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Nuclear importing system and nuclear factors play important
roles in mediating nuclear reprogramming and zygotic gene
activation. However, the components and mechanisms that
mediate nuclearly specific targeting of the nuclear proteins dur-
ing nuclear reprogramming and zygotic gene activation remain
largely unknown. Here, we identified a novel member of the
importin-� family, AW146299(KPNA7), which is predomi-
nantly expressed in mouse oocytes and zygotes and localizes to
the nucleus or spindle. Mutation of Kpna7 gene caused repro-
ductivity reduction and sex imbalance by inducing preferential
fetal lethality in females. Parthenogenesis analysis showed that
the cell cycle of activated one-cell embryos is loss of control and
ahead of schedule but finally failed to develop into blastocyst
stage. Further RT-PCR and epigenetic modification analysis
showed that knocking out of Kpna7 induced abnormalities of
gene expression (dppa2, dppa4, and piwil2) and epigenetic
modifications (down-regulation of histone H3K27me3). Bio-
chemical analysis showed that KPNA7 interacts with KPNB1
(importin-�1). In summary, we identified a novel Kpna7 gene
that is required for normal fertility and fecundity.

Nuclear proteins play key roles in nuclear reprogramming
during fertilization and zygotic gene activation. The chrom-
atins derived from both the female and male gametes are tran-
scriptionally inactive and need to be remodeled to re-establish
totipotency and to support embryonic development (1–7). The
DNA in gametes is highly methylated and exists in a highly
heterochromatization state. Upon fertilization, the paternal
genome is demethylated rapidly during zygotic gene activation.
The maternal genome, however, undergoes gradual demethyl-
ation (1–7). The histones and protamine that are derived from
oocytes and sperm, respectively, need to be replaced with
embryonic histones (4–6). Epigenetic modifications of the
genome, such as covalent modification of histone residues, are
asymmetric between parental genomes after fertilization. The

male pronucleus is negative for H3K9me2/3,3 yet the female is
positive for these residues (6). Many nuclear factors, derived
from the oocyte or translated after fertilization, are necessary
for the zygotic gene activation (1, 5–10). These nuclear factors
need to be transported into the nucleus to execute their impor-
tant roles in reprogramming the fully differentiated gametes
into totipotent zygotes. We speculate that one or more stage-
specific nuclear transporters are required to transport these
stage-specific nuclear factors.
Karyopherins, including both importins and exportins, play

key roles in mediating the bidirectional trafficking of macro-
molecules across the nuclear envelope (11–16). Most karyo-
pherins, including importin-� and importin-�, bind directly to
nuclear localization signal (NLS)- and nuclear export signal-
containing cargos (11–16). Importin-�s are composed of a flex-
ible N-terminal importin-b-binding (IBB) domain and a highly
structured domain composed of 10 tandem armadillo (ARM)
repeats. Importin-�s are composed of a flexible importin-�
N-terminal domain and a highly structured domain composed
of HEAT repeats. Structure analysis showed that the less struc-
tured N-terminal IBB domain containing an internal NLS
bound to the NLS-binding site that formed by the large C-ter-
minalARMrepeats domain. The structure analysis indicatedone
auto-inhibitorymodelof importin-�. Importin-�binds toclassical
NLS (cNLS)-containing proteins and links them to importin-�,
which transports the importin-�-cargo complex through the
nuclear pore complexes (11–16). The human genome encodes
more than 20 karyopherins. Most of the nuclear factors contain
one or more NLSs (17). The exportin CAS recycles importin-�
back to the cytoplasm (18, 19). It was reported that importin-�
subtype switching has a major impact on cell differentiation
through the regulated nuclear import of a specific set of transcrip-
tion factors (15). Because there are hundreds of nuclear proteins
thatneed tobe transported into thenucleus, thekaryopherinsmay
have target specificity and functional overlapping.
In this study, we identified a novel member of the impor-

tin-� family, AW146299. and designated it Kpna7. Our stud-
ies have shown that Kpna7 is predominantly expressed in
mouse oocytes and zygotes. Mutation of Kpna7 in vivo
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data indicate that Kpna7 is required for normal fertility and
fecundity in the mouse.

EXPERIMENTAL PROCEDURES

Animals, Oocytes, and Embryos and Embryo Incubation in
Vitro—B6D2F1 (C57BL/6J � DBA2) female mice (8–10 weeks
old) were used for collection of fully grown germinal vesicle
(GV) and MII oocytes. GV oocytes were collected according to
the previous report (20). Zygotes were collected from the suc-
cessfully mated B6D2F1 females or Kpna7mutation mice. ICR
mice were used to generate Kpna7 chimera mice. All studies
adhered to procedures consistent with the National Institute of
Biological Sciences Guide for the care and use of laboratory
animals. For parthenogenesis and epigenetic analysis, MII
oocyteswere isolated fromnormal BDF1mice (normal control)
and Kpna7mutation mice. MII oocytes were incubated in acti-
vation solution (CZB medium containing 10 mM SrCl2, 10 �M

cytochalasin B, and 1 mM glutamine) for 6 h and further incu-
bated in KSOM medium. For preimplantation developmental
analysis, zygotes isolated fromBDF1mice andKpna7mutation
mice were directly incubated in KSOMmedium.
Kpna7 Gene Targeting—The Kpna7mutation targeting vec-

tor was generated by sequentially subcloning Kpna7 genomic
fragments (the 1.2-kb 3� short arm and 4.6-kb 5� long arm) into
pJB1 vector. We generated the Kpna7 genomic fragments by
PCR using 129/Sv mouse genomic DNA as the template. The
primers used are listed (supplemental Table S1). The exon 5
and exon 6 will be deleted after targeting. The targeting vector
was linearized and transfected into R1 embryonic stem cells via
electroporation. Clones that survived drug selection with G418
and ganciclovir were picked up. The correctly targeted ES cells
were identified and confirmed by PCR screening and sequenc-
ing. Germ line transmissible chimera mice were obtained suc-
cessfully. Homozygous Kpna7 mutation mice (mut/mut) were
obtained from crossing between heterozygous F1 or F2.
Cell Culture—R1 ES cells were cultured under conventional

conditions. Themediumwas based onDMEM, containing 10%
FBS (Hyclone), 103 units/ml Lif (ESGRO, Chemicon), and 1�
nucleosides (Invitrogen), 1�nonessential amino acids (Invitro-
gen), 1� �-mercaptoethanol (Invitrogen), 2 mM glutamine
(Invitrogen), 100 IU/ml penicillin, and 100�g/ml streptomycin
(Invitrogen). 293T cells and PHDL cells were cultured in
DMEM-based medium, which contained 10% FBS and 3% FBS
(Hyclone), respectively, and 2 mM glutamine, 100 IU/ml peni-
cillin, and 100 �g/ml streptomycin.
Transient Expression Vector Construction and Transfection—

The mouse Kpna7 ORF was obtained by RT-PCR from adult
ovaries. The sequences were confirmed by sequencing. The
DNAsequences ofKpna7ORF reported in this paper have been
deposited in the GenBankTM data base (accession numbers
FJ717332 and FJ717333). The ORF and mutants were cloned
into pEGFP-N1 vector for transient expression. Vigofect rea-
gent was used according to the protocol provided by the man-
ufacturer (Vigorous). Cells were collected 36 h after transfec-
tion. The primers used for construct cloning are listed in
supplemental Table S1.
RT-PCR and Genomic PCR—Total RNA samples were pre-

pared from adult brain, heart, kidney, liver, pancreas, skin,

ovary and testis, and fromoocytes and early embryos. The RNA
was extracted with conventional methods for adult tissues by
using TRIzol (Invitrogen). PicoPure RNA isolation kit (Arctu-
rus) was used to extract RNA from collected oocytes and pre-
implantation embryos. Reverse transcription and PCR were
performed as conventional methods by using M-MLV reverse
transcriptase (Promega). Genomic DNA was extracted with
conventional methods. The RNA was reverse-transcribed by
M-MLV reverse transcriptase (Promega) and amplified by PCR
for 30 or 35 cycles. Primers were selected encompassing the
intronic sequences. Qualitative RT-PCR cyclingwas performed
at 98 °C for 2 min followed by 98 °C for 15 s, 54–60 °C for 15 s,
72 °C for 40 s, and finally 72 °C for 8 min, by using the Prime-
STAR HS DNA polymerase (Takara). Quantitative RT-PCR
was performed by using another set of primers. The Xist and
Zfy primers were used as reported previously (21). The primer
sequences used are listed in supplemental Tables S1–S3.
Antibody Preparation—Polyclonal antibody against mouse

KPNA7 protein was prepared from rabbits by using the C-ter-
minal fragment (Glu-234 to Val-499 of the predominant iso-
form). The cDNA sequences containing this encoding region
was cloned into pGEX-4T vector and expressed in Escherichia
coli. The antigen fragment was purified by using His tag beads
andwas performed by subcutaneous immunization. Finally, the
antibody was purified by protein-A affinity.
Immunofluorescent Staining, Confocal Microscopy, and Adobe

Photoshop Analysis—In brief, the samples were permeabi-
lized with 0.5% Triton X-100 and blocked with 5% normal
horse serum for 2 h. The first antibodies were incubated
overnight at 4 °C. All primary antibodies against epigenetic
markers were purchased from Upstate or Abcam and were
used at the recommended concentration. The Alexa-594-
conjugated secondary antibodies were incubated for 1 h at
room temperature. Samples were further counterstained
with 100 ng/ml DAPI. Images were obtained with an Olym-
pus IX 71 microscope (Olympus, Japan) equipped with a
CCD camera (DVC) or LSM510 Meta confocal microscope
(Zeiss). The staining intensity was analyzed by histogram
signal intensity using Adobe photoshop.
Immunoprecipitation andWestern Blotting—293T cells were

transfected to transiently express KPNA7-FLAG, KPNA7-HIS,
KPNA7-deIBB-HIS, KPNA7mut-HIS, KPNA2-HIS, KPNB1-
FLAG, KPNB1-FLAG-EGFP, and KPNB1-HIS singly or com-
binationally. Samples were collected 36 h after transfection.
Immunoprecipitations were performed according to the
protocol provided by the manufacturer (FLAGIPT-1; Sigma).
Proteins were separated in 10% SDS-polyacrylamide gels and
transblotted to PVDF membrane. Immunoblot analysis was
performedwith anti-FLAG and anti-HISmonoclonal antibody.
Blots were detected by using ECL (Amersham Biosciences)
according to the protocol provided by the manufacturer.
Silver Staining and Mass Spectrometry Analysis—Proteins

were separated in 10% SDS-polyacrylamide gels. Silver staining
was performed according to the protocol provided by the man-
ufacturer (PROTSIL2-1KT, Sigma). The bands of interest were
analyzed by LTQ linear ion trap mass spectrometer (Thermo
Electron).
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RESULTS

Mouse Kpna7 Gene Is Predominantly Expressed in Oocytes,
Zygotes, and Two-cell Stage Embryos, and the KPNA7 Protein Is
Localized to the Nucleus—The AW146299 gene (GeneID,
381686; LOCUS, NM_001013774) was identified in a search
for genes that are preferentially expressed in oocytes and early
embryos (6, 8, 10). To analyze the expression pattern, we
performed RT-PCR analysis. The results showed that mouse

AW146299 is specifically expressed
in the adult ovary (Fig. 1A). More-
over, it is predominantly ex-
pressed in oocytes, zygotes, and
two-cell stage embryos (Fig. 1B).
TheAW146299ORF encodes for an
importin-� subfamily protein (499
amino acids). We have designated
the gene Kpna7. Through our clon-
ing and sequencing, we found that
there also existed a longer isoform
of KPNA7 (520 amino acids). Clon-
ing and sequencing analysis showed
that the 1500-bp ORF encoding
the 499-amino acid-long protein is
the predominant transcript (17/20).
Sequence alignment showed that
mouse KPNA7 had 60.1% identity
with human KPNA7 in protein level
(supplemental Fig. S1). The amino
acids that play key roles in a forming
groove for nuclear localization sig-
nal binding are well conserved (sup-
plemental Fig. S1). To analyze the
endogenous expression of KPNA7
in protein level, we generated a
polyclonal antibody against its
C-terminal ARM repeats. Immuno-
staining with the polyclonal KPNA7
antibody showed that mouse KPNA7
protein localized to thenucleus inGV
stageoocytes (Fig. 1C), zygotes (Fig. 1,
E–H), and two-cell stage embryos
(Fig. 1, I and J). Interestingly, KPNA7
protein localized to the spindle inMII
oocytes (Fig. 1D). Our data also
showed that theKPNA7 intensity sig-
nificantly decreased from zygotes to
late two-cell embryos. To confirm the
specificityof theKPNA7antibody,we
stainedGVandMII oocyteswith pre-
immune serum, and we could not
observe any specific positive signals
(Fig. 1, K–N). We further transfected
the KPNA7-EGFP construct to
mouse pancreatic PHDL epithelial
cells and stained with the KPNA7
antibody. The result showed that
immunostaining signals couldonlybe
detected in the KPNA7-EGFP-posi-

tive cells (Fig. 1,O–R, solid arrows) but not in the KPNA7-EGFP-
negative cells (Fig. 1R, open arrows). These results indicated that
the antibody was KPNA7-specific.
Construct Design and Sequence Analysis of the kpna7

Mutation—We sought to understand the functions of endoge-
nous Kpna7 in vivo in germ line and embryonic development. A
targeting construct was designed to delete exon 5 and 6, which
should result in a splicing problem or frameshift in the trun-

FIGURE 1. Gene expression pattern and subcellular localization of mouse Kpna7. A and B, gene expression
pattern of Kpna7 in tissues (A) and oocytes and preimplantation embryos (B). Mouse Kpna7 gene was specifi-
cally expressed in oocytes, zygotes, and two-cell stage embryos. Its expression was dramatically down-regu-
lated after the two-cell stage. C–J, Kpna7 protein expression and subcellular localization in preimplantation
stages. Mouse Kpna7 protein was highly expressed in GV oocytes (C), MII oocytes (D, localizes to the spindle
(solid arrow) but not the chromatin (open arrow)), and zygotes (E–H, from early to late zygote stage). Its expres-
sion was dramatically down-regulated in two-cell stage embryos (I and J). K–N, negative control. No significant
and specific staining signal had been observed in GV and MII oocytes with the preimmune serum. O–R, spec-
ificity analysis of Kpna7 antibody in mouse pancreatic epithelial cells. Kpna7 antibody only recognizes the
ectopically expressed mouse Kpna7 protein (arrows) but not other importins (open arrows). (bars, C–J and O–R,
20 �m; K–N, 10 �m). Br, brain; He, heart; Ki, kidney; Li, liver; Pa, pancreas; Sk, skeleton; Ov, ovary; Te, testis; GV,
germinal vesicle stage oocyte; MII, metaphase-II stage oocyte; Zy, zygote; 2c, two-cell; 4c, four-cell; 8c, eight cell;
Mo, morula; Bl, blastocyst.
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cated Kpna7mRNA (Fig. 2A). The heterozygous and homozy-
gous Kpna7 targeted mice were screened by genomic PCR and
sequencing (Fig. 2C) and finally confirmed by ovary RT-PCR
(Fig. 2D) and sequencing (supplemental Fig. S2). Sequencing
results demonstrated that deletion of exon 5 and 6 resulted in
loss of the short but predominant transcript (1500-bp variant).
However, because of the existence of an unpredicted new exon
7, a predicted 1215-bp truncatedORF (in-frame reading by fus-
ing exon 4 and the new exon 7) was found (Fig. 2B). Thus, we

supposed that the predominant transcript should have been
destroyed and the corresponding 499-amino acid-long protein
should be absent, whereas the truncated longer transcript
might encode a mutant KPNA7 that lacked the ARM1-3
domain.
To detect the KPNA7 expression in protein level, we stained

GV and MII oocytes, as well as zygotes and two-cell embryos
that were isolated from wild type and Kpna7 mutation mice,
respectively. Because the identity of the polypeptide sequences
was used for antibody preparation, the antibody should also
identify the predicted KPNA7 mutant. Surprisingly, we could
not detect any specific positive signal with the KPNA7-specific
antibody in the Kpna7 mutation oocytes and early embryos
(Fig. 3, A–D). In contrast, the specific positive signals were eas-
ily detected in the wild type oocytes and embryos (Fig. 3, E–H).
These results indicated that not only the wild type KPNA7 pro-
tein was nonexistent but also the predicted mutant KPNA7
protein was actually nonexistent, or its expression level was too
low to be detected. These data then demonstrated that the phe-
notypes discussed belowwere caused by the loss-of-function of
KPNA7 by gene mutation.
Kpna7 Mutation-induced Reproductivity Reduction and

Sex Imbalance—To find whether some phenotypes would be
caused by Kpna7mutation, we analyzed the heterozygous and
homozygous Kpna7 mutation mice. We found that reproduc-
tive ability of males was unaffected. However, reduction of
reproductive ability was induced in both the Kpna7�/mut and
Kpna7mut/mut females. These results suggested that fetal lethal-

FIGURE 2. Kpna7 targeting design and sequence analysis. A, original
design of the Kpna7 gene targeting. Exons 5 and 6 were designed to be
deleted, and finally the truncated transcript should be destroyed because it
caused incorrect splicing and wrong encoding. B, existence of a previously
unexpected new exon after exon 6 caused in-frame encoding between exon
4 and the new exon 7, which generated one 1215-bp long truncated Kpna7
mRNA. The truncated Kpna7 mRNA encodes a protein that lacks the exon 5-
and exon 6-encoded polypeptide fragment but with a new exon 7-encoded
polypeptide fragment. C and D, genomic PCR (C) and RT-PCR (D) analysis of
the wild type (wt1-3), Kpna7 heterozygous (F1-162, F2-14, and F2-101), and
homozygous (F2-42, F2-46, F3-163, and F3-164) mutation mice.

FIGURE 3. Kpna7 gene mutation caused loss of KPNA7 protein expression
in the mouse. A–D, KPNA7-specific antibody staining in wild type GV (A), MII
(B) oocytes, zygotes (Zy, C), and two-cell embryos (D). E–H, KPNA7-specific
antibody staining in Kpna7 mutation GV (E), MII (F) oocytes, zygotes (G), and
two-cell embryos (H). Significant and specific positive signal had been
observed in oocytes and early embryos that isolated from wild type mice but
not Kpna7 mutation mice (bars, 20 �m).
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itymight be induced in theKpna7�/mut andKpna7mut/mutmice
in a female-preferential manner. As expected, we found that
many embryos died after embryonic day 8.5 (E8.5) (Fig. 4,A–D,
total of 18 litters were analyzed). The average litter size of the
control group, the heterozygous mutants, and the homozygous
mutants was 11.1 � 2.2, 7.9 � 2.7, and 5.8 � 3.1 mice/litter,
respectively (Fig. 5A, 10, 50, and 26 litters of wild type, het-
erozygous, and homozygous mice were examined, respec-
tively). In addition, we observed that reduction of reproductive
ability was more adversely affected in multigravida and older
females than primigravida/young females (data not shown).
Simultaneously, we found that female mice were less thanmale
mice in number (Fig. 5A). To analyze whether sex imbalance
was caused by the Kpna7mutation, we mated the F1 heterozy-
gous female and male mice and then performed Mendelian
genetic analysis. The results showed that the F2 mice derived
from F1�(�/mut) � F1�(�/mut) mice did not align with
Mendel’s law in sex ratio (male/female, from 1:1 to about 1.4:1)
or in wild type/heterozygous/homozygous ratio (from 1:2:1 to
2.8:2.3:1) (Fig. 5B, total of 46 litters were analyzed). We further
determined the sex and found that most of the dead embryos
were females (Fig. 5C, total of 6 litters were analyzed).
Kpna7 Mutation Induced Preimplantation Development

Abnormalities—To characterize whether preimplantation de-
velopment was affected by the Kpna7mutation, we performed
an in vitro development test. Here and below, theKpna7muta-
tion means the homozygous mutation mice. Our results
showed that, 144 h after hCG injection, 51.6% of the zygotes

(35/68) that were collected from naturally fertilized Kpna7
mutation mice survived through the two-cell stage and devel-
oped to the blastocyst stage with a somewhat delayed pattern
(Fig. 6,A andC). In contrast, 92.6% of the zygotes of the normal
control group were successfully developed into the blastocyst
stage (Fig. 6, B and C). Because we had observed the sex imbal-
ance (moreKpna7mut/mut femalemice died thanmalemice), we
supposed that there might be abnormalities within the MII
oocytes of Kpna7mutation mice.
To figure out whether the MII oocytes were normal or not,

we performed parthenogenesis test. The results showed that
144 h after hCG injection 88.6% (63/71) of the parthenogenesis
one-cell embryos ofKpna7mutationmice failed to develop into
the blastocyst stage. In contrast, only 13.6%of the parthenogen-
esis one-cell embryos in the wild type group failed to develop
into blastocyst stage (Fig. 6, D–F). To find out how the parthe-
nogenesis development was disrupted, we analyzed the preim-
plantation development of parthenogenesis embryos. Intrigu-
ingly, we found that the first and the second cell cycles were
greatly ahead of schedule in the Kpna7 mutation mice (Fig. 6,
G–N). Through live imaging, we found that parthenogenesis
one-cell embryos in the wild type group took place only one

FIGURE 4. Mutation of Kpna7 caused reproductivity reduction by induc-
ing partial fetal lethality. A–D, uteri were isolated from Kpna7 mutation
mice. A, one uterus isolated from a Kpna7 mutation mouse contained embry-
onic 7.5 day (E7.5) embryos. All the embryos were alive on E7.5. B, one uterus
containing E12.5 embryos. Three embryos were alive but others had died and
been absorbed. C and D, typical littermates observed in Kpna7 mutation mice.
C shows E13.5 littermates isolated from one female. Six of 13 of the fetuses
were alive. The other embryos had died and been absorbed. Arrows indicate
one typical absorbed embryo and its placenta. D shows E16.5 littermates
isolated from one female. Five fetuses were alive. Two residues were found.

FIGURE 5. Mutation of Kpna7 caused reproductivity reduction and sex
imbalance. A, statistical analysis of reproductive ability of wild type, Kpna7�/mut,
and Kpna7mut/mut mice. The litter size is reduced in Kpna7 heterozygous and
homozygous mutation mice than the control group. * and ** representing the
average litter size of Kpna7�/mut and Kpna7mut/mut group are smaller than
the wild type group (p � 0.01 and p � 0.001, respectively). # representing the
litter size of Kpna7mut/mut group is smaller than Kpna7�/mut group (p � 0.05).
B, genetic analysis of the heterozygous/homozygous and female/male mice
that generated from heterozygous parents. The mice of wild type (�/�),
heterozygous (�/mut), and homozygous (mut/mut) were counted. The sex
ratio of each gene type was also calculated. C, sex determination of the dead
embryos by genomic PCR. Six males (xist and zfy double-positive) and 18
females (zfy-negative) were found in 24 dead embryos collected from six
homozygous females of middle or late gestation.
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time cleavage during 14 h after activation (Fig. 6, H and J;
supplemental movie 1). However, most of parthenogenesis
one-cell embryos from Kpna7 mutation mice took place two
times of cleavage during the same period (Fig. 6, G and I;
supplemental movie 2). The first time cleavage took place was
3–4 h after activation, and the second time cleavage took place
was 10–12 h after activation (supplementalmovie 2). Statistical
analysis showed that 22 h after activation (48 h after hCG injec-
tion), 81.5% of the embryos from parthenogenesis one-cell

embryos of Kpna7 mutation mice
had already developed beyond the
two-cell stage (Fig. 6I), although only
3.0% of the embryos from wild type
group developed beyond the two-cell
stage (Fig. 6J). We noticed that many
of the embryos beyond the two-cell
stage presented atypical morpholo-
gies, which seemed being frag-
mented (Fig. 6G). To analyze the
properties of the embryos beyond the
two-cell stage, we stained them with
CDC25Cantibody andDAPI.Wedid
not find significant differences be-
tween the wild type group and the
Kpna7 mutation group in CDC25C
signal. However, DAPI staining
showed that most of the embryos
contained four nuclei, even in those
with “fragmented”morphologies (Fig.
6,K–N).
Kpna7 Mutation Induced Ab-

normal Expression of Chromatin
Modification-associated Genes—
Because Kpna7 was predominantly
expressed in oocytes and early
embryos, we sought to find out
whether expression of some genes
was changed in mRNA level by
Kpna7 mutation. We found that a
set of pluripotency- and/or chroma-
tin-associated genes, such as dppa2,
dppa4, and piwil2 (Mili), were dra-
matically down-regulated in mRNA
level in late two-cell stage embryos
by mutation of Kpna7 (Fig. 7, A and
C). The dppa3 genewas not affected
(Fig. 7, A and C). However, the
hdac3 genewas up-regulated (Fig. 7,
A and C). These genes were not
affected in MII oocytes as demon-
strated by RT-PCR analysis of MII
oocytes (Fig. 7B). To confirm the
down-regulation of DPPA2 in pro-
tein level, we stained the late two-
cell embryos with DPPA2 antibody
(Fig. 7, D–G). The results showed
that DPPA2 protein levels were also
down-regulated significantly in

48.4 � 7.3% (n � 4, totally 34/71) of the late two-cell stage
embryos that were collected from Kpna7mut/mut female mice
(Fig. 7J). However, only about 1.5% of the late two-cell
stage embryos were found to be down-regulated in the wild
type group (Fig. 7H).
Kpna7 Mutation Induced H3K27me3 Down-regulation in

Oocytes, Zygotes, and Parthenogenesis Two-cell Embryos—To
find out some clues to the phenotypes observed, we performed
a series of epigenetic marker staining. We did not find signifi-

FIGURE 6. Mutation of Kpna7-induced preimplantation developmental abnormalities in vitro. A–C, devel-
opmental abnormalities of naturally fertilized zygotes are induced in Kpna7 mutation mice. Many of the
zygotes of Kpna7 group failed to develop into blastocyst stage (A). C, statistical analysis of preimplantation
development 120 and 144 h after hCG injection. 48.4% of the Kpna7 mutation zygotes fail or are delayed from
developing into blastocyst stage. D–F, parthenogenesis developmental abnormalities of naturally fertilized
zygotes are induced in Kpna7 mutation mice. D and E, development of parthenogenesis one-cell embryos that
collected from Kpna7 mutation and wild type mice. F, statistics analysis of parthenogenesis preimplantation
development 120 and 144 h after hCG injection. Most (88.6) of the parthenogenesis one-cell embryos from
Kpna7 mutation mice failed to develop into blastocyst stage. G–N, cell cycle is loss of control in parthenogen-
esis embryos of mutation mice after activation. G and H show embryos 48 h after hCG injection in Kpna7
mutation and wild type group (solid arrow, embryo containing four cells; open arrows, embryos containing two
cells). I and J show statistics analysis of two-cell embryos and non-two-cell embryos 48 h after hCG injection in
Kpna7 mutation group (I) and wild type group (J), respectively. K–N show four-cell embryos from Kpna7 mice
with different morphological styles that observed 22 h after activation (48 h after hCG injection). The embryos
are stained with CDC25 (solid arrows, abnormal morphology; open arrows, polar body DNA; bars, A, B, G, and H,
100 �m; D and E, 200 �m; K–N, 20 �m).
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cant changes for H4K8ace, H4K12ace, H3K14ace, H3K4me1,
H3K9me3, and HP1B signals in zygotes (Fig. 8, A–F), two-cell
embryos (Fig. 8, G–L), and MII oocytes (data not shown). But
we did observe down-regulation of the H3K27me3 signal in
some MII oocytes (Fig. 8, M and N), zygotes (Fig. 8, O and P),
and parthenogenesis two-cell embryos (Fig. 8,Q and R). Statis-
tical analysis demonstrated that H3K27me3 levels were down-
regulated in 77.6% of Kpna7 MII oocytes (Fig. 8, S and T), in
42.4% ofKpna7 zygotes (Fig. 8,U andV), and in 63.7% ofKpna7
parthenogenesis late two-cell embryos (Fig. 8, W and X), as
compared with the corresponding wild type group.
Mouse KPNA7 Protein Interacts with KPNB1 (Importin-�1)—

To find out which proteins interact with mouse KPNA7, we
performed immunoprecipitation and Western blotting (in
somatic cells), silver staining, and mass spectrometry analysis.
Immunoprecipitation and Western blotting analysis showed
that KPNB1 could immunoprecipitate wild type KPNA7 pro-
tein, aswell as the knownKPNA2protein (as a positive control),
but not the IBB domain-deleted KPNA7 (as a negative control).
We also tried to detect whether KPNB1 interacted with the
endogenously nonexistent/hardly detectable mutant KPNA7.
The results showed that even under overexpression conditions,
the mutant KPNA7 protein could only be detected at very low
levels (Fig. 9A). Further immunoprecipitation analysis using
KPNA7 protein as the bait also pulled down KPNB1 (Fig. 9B).
All these results supported the interaction between mouse
KPNA7 and KPNB1.Moreover, we confirmed the KPNA7 pro-

tein sequence bymass spectrometry
analysis of the 60-kDa band that
immunoprecipitated with KPNB1-
FLAG-EGFP (supplemental Fig.
3A). To test whether KPNB1 was
expressed in early embryos, we per-
formed RT-PCR analysis. The
results showed that KPNB1 was
highly transcribed in oocytes and
preimplantation embryos (supple-
mental Fig. 3B). These data sug-
gested KPNA7 might regulate
nuclear importing through interact-
ing with KPNB1.

DISCUSSION

Transcription Pattern, Alterna-
tive Splicing, and Partial Mutation—
Importin-� contains a flexible
N-terminal IBBdomain and a highly
structured C-terminal domain con-
taining 10 tandem armadillo (ARM)
repeats. The flexible IBB domain
controls cNLS binding, assembly,
and disassembly of the importin-�/
�-cNLS cargo ternary complex (11–
16). The long groove created by the
entire ARM domain can accommo-
date either two monopartite cNLS
peptides or a single bipartite cNLS
peptide (11–16). The two NLS-

binding sites on importin-� consist of ARM repeats 2–4 and
7–9, respectively. The mouse Kpna7 gene is predominantly
expressed in adult ovary, oocyte, zygote, and two-cell stage
embryos. The stage- and tissue-specific expression suggested
that it may play important roles in transporting nuclear factors
to the nucleus during zygotic gene activation. Two transcript
isoforms, the 1500- and 1563-bp-long ORFs, had been cloned
from ovary and two-cell stage embryos (supplemental Fig. S1).
Deletion of exon 5 and 6 of Kpna7 gene resulted in splicing
problems and loss of the short predominant transcript of
Kpna7mRNA. Existence of in-frame splicing in the long tran-
script generated a 1215-bp-long truncated ORF. However,
KPNA7-specific antibody staining indicated that there was not
any significant and specific signal detected in the Kpna7muta-
tion oocytes and early embryos. These data demonstrated that
the phenotypes were caused by loss of KPNA7 protein in the
Kpna7mutation mice.
Kpna7 Mutation Caused Reduction in Reproductivity—We

had successfully obtained the germ line transmittable chimera
mice and finally obtained the heterozygous and homozygous
Kpna7 mutation mice. We found the litter size of both het-
erozygous and homozygous Kpna7mutation mice was signifi-
cantly smaller than the control group. These data suggested
that gametogenesis and/or embryonic developmentmight have
been affected. We further identified that fetal lethality was
induced by Kpna7mutation.

FIGURE 7. Mutation of Kpna7 caused down-regulation of a set of chromatin remodeling factors. A and B,
qualitative RT-PCR analysis shows that Kpna7 mutation induces down-regulation of dppa2, dppa4, and piwil2 in
late two-cell embryos in Kpna7 mutation mice. C, real time RT-PCR analysis also shows that dppa2, dppa4, and
piwil2 but not dppa3 are dramatically down-regulated in Kpna7 mutation group. hdac3 mRNA level is up-reg-
ulated. D–G, immunostaining analysis of DPPA2 protein levels in late two-cell stage embryos. Arrows indicate
the DPPA2 signal (red). D and E show embryos injected with enhanced EGFP and NLS-EGFP, respectively. The
DPPA2 signal is high in both wild type (D, solid arrow) and NLS-EGFP-injected late two-cell embryos (E, solid
arrow). F and G, typical results of embryos derived from Kpna7 mutation mice. The DPPA2 signal is dramatically
down-regulated (F, open arrow) or even hardly detected (G, open arrow) in late two-cell stage embryos. H–J,
statistical analysis of DPPA2 staining intensities in late two-cell embryos. H–J show the results of wild type (H),
Kpna7 heterozygous (I), and homozygous mutation mice (J), respectively. (Bars, 20 �m.)
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Kpna7 Mutation Caused Sex Imbalance—Another interest-
ing phenomenon we had observed was sex imbalance. We
found that most of the live pups were male. We further con-
firmed that most of the dead fetuses were female. We had ana-
lyzed themalemutationmice, andwe had not found any abnor-
mality in reproductivity. Statistics analysis suggested that some
certainmaternal problemsmight be caused byKpna7mutation
mice.
Kpna7 Mutation Caused Abnormalities in Preimplantation

Development—Preimplantation development of naturally fer-
tilized embryos and parthenogenesis embryos was analyzed.
Our data showed that development was moderately affected in
naturally fertilized Kpna7 mutation mice. The cell cycles were
significantly ahead of the schedule of the wild type. The devel-
opment was severely affected in parthenogenesis of Kpna7
mutation mice. These data highly suggested that abnormalities
of maternal factors and/or zygotic gene activation factors were
induced by Kpna7mutation.
Kpna7 Mutation Induced Abnormal Expression of a Set of

mRNA Levels in Two-cell Embryos—Nuclear reprogramming is
one of the key events that happened during zygotic gene acti-

vation (1–7, 22), through which the
transcriptionally inactive genome
changes to an active genome. Here,
we analyzed a group of chromatin-
related genes that were highly
expressed in mature oocytes and
early embryos. Among them, we
found thatdppa2,dppa4, andpiwil2
were significantly down-regulated,
whereas Hdac3 was up-regulated in
late two-cell embryos of Kpna7
mutation mice.
Dppa3/Stella is required in pro-

tecting the maternal genome from
DNA demethylation in early em-
bryonic development (23). Like
DPPA3, DPPA2 and DPPA4 have
one DNA-binding SAP domain and
one uncharacterized C-terminal
domain and are associated with
chromatin (24–26). Recent studies
indicated that mouse DPPA4 pro-
tein associated with transcription-
ally active chromatin in ES cells (26).
Comprehensive ChIP-on-chip anal-
ysis demonstrated that OCT-3/4,
SOX-2, and NANOG bind to the
dppa4 promoter region in human
ES cells (27). However, the roles of
DPPA2 and DPPA4 in early embry-
onic development remain largely
unknown. Our results showed that
dppa2 and dppa4 but not dppa3
were dramatically down-regulated
by the Kpna7mutation.

PIWI family members play
important roles in regulating chro-

matin structure, mRNA transcription and translation, and
mRNA degradation through interactions with piRNAs and
associated complexes (28–38). Most recently, piRNAs had
been isolated from mature oocytes in mice (39–41). piwil2
(mili) but not piwil1 (miwi) and piwil4 (miwi2) was specifically
expressed in mature oocytes (40). Piwi family proteins and
piRNAs play important roles in chromatin modification and
genome stability (39, 42–44). Our data showed that Kpna7
mutation induced significant down-regulation of piwil2
mRNAs in two-cell embryos. We believe that there must be
many other genes whose mRNA levels should be down- or up-
regulated by Kpna7 mutation. In the future, the abnormalities
that are caused by Kpna7mutation, including mRNA profiling
and proteomic analysis, will be analyzed.
Kpna7 Mutation Induced Down-regulation of H3K27me3

Levels—By knowing the abnormal expression of chromatin
modification genes, we further found that epigenetic modifica-
tions were induced by Kpna7 mutation. We had analyzed his-
tone acetylation (H4K8ace, H3K12ace, andH3K14ace) (45, 46),
methylation (H3K4me1, H3K9me3, and H3K27me3) (45–51),
and HP1B (52) intensities in mature oocytes, zygotes, and two-

FIGURE 8. Epigenetic analysis of oocytes, zygotes, and two-cell embryos isolated from Kpna7 mutation
mice. A–F, histone acetylation analysis. H4K8ace (A and B), H4K12ace (C and D), and H3K14ace (E and F) levels
in zygotes of Kpna7 mutation mice and wild type mice are similar. G–L, H3K4me1, H3K9me3, and HP1B staining.
H3K4me1 (G and H), H3K9me3 (I and J), and HP1B (K and L) staining levels in late two-cell embryos of Kpna7
mutation mice and wild type mice are similar. M–R, H3K27me3 staining in MII oocytes, zygotes, and partheno-
genesis two-cell embryos. H3K27me3 levels are down-regulated in MII oocytes (M, N, S, and T) and zygotes (O,
P, U, and V) of Kpna7 mutation mice. DAPI and H3K27me3 double staining are shown in top right of M and N to
show their colocalization. H3K27me3 levels are down-regulated in parthenogenesis two-cell embryos (Q, R, W,
and X) but not in normally fertilized two-cell embryos (data not shown) of Kpna7 mutation mice. (Solid arrows
indicate the high levels of staining in wild type group, and open arrows indicate the low levels of staining in
Kpna7 mutation group; bars, 20 �m).
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cell embryos. We did not find significant changes of H4K8ace,
H3K12ace, H3K14ace, H3K4me1, H3K9me3, and HP1B stain-
ing intensities. However, we did find that H3K27me3 levels
were significantly down-regulated in many MII oocytes and
zygotes and parthenogenesis two-cell embryos of the Kpna7
mutation group. These data indicate that the chromatin state
was affected by the Kpna7 mutation. The significant maternal
H3K27me3 down-regulation and severe abnormalities of par-

thenogenesis development may partially provide the reasons
for the sex-imbalanced phenotype.
KPNA7 Interacts with KPNB1—Formation of the importin-

�/�-cNLS cargo complex is the first step in the transport of
many nuclear proteins (11, 12). Our data show that mouse
KPNA7 interacts with KPNB1 in somatic cells. Because of the
material limitations for obtaining enough samples, we did not
perform biochemistry analysis of KPNA7 interactants in
oocytes, zygotes, and two-cell embryos. Our RT-PCR results
showed that KPNB1 was highly expressed in oocytes, zygotes,
and two-cell stage embryos. Our data suggest that KPNA7may
function by binding to KPNB1, thereby regulating nuclear
transport and/or chromatin modification (Fig. 9C).
In summary, our results demonstrate that mouse Kpna7

gene is required for normal fertility and fecundity in themouse.
Mutation of Kpna7 induces fetal lethality, accompanied with
abnormalities in gene expression and histone/chromatin
modifications.
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