diluted
at 1:100 in PBS/BSA. The samples were then incubated with
a 1:200 dilution of a fluorescein isothiocyanate-conjugated
anti-goat IgG (Jackson Immuno-Research, West Grove, PA,
USA), Alexa Fluor 568 anti-rabbit IgG (Molecular Probes), or
Cy3.5-conjugated anti-mouse IgG (Rockland Immunochemi-
cals, Gilbertsville, PA, USA) for 1 h. The oocytes were
mounted on a glass slide in Vectashield antibleaching solu-
tion (Vector Laboratories, Burlingame, CA, USA) containing
100 �g/ml propidium iodide (PI; Sigma-Aldrich) or 3 �g/ml
4�,6-diamidino-2-phenylindole (DAPI; Dojindo Laboratories,
Kumamoto, Japan). Fluorescence was detected under a laser-
scanning confocal microscope (LSM510; Carl Zeiss MicroIm-
aging, Oberkochen, Germany).

Semiquantitative analysis of the fluorescence signals in
NLBs was conducted using the National Institutes of Health
(NIH) Image program (NIH, Bethesda, MD). The pixel
value/unit area of the NLBs was divided by that of the
nucleoplasm for each oocyte, and the NLB/nucleoplasm
values were averaged for each experimental group.

Immunoblotting

Six microliters of extraction buffer [50 mM Tris-HCl (pH7.4),
1% Nonidet P-40, 5 mM ethylene glycol tetraacetic acid, 2
�g/ml each leupeptin and pepstatin, and 20 �g/ml phenyl-
methylsulfonyl fluoride] containing 6–25 oocytes was mixed
with 3 �l of 3� SDS sample buffer [150 mM Tris-HCl (pH
6.8), 6% SDS, 15% 2-mercaptoethanol, 30% glycerol, and
0.01% bromphenol blue], incubated at 95°C for 3 min, and
stored at �20°C until use.

The proteins in the samples were separated by SDS-PAGE
on 10 or 12% polyacrylamide gels and electrically transferred
to polyvinylidene fluoride membranes (Millipore, Bedford,
MA, USA). The membranes were blocked for 60 min at room
temperature in TBS (25 mM Tris-HCl and 150 mM NaCl, pH
7.6) containing 0.1% Tween-20 and 2% ECL Advance block-
ing agent (TBS-T/ECL; Amersham Biotech, Little Chalfont,
UK). They were washed in TBS/0.1% Tween-20 (TBS-T) and
then incubated with goat anti-NPM2 antiserum (1:4000 in
TBS-T/ECL), rabbit anti-GFP polyclonal Ab (1:2000 in TBS-
T/ECL), or mouse anti-�-tubulin monoclonal Ab (1:4000
in TBS-T/ECL; Sigma-Aldrich) overnight at 4°C. After 4
washes with TBS-T, the membranes were incubated with a
horseradish peroxidase-conjugated secondary Ab diluted in
TBS-T/ECL [anti-goat IgG (1:8000), anti-rabbit IgG (1:4000),
or anti-mouse IgG (1:8000); all three from Cell Signaling
Technology, Danvers, MA, USA] for 1 h at room temperature.
The membranes were washed 4 times in TBS-T, and the Abs
bound to the membranes were detected using an ECL
Advance Western blotting Detection Kit (Amersham Bio-
tech). Luminescence was detected using an LAS-1000 Plus
LuminoImage analyzer (Fujifilm, Kanagawa, Japan).

Statistical analysis

Data were analyzed using �2 or Student’s t tests. Differences
were considered statistically significant at P � 0.01.
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RESULTS

NPM2 is a component of NLBs in GV-stage oocytes

Because NPM2 has been proposed to be involved in the
formation of NLBs (16), we first examined whether
NPM2 is an NLB component. After NLBs were micro-
surgically isolated from GV-stage oocytes, they were
analyzed by immunoblotting with anti-NPM2 anti-
serum. NPM2 protein was detected in the NLB fraction
but was not detected in oocytes after removal of their
NLBs (Fig. 1), indicating that most NPM2 localizes in
the NLBs, but not in the nucleoplasm. This result
suggests that NPM2 is a component of NLBs.

Localization of NPM2 in oocytes and preimplantation
embryos

Few Abs have been reported to react with the proteins
in the NLB, and none appears to be able to access its
target in NLBs for immunocytochemical detection.
Indeed, the Ab used successfully in our immunoblot-
ting experiments shown in Fig. 1 failed to detect NPM2
in the NLBs of GV-stage oocytes in immunocytochem-
ical experiments (data not shown). Therefore, we used
NPM2-enhanced green fluorescent protein (EGFP) fu-
sion proteins to investigate the subcellular localization
of NPM2 in oocytes and embryos.

A plasmid encoding NPM2 fused to the C-terminus
of EGFP (EGFP-NPM2) was transcribed in vitro, and the
purified mRNA was injected into the cytoplasm of
GV-stage oocytes. After 20 h of culture in medium

containing IBMX, the oocytes were fixed, and the
subcellular localization of EGFP-NPM2 was investigated
under a confocal fluorescence microscope. Fluores-
cence was detected predominantly in the NLBs of
GV-stage oocytes (Fig. 2A). When these oocytes were
reacted with a specific Ab against EGFP protein, the
signal was detected in the nucleoplasm but not the

Figure 1. Mouse NPM2 is a component of NLBs. NLBs were
removed from 25 GV-stage mouse oocytes. Nonmanipulated
intact oocytes (lane 1), NLB-removed oocytes (lane 2), and
isolated NLBs (lane 3) were analyzed by immunoblotting
using anti-NPM2 and anti-�-tubulin Abs. Molecular mass
markers (kDa) are at right. Experiments were performed
twice with similar results.

Figure 2. Subcellular localization of EGFP–NPM2 in oocytes
and preimplantation embryos. A) EGFP–NPM2 fluores-
cence signals in GV-stage oocytes injected with EGFP-NPM2
mRNA (green). Oocytes were immunostained with anti-
EGFP Ab and Alexa Fluor 568 secondary Ab (red), and
DNA was stained with DAPI (blue). B) EGFP–NPM2 fluo-
rescence signals in preimplantation embryos (green). One-
cell embryos were injected with EGFP–NPM2 mRNA 2 h
after insemination and cultured in vitro. They were col-
lected at 8 h (1-cell), 24 h (2-cell), 45 h (4 – 8 cell), 60 h
(Morula), and 96 h (Blast) postinsemination and immuno-
stained with anti-B23 Ab and Cy3.5-conjugated secondary
Ab (red). DNA was stained with DAPI (blue). Nucleus in a
blastomere of each embryo is shown. Also, NIH/3T3 cells
were transfected with a plasmid encoding EGFP–NPM2 and
then stained with anti-B23 Ab. Three independent experi-
ments were performed with similar results. Images are
representative of �15 images obtained at each cell stage.
Scale bars 	 30 �m (A); 10 �m (B).
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NLBs (Fig. 2A), confirming that Abs cannot react with
proteins in NLBs.

Next, we injected EGFP-NPM2 mRNA into 1-cell-
stage embryos and cultured them in vitro to examine
the localization of EGFP-NPM2 during preimplantation
development. Embryos at each stage of preimplanta-
tion development were fixed and stained with a specific
Ab against nucleolar protein B23. A strong EGFP-NPM2
signal was detected in the nucleus throughout the
preimplantation development period, and the signal
intensity was greater in the NPBs than in the nucleo-
plasm until the morula stage (Fig. 2B). In each embryo,
almost equal intensity of fluorescence was observed in
any NPB (data not shown). At the blastocyst stage,
EGFP-NPM2 was evenly distributed in the nucleus. In
NIH/3T3 cells transfected with the plasmid encoding
EGFP-NPM2, fluorescence was observed in the nucleus
but not in the nucleolus. These characteristics of EGFP-
NPM2 localization were attributable to the NPM2 pro-
tein and not to the tagged EGFP, because EGFP ex-
pressed alone (not as a fusion protein) was distributed
almost evenly throughout the cell at all stages of
preimplantation development and in NIH/3T3 cells
(data not shown).

Immunocytochemistry with an anti-B23 Ab revealed
that B23 was not localized in the NPBs at any embryonic
stage. Rather, it was distributed in the nucleoplasm at
the 1-cell stage and gradually assembled around the
NPBs, accompanied by nucleologenesis, and then local-
ized to the mature nucleoli at the blastocyst stage (Fig.
2B). Localization of B23 in the nucleoli was also ob-
served in NIH/3T3 cells (Fig. 2B). These dynamics
were confirmed by observations of the localization of an
EGFP-B23 fusion protein (Supplemental Fig. S1). To-
gether, these data demonstrate that NPM2 localizes in
NLBs and NPBs in oocytes and preimplantation em-
bryos, respectively, but not in the somatic nucleoli,
whereas B23 does not localize in NLBs or NPBs.

Identification of a motif responsible for NLB
targeting by NPM2

Our observation that NPM2 predominantly localizes in
NLBs led us to hypothesize that the NPM2 sequence
contains an NLB-targeting motif. The roles of each
domain in Xenopus nucleoplasmin (Np), an ortholog of
mouse NPM2, have been reported, and an analysis of
the Np crystal structure has revealed a conserved N-
terminal core domain spanning aa 1–120 (22). A
comparison of the amino acid sequences of Xenopus Np
and murine NPM2 (Fig. 3A) shows that two polyglu-
tamic tracts (acidic tracts; A2 and A3) follow the
N-terminal core region and are separated by a classic
bipartite NLS. Moreover, a lysine-rich motif (K-rich
motif) in the C-terminal region is well conserved be-
tween the mouse and frog sequences. The role of this
motif, which is not present in other members of the
NPM family, is unknown.

To define the motif necessary for NLB targeting, we
generated a series of EGFP-NPM2 constructs carrying
various partial deletions of the murine NPM2 sequence.
The constructs were transcribed in vitro, and the result-

ant mRNAs were injected into the cytoplasm of GV-
stage oocytes. The EGFP-NPM21–155del protein, which
lacks the N-terminal region (aa 1–155) containing the
NPM core domain and A2 tract, was predominantly
localized in NLBs, with a slightly less intense signal than
that of the wild-type (WT) protein (EGFP-NPM2; Fig.
3B and quantified data in Supplemental Fig. S2),
suggesting that neither the core domain nor the A2
tract is important in NLB localization. The fluores-
cence signal from the EGFP-NPM2NLSdel mutant, which
lacks the NLS, was not detected because the mutant
protein dispersed throughout the cell. When the detec-
tion sensitivity was enhanced on a laser-scanning con-
focal microscopy analysis, significant accumulation of
EGFP-NPM2NLSdel in the NLBs was observed (Supple-
mental Fig. S3), suggesting that the NLS sequence is
indeed required for targeting the protein into the
nucleus, but that another motif is responsible for NLB
targeting.

The EGFP-NPM2A3del mutant, which lacks the A3 acidic
tract, was concentrated in the NLBs, with a stronger
fluorescence signal than that of the WT protein (Fig. 3B
and Supplemental Fig. S2), suggesting that the A3 tract is
not required for, and may even inhibit, the localization of
NPM2 in NLBs. The EGFP-NPM2179–191del mutant also
localized in the NLBs, with an intensity comparable to
that of the WT protein. Notably, the EGFP-NPM2C16del

mutant, which lacks the 16 aa at the C terminus,
accumulated in the nucleoplasm but not in the NLBs
(Fig. 3B), suggesting that the K-rich motif is responsible
for NLB targeting. Fluorescence of the EGFP protein
alone was not detected because it diffused throughout the
cell. Even when the detection sensitivity was enhanced or
more EGFP mRNA was injected, significant localization of
EGFP in NLBs was not observed (Supplemental Fig. S3
and other data not shown). That the protein constructs
were expressed at comparable levels was validated by
immunoblotting (Supplemental Fig. S4).

To identify the motif sufficient for NLB targeting,
we added each of the analyzed NPM2 motifs to the
3�-end of EGFP cDNA. The EGFP-C16 protein, which
has the NPM2 K-rich motif at its C terminus, exhib-
ited much weaker nuclear fluorescence than did the
EGFP-NPM21–155del protein because EGFP-C16 diffused
throughout the cell (Fig. 4A). Even when the detection
sensitivity was enhanced, accumulation of EGFP-C16 in
NLBs was not observed (data not shown). EGFP fused to
the NLS motif (EGFP-NLS) accumulated in the nucleus
but did not concentrate in the NLBs, and its NLB/
nucleoplasm ratio of fluorescence intensity was signifi-
cantly lower than that of EGFP-NPM21–155del (Fig. 4 and
Supplemental Fig. S5). Finally, when both the K-rich
motif and the NLS were fused to the 3�-end of EGFP
(EGFP-NLS-C16), the fusion protein accumulated in the
NLBs (Fig. 4); the NLB/nucleoplasm ratio was signifi-
cantly greater than that of EGFP-NLS and was comparable
to that of EGFP-NPM21–155del (Supplemental Fig. S5).
The expression of the various protein constructs was
validated by immunoblotting (Supplemental Fig. S6).
Together, these results suggest that NPM2 accumulates in
the nucleus by virtue of its NLS motif, and it is then
targeted to the NLBs by the K-rich motif in its C-terminal
region.
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Next, we examined whether the addition of the K-rich
motif to another nuclear protein would target the fusion
protein to the NLBs. Because MafG, a transcriptional
regulator, is a known nuclear protein (23), we con-
structed a plasmid encoding MafG fused to the C termi-
nus of EGFP. After in vitro transcription, the EGFP-MafG
mRNA was injected into the cytoplasm of GV-stage oo-
cytes. The EGFP-MafG fusion protein was largely concen-
trated in the nucleus, particularly on the chromatin, but
no fluorescence was observed in the NLBs (Fig. 5A).
When the K-rich motif was added to the C terminus of
EGFP-MafG, the resultant fusion protein, EGFP-MafG-
C16, accumulated in the NLBs (Fig. 5A). On the other
hand, in NIH/3T3 cells transfected with the plasmid
encoding EGFP-MafG-C16, fluorescence was observed
throughout the nucleus and was not concentrated in the
nucleolus (Fig. 5B). These results suggest that the K-rich
motif functions to target the protein to NLBs but not into
the nucleoli of somatic cells.

Role of lysine residues in the K-rich motif in NLB
targeting by NPM2

The K-rich motif of NPM2 contains several lysine
residue pairs (positions 192/193, 201/202, and 206/

207) and a single lysine residue at position 195 (Fig. 6).
To investigate the contribution of these lysine residues
to NLB targeting, we separately mutated each pair of
lysine residues to alanines, as indicated in Fig. 6. The
relative NLB/nucleoplasm fluorescence intensity ratio
of the M1 and M2 mutants was similar to that of the WT
protein, whereas the ratio of the M3 mutant was
significantly lower (Fig. 6 and quantified data in Sup-
plemental Fig. S7).

Since these mutations did not result in a complete
loss of NLB localization, we surmised that the lysine
residues might act cooperatively in regulating NLB
targeting. When Lys195 was also mutated in mutant M3
to make mutant M5, the relative fluorescence intensity
of NLBs did not decrease, but when Lys192/Lys193
were also substituted in mutant M5 to make mutant M6,
the NLB fluorescence signal markedly decreased.

Surprisingly, alanine substitutions at Lys206/Lys207
caused the fluorescence to become so weak throughout
the cell that the NLB localization of mutants M4 and
M7 could not be assessed (Fig. 6). The EGFP-fusion
proteins of these mutants were not detected by immu-
noblotting with an anti-EGFP Ab, although those of
other mutants were clearly detected (Supplemental Fig.
S8), suggesting that the proteins were not synthesized

Figure 3. Identification of the motif necessary for NLB
targeting by NPM2. A) Primary amino acid sequences of
murine NPM2 and Xenopus nucleoplasmin (Np). Asterisks
indicate positions of amino acid identity. Core domain
(gray), acidic domain (A2 and A3; red), NLS (blue), and
K-rich motif (purple) regions are boxed. B) Fluorescence
images of GV-stage oocytes injected with EGFP–NPM2 mu-
tant mRNAs with 1-motif deletions (shown as dotted lines).
Propidium iodide (PI) staining of the DNA is red. Data are
representative of �3 independent experiments. Scale bar 	
30 �m.
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from the mRNAs of mutants M4 or M7, or that they
were degraded rapidly after their synthesis for un-
known reasons. Together, these results demonstrate
that the lysine residues within the K-rich motif function
cooperatively in NLB targeting.

Role of the K-rich motif in NLB formation

To investigate whether the K-rich motif of NPM2 is
essential for the formation of NLBs, we replaced the
endogenous NPM2 protein with an exogenous mutant

lacking the K-rich motif (NPM2C16del) in an in vitro-
growth system (24). After oocyte–granulosa cell com-
plexes were collected from ovaries of 12-d-old mice,
NPM2 siRNA (siNpm2) was injected into the cytoplasm of
the growing oocytes enclosed in cumulus cells (Fig. 7A).
Oocytes injected with GFP siRNA (siGFP) and nonin-
jected oocytes were used as negative controls. The
oocyte–granulosa cell complexes were cultured in vitro
for 12 d until the oocytes were fully grown. Immuno-
blotting using anti-NPM2 antiserum revealed that
siNpm2 effectively reduced the amount of NPM2 pro-
tein (Fig. 7B), and the NLBs in the oocytes injected
with siNpm2 were significantly smaller than those in
control oocytes (Fig. 7D, E), although the percentage of
oocytes that developed to the full-grown stage (
70
�m) did not change (Fig. 7C). Next, to assess the
contribution of the C-terminal K-rich motif to the
formation of NLBs, NPM2C16del mRNA and siNpm2
were coinjected into growing oocytes in oocyte–granu-
losa cell complexes. As a positive control, NPM2 mRNA
and siNpm2 were coinjected into other oocytes. To
avoid the degradation of the NPM2 and NPM2C16del

mRNAs by the coinjected siNpm2, 6 silent mutations
were made in the 25-nucleotide sequence targeted by
siNpm2. After in vitro growth, the amounts of NPM2 or
C16-deleted NPM2 proteins in the oocytes that had
been injected with siNpm2/NPM2 mRNA or siNpm2/
NPM2C16del mRNA, respectively, were greater than
those in oocytes that had been injected with siNpm2
alone (Fig. 7B; lane 3 vs. lanes 4 and 5) and at a level
comparable to that of endogenous NPM2 protein in
the control no-injection group (Fig. 7B; lane 1 vs. lanes
4 and 5), indicating that the exogenous proteins were
produced. Only 32% of oocytes injected with siNpm2/
NPM2C16del mRNA developed to the full-grown stage
(Fig. 7C), a significantly lower percentage than that
observed in the other experimental groups (78–98%).
Notably, the NLBs in the oocytes injected with siNpm2/
NPM2C16del mRNA were small and comparable in size
to the NLBs in oocytes injected with siNpm2, whereas
the NLBs in oocytes injected with siNpm2/NPM2

Figure 4. Identification of an NPM2 motif sufficient for NLB
targeting. GV-stage oocytes were injected with mRNAs encod-
ing fusion proteins consisting of individual NPM2 motifs
fused to the C terminus of EGFP. NLS, acidic domain (A3),
and K-rich motif (K-rich) are delineated in blue, red, and
purple, respectively. PI staining of the DNA is red. Data are
representative of �3 independent experiments. Scale bar 	
30 �m.

Figure 5. Function of the K-rich motif of NPM2 as an NLB-targeting signal. A) Fluorescence images of GV-stage oocytes injected
with mRNA encoding an EGFP–MafG fusion protein or EGFP–MafG–C16, which has the K-rich motif of NPM2 fused to the C
terminus of EGFP–MafG. DNA was stained with PI. B) Fluorescence images of NIH/3T3 cells transfected with a plasmid
encoding EGFP–MafG or EGFP–MafG–C16. Cells were also stained with anti-B23 Ab. DNA was stained with DAPI. Data are
representative of 3 independent experiments yielding similar results. Scale bars 	 30 �m (A); 10 �m (B).
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mRNA were significantly larger (Fig. 7D, E). These
results show that the K-rich motif is essential for the
formation of NLBs.

DISCUSSION

Our results demonstrate that NPM2 is a component of
NLBs, and the K-rich motif in the C terminus of NPM2
is necessary for NLB targeting. When endogenous
NPM2 was replaced with an NPM2 mutant lacking the
K-rich motif during oocyte growth (NPM2C16del), NLB
development was slowed, suggesting that NLB targeting
by the K-rich motif of NPM2 is essential for the forma-
tion of NLBs.

The result of both our immunoblotting (Fig. 1) and
EGFP-tagged NPM2 fluorescence experiments (Fig. 2)
indicate that NPM2 is present in NLBs. To our knowl-
edge, NPM2 is the first protein proven to be a compo-
nent of NLBs by experimental methods other than

immunocytochemistry. In several previous studies, im-
munocytochemistry or electron microscopic immuno-
cytochemistry was used to demonstrate the presence in
NLBs or NPBs of proteins such as spliceosomal factors
(snRNA, snRNP, and SC-35; refs. 25, 26), fibrillarin
(27), B23 (28), nucleolin (28), Oct-4 (29), and coilin
(29). However, in several other studies, fibrillarin, B23,
snRNP, and coilin were not detected in NLBs or NPBs
(30–32). Therefore, the identities of the components
of NLBs and NPBs have been controversial. In our
experiments, we found that Abs against NPM2 or EGFP
did not react with antigens in NLBs on immunocyto-
chemistry. It is possible that few large molecules, such
as Abs, would enter the NLB, because of its highly
compact structure. This idea is consistent with our
observation that an EGFP-EGFP-NPM2 tandem fusion
protein, which is larger than an EGFP-NPM2 protein,
accumulated in the nucleoplasm, but did not localize in
NLBs (data not shown). In contrast, an EGFP-EGFP-B23
fusion protein localized in the nucleolus of somatic cells,
as did EGFP-B23 (data not shown). Therefore, it is
important to confirm the NLB localization of the proteins
previously identified in NLBs or NPBs through immuno-
cytochemical experiments, by using other methods.

Our data suggest that the K-rich motif of NPM2
functions as an NLB-targeting signal after the protein
enters the nucleus. In somatic cells, sequences necessary
for nucleolar targeting, termed nucleolar localization
signals (NoLSs), have been found in various nucleolar
proteins (33–36). Although no consensus sequence has
been identified among NoLSs, most are enriched in
basic amino acid residues (37). These basic residues are
proposed to have important roles in binding to a
nucleolar protein or nucleic acid that is abundant in
the nucleolus, thereby facilitating the localization of
the protein to the nucleolus (1, 38).

Similar to NoLS, the K-rich motif of NPM2 is also
enriched in basic residues, and these residues are
involved in NLB targeting (Fig. 6), suggesting a com-
mon mechanism for nucleolar localization in somatic
cells and NLB localization in oocytes. However, we
observed that NPM2 localized only in NLBs and NPBs,
and not in somatic nucleoli (Fig. 2), and MafG with an
added K-rich motif localized similarly (Fig. 5). These
observations indicate that the K-rich motif may interact
with molecules present in NLBs and NPBs but not in
somatic nucleoli.

We showed that the NLBs became smaller when the
amount of NPM2 was reduced (Fig. 7), suggesting that
NPM2 is required for NLB formation. This result is
consistent with that of a previous study using Npm2-
knockout mouse oocytes in which the NLBs were
disorganized (16). Although we cannot conclude from
these results whether NPM2 is directly involved in the
process of transformation from somatic nucleoli into
NLBs, the nucleolus transforms gradually into the NLB
during oocyte growth (4, 5), and immunoblotting
showed that NPM2 accumulated gradually during this
period (Supplemental Fig. S9). Thus, NPM2 may have
a role in the process of transformation from a somatic
type nucleolus into an NLB.

Figure 6. Role of lysine residues in the K-rich motif of NPM2
in NLB targeting. GV-stage oocytes were injected with EGFP-
NPM2 mutant mRNAs containing Lys3Ala mutation in the
K-rich motif of NPM2. Lysine residues in the K-rich motif of
WT NPM2 are in boldface; mutated sites in the sequence are
underscored and in boldface. PI staining of the DNA is shown
in the left column. Data are representative of �3 indepen-
dent experiments. Scale bar 	 30 �m.
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Our results suggest that NLB targeting by NPM2 is
essential for NLB formation. NPM2 might bind to an NLB
backbone protein in the nucleoplasm using a motif other
than the K-rich motif and then bring the protein into the
NLB using the K-rich motif. Alternatively, NPM2 might
form a central hub that accommodates the assembly of
other proteins to form an NLB. Indeed, Xenopus Np has
been shown to function as a hub protein that forms a
macrocomplex with histone H2A/H2B (22).

When NLBs of GV-stage oocytes are microsurgically
removed, or when oocytes are collected from NPM2-
null females, most of the oocytes fail in their embryonic
development (6, 16). The localization of NPM2 in
NLBs suggests that the developmental arrest of
enucleolated embryos is attributable to the depletion of
NPM2. However, none of the enucleolated embryos
develop into blastocysts (6), whereas a few NPM2-null
oocytes do reach full-term development (16). These
results imply that the NLBs contain some factors nec-
essary for embryonic development other than NPM2.

We found that a large fraction of oocytes coinjected
with siNpm2 and NPM2C16del mRNA failed to reach the
full-grown stage, although oocytes injected with siNpm2
alone showed normal growth. Perhaps NPM2 must be
sequestered in the NLBs during oocyte growth. In oocytes
injected with siNpm2/NPM2C16del mRNA, the accumula-
tion of NPM2C16del protein in the nucleoplasm might

affect the chromatin or nuclear factors, resulting in the
arrest of oocyte growth. In somatic cells, the segregation
of some enzymes into the nucleolus serves as a mechanism
to prevent them from functioning at inappropriate times
(34, 39–41), suggesting the intriguing possibility that NLBs
might also function as protein-sequestering sites.

Although NLBs have been reported to be involved in
embryonic development (6), their precise function and
mechanism of formation have not been elucidated.
These gaps in knowledge appear to be attributable to
the absence of essential information about their com-
ponents. In the present report, we have provided the
first evidence that NPM2 is a component of NLBs. In
addition, we have shown that the K-rich motif of NPM2
is important for its accumulation in the NLBs, and that
NLB targeting by NPM2 is essential for the formation of
NLBs. These results provide an important clue to
understanding the mechanism of NLB formation and
the K-rich motif will be helpful in finding the molecules
that are targeted into NLB precursors together with
NPM2 and that play roles in NLB formation. In turn, an
understanding of the mechanism of NLB formation will
facilitate the elucidation of NLB function.

We thank Dr. Martin M. Matzuk (Baylor College of Medicine,
Houston, TX, USA) for providing NPM2 antiserum and Dr. S.
Ogushi for technical instruction and helpful discussion.

Figure 7. Role of the K-rich motif of NPM2 in the formation of NLBs. Oocyte–granulosa cell complexes were collected from
12-d-old mice, and siRNA or/and mRNA was injected into the cytoplasm of the oocytes as follows: No injection (lane 1), GFP
siRNA (lane 2), NPM2 siRNA (siNpm2; lane 3), siNpm2 and NPM2 mRNA (lane 4), and siNpm2 and NPM2C16del mRNA (lane
5). After microinjection, oocytes were cultured in vitro for 12 d and then fixed to measure the size of NLBs. A) Microinjection
into an oocyte enclosed with granulosa cells. B) Protein expression from the microinjected mRNA. After 12 d in in vitro culture,
full-grown oocytes were analyzed by immunoblotting with anti-NPM2 and anti-�-tubulin Abs. C) Percentages of oocytes reaching
full-grown stage after 12 d. Different letters indicate statistically significant differences (P�0.01 by �2 test). Total numbers of
oocytes examined in the analysis of growth rate were 86 (no injection; lane 1) 64 (GFP siRNA; lane 2) 61 (siNpm2; lane 3) 72
(siNpm2 and NPM2 mRNA; lane 4), and 94 (siNpm2 and NPM2C16del; lane 5). D) Relative areas in NLBs in oocytes that
developed to the full-grown stage. The averaged value of the NLB area of noninjected oocytes (lane 1) was defined as 1.
Different letters indicate statistically significant differences (P�0.01 by Student’s t test). Error bars 	 se. E) Morphology of NLBs
in GV-stage oocytes (top panels). GVs are encircled with dotted lines, and the DNA was stained with DAPI (bottom panels). Data
are representative of 3 independent experiments. Scale bars 	 50 �m (A); 30 �m (E).

493NUCLEOPLASMIN 2 IN OOCYTE



REFERENCES

1. Carmo-Fonseca, M., Mendes-Soares, L., and Campos, I. (2000)
To be or not to be in the nucleolus. Nat. Cell Biol. 2, E107–E112

2. Andersen, J. S., Lam, Y. W., Leung, A. K., Ong, S. E., Lyon, C. E.,
Lamond, A. I., and Mann, M. (2005) Nucleolar proteome
dynamics. Nature 433, 77–83

3. Bouniol-Baly, C., Hamraoui, L., Guibert, J., Beaujean, N., Szol-
losi, M. S., and Debey, P. (1999) Differential transcriptional
activity associated with chromatin configuration in fully grown
mouse germinal vesicle oocytes. Biol. Reprod. 60, 580–587

4. Longo, F., Garagna, S., Merico, V., Orlandini, G., Gatti, R.,
Scandroglio, R., Redi, C. A., and Zuccotti, M. (2003) Nuclear
localization of NORs and centromeres in mouse oocytes during
folliculogenesis. Mol. Reprod. Dev. 66, 279–290

5. Chouinard, L. A. (1971) A light- and electron-microscope study
of the nucleolus during growth of the oocyte in the prepubertal
mouse. J. Cell Sci. 9, 637–663

6. Ogushi, S., Palmieri, C., Fulka, H., Saitou, M., Miyano, T., and
Fulka, J., Jr. (2008) The maternal nucleolus is essential for early
embryonic development in mammals. Science 319, 613–616

7. Borsuk, E., Vautier, D., Szollosi, M. S., Besombes, D., and Debey,
P. (1996) Development-dependent localization of nuclear anti-
gens in growing mouse oocytes. Mol. Reprod. Dev. 43, 376–386

8. Flechon, J. E., and Kopecny, V. (1998) The nature of the
‘nucleolus precursor body’ in early preimplantation embryos: a
review of fine-structure cytochemical, immunocytochemical and
autoradiographic data related to nucleolar function. Zygote 6,
183–191

9. Zatsepina, O., Baly, C., Chebrout, M., and Debey, P. (2003) The
step-wise assembly of a functional nucleolus in preimplantation
mouse embryos involves the cajal (coiled) body. Dev. Biol. 253,
66–83

10. Maddox-Hyttel, P., Bjerregaard, B., and Laurincik, J. (2005)
Meiosis and embryo technology: renaissance of the nucleolus.
Reprod. Fertil. Dev. 17, 3–14

11. Geuskens, M., and Alexandre, H. (1984) Ultrastructural and
autoradiographic studies of nucleolar development and rDNA
transcription in preimplantation mouse embryos. Cell Differ. 14,
125–134

12. Frehlick, L. J., Eirin-Lopez, J. M., and Ausio, J. (2007) New
insights into the nucleophosmin/nucleoplasmin family of nu-
clear chaperones. Bioessays 29, 49–59

13. Wang, D., Umekawa, H., and Olson, M. O. (1993) Expression
and subcellular locations of two forms of nucleolar protein B23
in rat tissues and cells. Cell. Mol. Biol. Res. 39, 33–42

14. MacArthur, C. A., and Shackleford, G. M. (1997) Npm3: a novel,
widely expressed gene encoding a protein related to the molec-
ular chaperones nucleoplasmin and nucleophosmin. Genomics
42, 137–140

15. Huang, N., Negi, S., Szebeni, A., and Olson, M. O. (2005)
Protein NPM3 interacts with the multifunctional nucleolar
protein B23/nucleophosmin and inhibits ribosome biogenesis.
J. Biol. Chem. 280, 5496–5502

16. Burns, K. H., Viveiros, M. M., Ren, Y., Wang, P., DeMayo, F. J.,
Frail, D. E., Eppig, J. J., and Matzuk, M. M. (2003) Roles of
NPM2 in chromatin and nucleolar organization in oocytes and
embryos. Science 300, 633–636

17. Philpott, A., Leno, G. H., and Laskey, R. A. (1991) Sperm
decondensation in Xenopus egg cytoplasm is mediated by
nucleoplasmin. Cell 65, 569–578

18. Philpott, A., and Leno, G. H. (1992) Nucleoplasmin remodels
sperm chromatin in Xenopus egg extracts. Cell 69, 759–767

19. Lawitts, J. A., and Biggers, J. D. (1993) Culture of preimplanta-
tion embryos. Methods Enzymol. 225, 153–164

20. Quinn, P., and Begley, A. J. (1984) Effect of human seminal
plasma and mouse accessory gland extracts on mouse fertiliza-
tion in vitro. Aust. J. Biol. Sci. 37, 147–152

21. Pesty, A., Miyara, F., Debey, P., Lefevre, B., and Poirot, C. (2007)
Multiparameter assessment of mouse oogenesis during follicu-
lar growth in vitro. Mol. Hum. Reprod. 13, 3–9

22. Dutta, S., Akey, I. V., Dingwall, C., Hartman, K. L., Laue, T.,
Nolte, R. T., Head, J. F., and Akey, C. W. (2001) The crystal

structure of nucleoplasmin-core: implications for histone bind-
ing and nucleosome assembly. Mol. Cell. 8, 841–853

23. Lechertier, T., Sirri, V., Hernandez-Verdun, D., and Roussel, P.
(2007) A B23-interacting sequence as a tool to visualize protein
interactions in a cellular context. J. Cell Sci. 120, 265–275

24. Hartshorne, G. M. (1997) In vitro culture of ovarian follicles.
Rev. Reprod. 2, 94–104

25. Kopecny, V., Landa, V., and Pavlok, A. (1995) Localization of
nucleic acids in the nucleoli of oocytes and early embryos of
mouse and hamster: an autoradiographic study. Mol. Reprod.
Dev. 41, 449–458

26. Kopecny, V., Landa, V., Malatesta, M., Martin, T. E., and Fakan,
S. (1996) Immunoelectron microscope analyses of rat germinal
vesicle-stage oocyte nucleolus-like bodies. Reprod. Nutr. Dev. 36,
667–679

27. Biggiogera, M., Martin, T. E., Gordon, J., Amalric, F., and Fakan,
S. (1994) Physiologically inactive nucleoli contain nucleoplas-
mic ribonucleoproteins: immunoelectron microscopy of mouse
spermatids and early embryos. Exp. Cell. Res. 213, 55–63

28. Biggiogera, M., Burki, K., Kaufmann, S. H., Shaper, J. H., Gas,
N., Amalric, F., and Fakan, S. (1990) Nucleolar distribution of
proteins B23 and nucleolin in mouse preimplantation embryos
as visualized by immunoelectron microscopy. Development 110,
1263–1270

29. Parfenov, V. N., Pochukalina, G. N., Davis, D. S., Reinbold, R.,
Scholer, H. R., and Murti, K. G. (2003) Nuclear distribution of
Oct-4 transcription factor in transcriptionally active and inactive
mouse oocytes and its relation to RNA polymerase II and
splicing factors. J. Cell. Biochem. 89, 720–732

30. Baran, V., Vesela, J., Rehak, P., Koppel, J., and Flechon, J. E.
(1995) Localization of fibrillarin and nucleolin in nucleoli of
mouse preimplantation embryos. Mol. Reprod. Dev. 40, 305–310

31. Ferreira, J., and Carmo-Fonseca, M. (1995) The biogenesis of
the coiled body during early mouse development. Development
121, 601–612

32. Zatsepina, O. V., Bouniol-Baly, C., Amirand, C., and Debey, P.
(2000) Functional and molecular reorganization of the nucleo-
lar apparatus in maturing mouse oocytes. Dev. Biol. 223, 354–
370

33. Liu, J., Du, X., and Ke, Y. (2006) Mapping nucleolar localization
sequences of 1A6/DRIM. FEBS Lett. 580, 1405–1410

34. Lohrum, M. A., Ashcroft, M., Kubbutat, M. H., and Vousden,
K. H. (2000) Identification of a cryptic nucleolar-localization
signal in MDM2. Nat. Cell Biol. 2, 179–181

35. Rao, M. R., Kumari, G., Balasundaram, D., Sankaranarayanan,
R., and Mahalingam, S. (2006) A novel lysine-rich domain and
GTP binding motifs regulate the nucleolar retention of human
guanine nucleotide binding protein, GNL3L. J. Mol. Biol. 364,
637–654

36. Sheng, Z., Lewis, J. A., and Chirico, W. J. (2004) Nuclear and
nucleolar localization of 18-kDa fibroblast growth factor-2 is
controlled by C-terminal signals. J. Cell. Biochem. 279, 40153–
40160

37. Horke, S., Reumann, K., Schweizer, M., Will, H., and Heise, T.
(2004) Nuclear trafficking of La protein depends on a newly
identified nucleolar localization signal and the ability to bind
RNA. J. Cell. Biochem. 279, 26563–26570

38. Nagahama, M., Hara, Y., Seki, A., Yamazoe, T., Kawate, Y.,
Shinohara, T., Hatsuzawa, K., Tani, K., and Tagaya, M. (2004)
NVL2 is a nucleolar AAA-ATPase that interacts with ribosomal
protein L5 through its nucleolar localization sequence. Mol.
Biol. Cell 15, 5712–5723

39. Cho, H. P., Liu, Y., Gomez, M., Dunlap, J., Tyers, M., and Wang,
Y. (2005) The dual-specificity phosphatase CDC14B bundles
and stabilizes microtubules. Mol. Cell. Biol. 25, 4541–4551

40. Takagi, M., Matsuoka, Y., Kurihara, T., and Yoneda, Y. (1999)
Chmadrin: a novel Ki-67 antigen-related perichromosomal pro-
tein possibly implicated in higher order chromatin structure.
J. Cell Sci. 112, 2463–2472

41. Visintin, R., Hwang, E. S., and Amon, A. (1999) Cfi1 prevents
premature exit from mitosis by anchoring Cdc14 phosphatase in
the nucleolus. Nature 398, 818–823

Received for publication August 2, 2009.
Accepted for publication September 17, 2009.

494 Vol. 24 February 2010 INOUE AND AOKIThe FASEB Journal � www.fasebj.org

www.fasebj.org

