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Newborn ovary homeobox (NOBOX) is an oocyte-specific transcription factor essential for follicu-
logenesis and expression of many germ cell-specific genes in mice. Here we report the character-
ization of the bovine NOBOX gene and its role in early embryogenesis. The cloned cDNA for bovine
NOBOX contains an open reading frame encoding a protein of 500 amino acids with a conserved
homeodomain. mRNA for NOBOX is preferentially expressed in ovaries and undetectable by RT-
PCR in somatic tissues examined. NOBOX protein is present in oocytes throughout folliculogenesis.
NOBOX is expressed in a stage-specific manner during oocyte maturation and early embryonic
development and of maternal origin. Knockdown of NOBOX in early embryos using small inter-
fering RNA demonstrated that NOBOX is required for embryonic development to the blastocyst
stage. Depletion of NOBOX in early embryos caused significant down-regulation of genes asso-
ciated with transcriptional regulation, signal transduction, and cell cycle regulation during em-
bryonic genome activation. In addition, NOBOX depletion in early embryos reduced expression of
pluripotency genes (POU5F1/OCT4 and NANOG) and number of inner cell mass cells in embryos that
reached the blastocyst stage. This study demonstrates that NOBOX is an essential maternal-derived
transcription factor during bovine early embryogenesis, which functions in regulation of embry-
onic genome activation, pluripotency gene expression, and blastocyst cell allocation.
(Endocrinology 152: 1013–1023, 2011)

During oogenesis, there is an accumulation and storage
of maternal RNAs and proteins that are obligatory

not only for successful folliculogenesis and germ cell mat-
uration, but also for activation of the embryonic genome
and subsequent early embryonic development (1, 2). A
growing body of evidence supports a role for oocyte-de-
rived growth factors, such as growth differentiation fac-
tor-9 and bone morphogenetic protein-15 in regulation of
ovarian follicular development, and several oocyte-spe-

cific transcription factors have been identified that are re-
quired for follicle formation or progression during devel-
opment. For example, FIGLA (Factor in the germline �),
an oocyte-specific basic helix-loop-helix transcription fac-
tor required for primordial follicle formation (3), is im-
plicated in the coordinate expression of the three zona
pellucida genes (Zp1, Zp2, Zp3) essential for fertilization
(4). However, less is known about maternal regulation of
early embryonic development.
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The time period during development spanning from
fertilization until when control of early embryogenesis
changes from regulation by oocyte-derived factors to reg-
ulation by products of the embryonic genome is referred to
as the “maternal-to-embryonic transition.” The products
of numerous maternal-effect genes transcribed and stored
during oogenesis mediate this transition. Maternal anti-
gen that embryos required (Mater or Nlrp5) is the first
oocyte-specific maternal factor identified in mouse and is
known to be essential for the development of embryos
beyond the two-cell stage (5). The roles of additional oo-
cyte-specific genes Zar1 (Zygotic arrest 1) and Npm2
(Nucleoplasmin 2) in early embryonic development have
been revealed from gene-targeting studies in mice. Zar1-
knockout embryos are arrested at the one-cell stage and
show marked reduction in the synthesis of the transcrip-
tion-requiring complex during the maternal-to-embry-
onic transition (6). Npm2-knockout females have fertility
defects due to reduced cleavage, absence of coalesced nu-
cleolar structures, and heterochromatin loss, suggesting
that Npm2 is a critical chromatin remodeling during early
embryonic development (7). Recently, another maternal-
effect gene, FILIA, was discovered in mice. FILIA binds to
MATER and is essential for maintaining euploidy during
cleavage-stage embryogenesis (8).

Understanding of maternal-effect genes required for
early embryogenesis has clearly been enhanced through
results of gene targeting studies in mice. However, due to
inherent species-specific differences in the duration and
number of cell cycles required for embryonic genome ac-
tivation (EGA) and completion of the maternal-to-embry-
onic transition in mice vs. humans and cattle or other live-
stock species (9), the regulatory mechanisms and maternal-
effectgenesmediatingthis transitionmayvary.Furthermore,
understanding of the regulatory role of many known oo-
cyte-derived transcription factors in early embryonic de-
velopment through gene-targeting models is limited due to
defective follicular development and female sterility. One
such transcription factor is newborn ovary homeobox
(NOBOX)-encoding gene. NOBOX mRNA and protein
are preferentially expressed in the germ cells throughout
folliculogenesis (10). Female mice lacking NOBOX are
infertile due to postnatal oocyte loss and a disrupted tran-
sition in follicular development from primordial to pri-
mary follicle (11). Furthermore, expression of numerous
genes in oocytes linked to female fertility (e.g. Pou5f1/
Oct4, Gdf9, Bmp15, Zar1, and Mos) and certain microR-
NAs were drastically reduced in newborn ovaries that lack
NOBOX (11, 12). Recently, mutations in the NOBOX
gene that are associated with premature ovarian failure in
humans have been identified (13, 14). However, despite its
established role in control of oocyte gene expression, the

requirement of NOBOX for early embryonic development
has not been investigated.

We hypothesize that maternal (oocyte-derived) NOBOX
also is required for early embryonic development and ex-
pression of NOBOX-responsive genes at EGA critical for
normal blastocyst development. The objectives of the
present studies were 1) to clone and determine intraovar-
ian localization of the bovine NOBOX gene, and 2) to
elucidate the functional role of bovine NOBOX in early
embryonic development.

Materials and Methods

Tissue collection
Bovine tissue samples including adult ovary, adult testis, liver,

thymus, kidney, muscle, heart, cortex (brain), spleen, pituitary,
adrenal, lung, fetal ovary, and fetal testis were obtained at a local
slaughterhouse. Age of fetuses from which fetal ovaries were
collected was estimated by measuring the crown-rump length
(15). Granulosa cells (16) and cumulus cells (17) were isolated as
described. All samples were frozen in liquid nitrogen and stored
at �80 C until use.

RNA isolation, cDNA synthesis, and RT-PCR
analysis

Total RNA was extracted using TRIzol reagent (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instructions. Af-
ter treatment with TURBO™ DNaseI (Ambion, Inc., Austin,
TX), reverse transcription was performed on approximately 1 �g
of isolated RNA in 20 �l of reaction solution using Superscript
III reverse transcriptase (Invitrogen). The RT-PCR was per-
formed by denaturation at 95 C for 3 min followed by 35 cycles
of 95 C for 30 sec, 58 C for 45 sec, and 72 C for 90 sec and final
extension at 72 C for 10 min. The amplified products were sep-
arated through a 1% agarose gel containing ethidium bromide.
Amplification of cDNA for bovine ribosomal protein L19
(RPL19) was used as a positive control for RNA quality and RT.
See Supplemental Table.1 published on The Endocrine Society’s
Journals Online web site at http://end.endojournals.org for the
list of primer sequences.

Cloning of bovine NOBOX cDNA
Based on the predicted cDNA sequence for the bovine

NOBOX gene in the National Center for Biotechnology Infor-
mation Database, primers were designed (Supplemental Table 1)
to amplify 1500 bp fragment from bovine fetal ovary (enriched
source of oocytes). The amplified cDNA fragment (1500 bp) was
cloned using a TOPO cloning kit (Invitrogen) and completely
sequenced. Gene-specific rapid amplification of cDNA ends
(RACE) primers (Supplemental Table 1) were designed based on
the obtained sequence, and 5�- and 3�-RACE was performed to
extend the 5�- and 3�-end of the cDNA sequence using the sec-
ond-generation 5�/3� RACE kit (Roche Diagnostics, Indianapo-
lis, IN) according to the manufacturer’s protocol.

Northern blot analysis
For determining the size of the bovine NOBOX tran-

script, Northern blot analysis was performed as described
previously (18).
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Immunohistochemistry
Immunohistochemistry was performed using Ultrasensitive

avidin-biotin-peroxidase complex staining kit (Pierce Chemical
Co., Rockford, IL) according to the manufacturer’s instructions.
Briefly, approximately 10-�m serial sections of bovine fetal
ovary (d 230 of gestation) were prepared and mounted onto
polylysine-coated slides. The sections were deparaffinized in xy-
lene and then rehydrated in graded alcohol. After treatment with
0.3% hydrogen peroxide in methanol to eliminate endogenous
peroxidase activity, the sections were blocked for 30 min with
blocking buffer. After blocking, rabbit polyclonal anti-NOBOX
antibody (ab41612; Abcam, Cambridge, MA) diluted 1:100 in
blocking buffer was applied to each section and incubated for
1 h. The sections were then washed for 15 min in PBS and in-
cubated with biotinylated antirabbit IgG for 1 h, followed by
incubation with avidin-biotin-peroxidase complex reagent for
1 h at room temperature. The sections were developed using a
metal-enhanced DAB Substrate kit (Pierce) for 2–10 min and
were then counterstained with VECTOR Hematoxylin QS (Vec-
tor Laboratories, Burlingame, CA) and mounted with Permount
(Fisher Scientific, Fair Lawn, NJ). For negative controls, sections
were incubated in the absence of anti-NOBOX antibody.

Quantitative real-time RT-PCR
The oocytes and embryo samples used in the experiment in-

cluded germinal vesicle (GV)- and metaphase II (MII)-stage oo-
cytes and pronuclear, two-cell, four-cell, eight-cell, 16-cell, and
morula- and blastocyst-stage embryos (n � 5 pools of 10 em-
bryos) generated by in vitro fertilization of abattoir-derived oo-
cytes as described elsewhere (19). Procedures used for RNA iso-
lation, cDNA synthesis, and quantitative real-time PCR analysis
of mRNA abundance during oocyte maturation and early em-
bryonic development were conducted as described previously
(18, 19). See Supplemental Table 1 for the list of primer
sequences.

RNA interference (RNAi) experiments
Knockdown of endogenous NOBOX in bovine embryos was

performed via microinjection of NOBOX small interfering RNA
(siRNA). RNAi experiments were conducted according to our
published procedures (18, 20, 21) with modifications noted
herein. The publicly available siRNA design algorithm (siRNA
target finder, Ambion) was used to design four distinct siRNA
species targeting the open reading frame of bovine NOBOX
mRNA (designated as siRNA species 1, 2, 3, and 4, respectively).
The candidate siRNA species were interrogated by using the
basic local alignment tool program (http://blast.ncbi.nlm.nih.
gov/Blast.cgi) to rule out homology to any other known genes in
the bovine expressed sequence tag and genomic database. The
NOBOX siRNA species were synthesized using the Silencer
siRNA construction kit (Ambion) according to the manufactur-
er’s instructions. The sense and antisense oligonucleotide tem-
plate sequences for both siRNA species are given in Supplemen-
tal Table 1. Procedures for in vitro maturation of oocytes
(obtained from abattoir-derived ovaries) and in vitro fertiliza-
tion to generate zygotes for microinjection, and for subsequent
embryo culture, were conducted basically as described elsewhere
(19). Presumptive zygotes collected at 16–18 h post insemina-
tion (hpi) were used in all microinjection experiments. Each in-
dividual siRNA species was validated for efficacy of NOBOX
mRNA knockdown in early embryos. Presumptive zygotes were

microinjected with approximately 20 pl of individual NOBOX
siRNA species (25 �M concentration each), and four-cell em-
bryos were collected at 42–44 hpi for real-time PCR analysis of
NOBOX mRNA. Uninjected embryos and embryos injected
with a negative siRNA (universal control no. 1; Ambion) were
used as control groups (n�4 pools of 10 embryos per treatment).
Efficacy of NOBOX siRNA in reducing NOBOX protein in
early embryos was determined by NOBOX immunostaining of
eight-cell embryos collected 72 hpi (n � 10–15 embryos per
group). The development of the uninjected or injected embryos
(with NOBOX siRNA or negative control siRNA) was eval-
uated by recording the proportion of embryos that cleaved (48
h after insemination) and reached eight- to 16-cell stage (72 h
after insemination) and blastocyst stage (7 d after insemina-
tion). Each group contained 25–30 embryos per treatment
(n � 4 replicates).

Immunofluorescent staining
Immunoflorescent staining was performed according to pre-

viously published procedures (22) with modifications noted
herein. Oocytes and embryos were fixed in 4% paraformalde-
hyde in PBS for 30 min at room temperature. Fixed oocytes and
embryos were washed in PBS three times and quenched for 5 min
with 0.05% (wt/vol) solution of sodium borohydrate in PBS to
reduce fluorescence background. They were washed again in PBS
three times and permeabilized with 0.1% Triton X-100 in PBS
for 15 min. After washing with PBS, samples were incubated in
blocking solution (2% BSA and 10% normal goat serum in PBS)
for at least 1 h. Immunoflorescent staining was performed by
incubating samples in rabbit polyclonal anti-NOBOX antibody
diluted 1:50 in PBS containing 0.5% (wt/vol) BSA and 0.1%
(wt/vol) NaN3 overnight at 4 C. Oocytes and embryos were then
washed for 45 min in PBS containing 0.1% (wt/vol) Tween-20 at
room temperature, transferred to the fluorescein isothiocyanate-
conjugated secondary antibody (F9887; Sigma-Aldrich, St.
Louis, MO) diluted in PBS containing 0.5% (wt/vol) BSA and
3% normal goat serum and incubated for 60 min. Finally they
were washed with PBS containing 0.1% (wt/vol) Tween 20 for 30
min and mounted on slides using an antifading medium con-
taining 4�,6-diamidino-2-phenylindole (ProLong Gold antifade
reagent with DAPI; Invitrogen). At least 10 oocytes/embryo were
processed for each stage per treatment, and experiments were
replicated at least three times. For negative control, the oocytes
and embryos were incubated in the absence of anti-NOBOX
antibody.

Identification of zygotic transcripts in eight-cell
embryos by microarray analysis

In vitro maturation of oocytes and in vitro fertilization were
conducted as described previously (19). Presumptive zygotes
were cultured in potassium simplex optimization medium con-
taining 0.3% BSA in the presence or absence of 50 mg/ml of the
transcription inhibitor �-amanitin, and eight-cell embryos were
collected 52 h later. Groups of eight-cell embryos were pooled
within treatment (n � 10 embryos per pool; n � 3 replicates for
�-amanitin and n � 4 replicates for untreated controls) and fro-
zen in 20 �l PicoPure lysis buffer, and RNA purification was
performed using PicoPure RNA isolation kit. Purified RNA was
subjected to two rounds of reverse transcription and in vitro
transcription with biotinylated nucleotides according to Af-
fymetrix (Santa Clara, CA) two-cycle eukaryotic target labeling
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protocol. Biotin-labeled cRNA samples were fragmented and
hybridized to Affymetrix Bovine Genome Arrays at the Univer-
sity of Pennsylvania Microarray Core Facility. Raw probe level
data were imported into Affymetrix Expression Console 1.1, and
a quantile normalization and summarization were performed
using the Robust Multichip Analysis function. For Significant
Analysis of Microarray , analysis probe sets were first filtered by
detection calls using Affymetrix MAS 5.0. Only those probe sets
called “Present” in at least three of four replicates were consid-
ered for Significant Analysis of Microarray. Probe sets identified
as differentially expressed at the False Discovery Rate less than
5% were analyzed further by Student’s t test. Probe sets that were
higher in untreated embryos at P � 0.05 and hence down-reg-
ulated by �-amanitin treatment were considered as �-amanitin-
sensitive probe sets representing transcripts of embryonic origin
in eight-cell embryos.

Effect of NOBOX knockdown on expression of
predicted NOBOX-responsive genes at EGA

To determine the effects of NOBOX knockdown on expres-
sion of predicted NOBOX-responsive genes at EGA, presump-
tive zygotes were subjected to NOBOX siRNA microinjection.
Uninjected embryos and embryos injected with a negative con-
trol scrambled siRNA (universal control no. 1; Ambion) were
used as control groups. After microinjection, groups of embryos
were cultured in 75- to 90-�l drops of potassium simplex opti-
mization medium (Specialty Media, Phillipsburg, NJ) supple-
mented with 0.3% BSA, and eight-cell embryos were collected at
52 hpi for real-time PCR analysis of predicted NOBOX-respon-
sive genes (n � 10 embryos per treatment; n � 4 replicates) (see
Supplemental Table 1 for the list of primer sequences). oPOS-
SUManalysissoftware(http://www.cisreg.ca/cgibin/oPOSSUM/
opossum) (23) was used to identify the NOBOX-binding ele-
ments (NBEs) in the promoter regions of zygotic transcripts at
EGA. A combination of a Z score more than 10, Fisher P
value � 0.01, and transcription factor binding score more
than 10 was used, which is known to provide minimal like-
lihood of false-positive results (23).

Effects of NOBOX knockdown on cell allocation to
trophectoderm (TE) and inner cell mass (ICM) in
bovine blastocyts

To determine the effect of NOBOX depletion on total cell
numbers and allocation to TE vs. ICM cells, NOBOX siRNA-
injected embryos that reached the blastocyst stage were subjected
to differential staining using a previously published procedure
(24). The uninjected embryos and negative control siRNA-in-
jected embryos that reached the blastocyst stage were used as
controls. At least 10 blastocyts were processed for each treat-
ment, and experiments were replicated four times. A subset of
blastocysts from each treatment group were pooled (n � 4 pools
of three blastocysts) and subjected to real-time RT-PCR analysis
of mRNA abundance for POU5F1/OCT4, ICM marker
NANOG, and TE marker CDX2 (see Supplemental Table.1 for
the list of primer sequences).

Statistical analysis
For real-time PCR experiments, differences in NOBOX

mRNA abundance were analyzed by one-way ANOVA using the

general linear models procedure of SAS. For microinjection ex-
periments, rates of embryo development (eight- to 16-cell and
blastocyst stages) and blastocyst cell numbers (TE, ICM, and
total cell numbers) percent data were subjected to arc-sin trans-
formation before analysis as described above. Differences in
treatment means were compared using Fisher’s protected least
significant difference test. Different letters indicate significant
differences (P � 0.05).

Results

cDNA cloning and genome organization of bovine
NOBOX

Using the primers designed based on the predicted bo-
vine NOBOX cDNA sequence, we successfully amplified
a cDNA fragment (1500 bp) representing the coding re-
gion of bovine NOBOX from bovine fetal ovary cDNA.
Northern blot analysis revealed a single transcript of ap-
proximately 2.2 kb in bovine adult ovary sample (Fig. 1A).
Thus additional 5�- (463 bp) and 3�- (312 bp) sequences
were obtained using RACE procedures. The assembled
full-length NOBOX cDNA (HQ589330) is 2275 bp con-
taining an open reading frame encoding a protein of 500
amino acids with a conserved homeodomain and typical
nuclear localization signal (Supplemental Fig. 1). The pre-
dicted NOBOX protein shares 61% and 49% amino acid
sequence identity with its human and mouse counterparts,
respectively (Supplemental Fig. 2). A basic local alignment
tool search of the bovine genome database at National
Center for Biotechnology Information revealed that the
bovine NOBOX gene is located on chromosome 4, and
spans approximately 5.5 kb. Exon and intron bound-
aries of the genes were determined using the Spidey
program (http://www.ncbi.nlm.nih.gov/Spidey/). The bo-
vine NOBOX gene has seven exons and six introns as
determined by the program (Supplemental Table 2), and
all splice sites are in agreement with the consensus se-
quence (GT-AG rule).

Tissue distribution of bovine NOBOX mRNA
RT-PCR analysis of RNA samples from a panel of

14 different bovine tissues revealed that expression of
NOBOX mRNA is restricted to adult and fetal ovaries
with very minor expression in adult testicular samples
(Fig. 1B). Analysis of NOBOX mRNA expression in bo-
vine fetal ovaries of different developmental stages
showed that the NOBOX mRNA could be detected in
fetal ovaries harvested as early as 100 d of gestation (when
primary follicles start to form in cows), and is highly abun-
dant in the fetal ovaries of late gestation (Fig. 1C). RT-
PCR analysis using RNA isolated from oocytes, granulosa
cells, and cumulus cells indicates that bovine NOBOX is
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expressed in oocytes but not in other follicular somatic
cells examined (Fig. 1D).

Intraovarian and intraoocyte localization of
NOBOX protein

Immunohistochemical localization of NOBOX protein
within fetal ovary sections revealed that NOBOX protein

is present in oocytes of growing follicles at the primordial
(Fig. 2A, panel a; single layer of flattened granulosa cells),
primary (Fig. 2A, panel b; single layer of cuboidal gran-
ulosa cells), and secondary (Fig. 2A, panel b; multiple lay-
ers of cuboidal granulosa cells) through antral follicle
stages (Fig. 2A, panel c). Immunoreactivity was not de-

tected in granulosa cells, theca cells, cu-
mulus cells, and control tissue sections
incubated in absence of NOBOX anti-
body (Fig. 2A, panel d). Immunocyto-
chemical analysis of NOBOX protein in
GV oocytes using confocal spinning-
disk microscopy demonstrated that
NOBOX protein is localized in both the
nucleus and cytoplasm (Fig. 2B).

Spatiotemporal expression of
bovine NOBOX mRNA and protein
during oocyte maturation and
early embryonic development

To determine the function of
NOBOX during bovine early embry-
onic development, the temporal expres-
sion characteristics of NOBOX in oo-
cytes and early bovine embryos were
first investigated. NOBOX mRNA was

FIG. 2. Intraovarian and intraoocyte localization of NOBOX protein. A,
Immunohistochemical localization of NOBOX protein in bovine adult ovary. Oocyte-
specific localization of NOBOX protein in primordial follicles (panel a), primary follicle
(panel b, 1 F), secondary follicle (panel b, 2 F), and antral follicle (panel c) was observed.
No staining signal was observed in the oocytes incubated in the absence of NOBOX
antibody (panel d). B, Localization of NOBOX protein in GV oocytes by immunocytochemical
analysis using confocal spinning-disk microscopy. For negative control, oocytes were
incubated with NOBOX antibody preabsorbed with excess antigen (ab41611; Abcam,
Cambridge, MA). DAPI, 4�,6-Diamidino-2-phenylindole.

FIG. 1. Expression of NOBOX mRNA. A, Northern blot analysis of bovine NOBOX transcript. B, Bovine NOBOX mRNA expression in ovary, testis,
and 11 somatic tissues determined by RT-PCR analysis. C, RT-PCR analysis of bovine NOBOX mRNA expression in bovine fetal ovaries of different
developmental stages. D, Expression of bovine NOBOX mRNA in GV stage oocytes, granulosa cells, and cumulus cells. Bovine RLP19 was used as
an internal control.
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abundant in GV and MII stage oocytes, as well as pronuclear
to eight-cell stage embryos but barely detectable in embryos
collected at morula and blastocyst stages (Fig. 3A), suggest-
ing that NOBOX mRNA was maternal in origin. Further-
more, NOBOX mRNA abundance in eight-cell embryos
was not diminished by culture in the presence of the tran-
scriptional inhibitor �-amanitin (data not shown). Immuno-

cytochemical analysis demonstrated that NOBOX protein
was abundant in GV- and MII-stage oocytes as well as in
pronuclear, two-cell and four-cell stage embryos, but immu-
nostaining for the NOBOX protein abundance declined by
the eight-cell stage and was barely detectable at morula and
blastocyst stages (Fig. 3B). Based on the observed spatiotem-
poral expression pattern, we hypothesized that NOBOX
may have a functional role in bovine early embryonic
development.

NOBOX is required for bovine early embryonic
development

To investigate the function of NOBOX in early embry-
onic development, we performed RNAi experiments to re-
duceNOBOXexpressioninbovineembryos.FourNOBOX
siRNA species targeting different regions of the NOBOX
transcript were produced in vitro, and initial experiments
wereperformed to test theefficacyandspecificity in silencing
the NOBOX gene. siRNA 2 and siRNA 3 each resulted in a
more than 80% reduction (P � 0.05) in NOBOX mRNA in
four-cell embryos relative to uninjected control (Supplemen-
tal Fig. 3). Microinjection of a cocktail of NOBOX siRNA
2 and -3 significantly reduced NOBOX mRNA levels in
four-cell embryos by more than 95% relative to uninjected
and negative control siRNA-injected embryos (Fig. 4A). Mi-
croinjection of the siRNA mixture (siRNA 2 and siRNA 3)
also dramatically reduced NOBOX immunostaining in
eight-cell embryos (Fig.4B).FurtheranalysisbyWesternblot
also showed reduced NOBOX protein in siRNA-injected
embryos (Supplemental Fig. 4).

To determine whether knockdown of NOBOX in bo-
vine embryos has any effect on embryonic development,
cleavage rate, and proportion of embryos developing to
eight- to 16-cell and blastocyst stage for NOBOX siRNA-
injected vs. uninjected and negative control siRNA-injected
embryos were determined. NOBOX siRNA (siRNA 2 and

FIG. 3. Expression characteristics of bovine NOBOX mRNA and protein
during oocyte maturation and early embryonic development. A,
Relative abundance of NOBOX mRNA in bovine oocytes and in vitro
produced bovine early embryos: GV and MII stage oocytes, pronuclear
(PN), two-cell (2C), four-cell (4C), eight-cell (8C), 16-cell (16C), morula
(MO), and blastocyst (BL)-stage embryos. Nobox transcript levels were
normalized relative to abundance of exogenous control (GFP) RNA and
are shown as mean � SEM (n � 4 pools of 10 embryos per treatment).
Different letters indicate statistical difference (P � 0.05). B,
Immunofluorescent localization of NOBOX protein during oocyte
maturation and preimplantation bovine embryos. Nuclear DNA was
stained with 4�,6-diamidino-2-phenylindole. Neg, Negative.

FIG. 4. Effect of NOBOX siRNA injection in bovine zygotes on expression of NOBOX mRNA and protein in resulting embryos. A, Effect of NOBOX
siRNA microinjection on abundance of NOBOX mRNA in four-cell embryos as determined by real-time PCR. Data were normalized relative to
abundance of endogenous control ribosomal protein S18 (RSP18) and are shown as mean � SEM (n � 4 pools of 10 embryos per treatment).
Different letters indicate statistical difference (P � 0.05). B, Effect of NOBOX siRNA microinjection on abundance of NOBOX protein in eight-cell
stage embryos as determined by immunofluorescent staining (n � 4 pools of five to 10 embryos per treatment). Uninjected embryos and embryos
injected with a nonspecific siRNA (Neg siRNA) were used as control. Nuclear DNA was stained with 4�,6-diamidino-2-phenylindole (DAPI).
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siRNA 3) injection into bovine zygotes did not affect the
cleavage rates (Fig. 5A) but reduced the proportion of
embryos developing to eight- to 16-cell stage (Fig. 5B)
and blastocyst stage (Fig. 5C) relative to the uninjected
and negative control siRNA-injected embryos. These
results clearly indicate that knockdown of NOBOX in
bovine zygotes impaired development to the blastocyst
stage.

NOBOX is essential for induction of specific
zygotic transcripts during EGA

Given the effect on preimplantation development, we
testedwhetherNOBOXregulatesexpressionofzygotic tran-
scripts synthesized during embryogenesis. Microarray anal-
ysis of control and �-amanitin-treated embryos collected at

the eight-cell stage was used to identify transcripts of embry-
onic origin induced coincident with EGA (Supplemental Ta-
ble 3). A total of 198 gene transcripts, which were de-
creasedby10-foldandgreater range in �-amanitin-treated
eight-cell stage embryos was selected to identify NBEs in
their promoter regions using the oPOSSUM analysis soft-
ware (http://www.cisreg.ca/cgibin/oPOSSUM/opossum)
(23). A total of 21 genes with NBEs that are significantly
overrepresented in their promoter regions was identified
(Supplemental Table 4). Six such genes (JAG1, WEE1,
PITX2, CCNE1, KLF5, and FZD8) were chosen for fur-
ther examination based on their function and importance
during embryogenesis. Interestingly, all six mRNAs were
significantly diminished in abundance in NOBOX
siRNA-injected embryos collected at the eight-cell stage

FIG. 5. Effect of RNAi mediated depletion of NOBOX on early embryonic development. A, Proportion of embryos that cleaved within 48 h after
fertilization. B, Proportion of embryos developing to eight- to 16-cell stage (determined 72 hpi). C, Proportion of embryos developing to blastocyst
stage (determined on d 7). Uninjected embryos and embryos injected with a nonspecific siRNA (Neg siRNA) were used as controls. Data are
expressed as mean � SEM from four replicates (n � 25–30 zygotes per treatment per replicate). Values with different letters across treatments
indicate significant differences (P � 0.05). Neg, Negative.

FIG. 6. Knockdown of NOBOX down-regulates the expression of zygotic transcripts (�-amanitin sensitive) in eight-cell stage embryos. Quantitative real-
time PCR was used to analyze the expression level of zygotic genes containing NBEs in their promoter regions: JAG1 (A), WEE1 (B), PITX2 (C), CCNE2 (D),
KLF5 (E), and FZD8 (F). Data were normalized relative to abundance of endogenous control ribosomal protein S18 (RSP18) and are shown as mean � SEM

(n � 4 pools of 10 embryos per treatment). Uninjected embryos and embryos injected with a nonspecific siRNA (Neg siRNA) were used as controls. �-Amanitin-
treated embryos were used to confirm the zygotic origin of the transcripts. Different letters indicate statistical difference (P � 0.05). Neg, Negative.
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(Fig. 6, A–F). The expression of these transcripts was
also suppressed in the �-amanitin-treated embryos col-
lected at eight-cell stage, confirming they originated
from the embryonic genome. Our results suggest that
NOBOX either directly or indirectly up-regulates ex-
pression of genes from the embryonic genome linked to
early development.

NOBOX regulation of blastocyst cell allocation
NOBOX directly regulates the transcription of Pou5f1/

Oct4 inmouseoocytesduring folliculogenesis (25).There-
fore, we sought to address whether the expression of
POU5F1/OCT4 and other genes linked to blastocyst cell
allocation (NANOG and CDX2) was affected in the
NOBOX siRNA-injected embryos that reached the blas-
tocyst stage. By performing quantitative real-time PCR
analysis, we found that the POU5F1/OCT4 and NANOG
mRNA expression levels were significantly reduced in the
NOBOX siRNA-injected embryos that reached the blas-
tocyst stage compared with the uninjected embryos and
negative control siRNA-injected embryos that reached the
blastocyst stage (Fig. 7, A and B). No effect of NOBOX
siRNA on CDX2 (marker of TE) mRNA abundance in the
resulting blastocysts was observed (Fig. 7 C). NOBOX
knockdown dramatically reduced the numbers of ICM
cells and total cell numbers but did not influence numbers
of TE cell in resulting blastocysts (Fig. 7, D–F). Collec-

tively, these results support a functional role for NOBOX
in regulating pluripotency genes and cell allocation in bo-
vine blastocysts.

Discussion

Our results established a functional role for the oocyte-
derived transcription factor NOBOX in regulation of
early embryonic development. NOBOX is expressed in a
stage-specific manner during early embryonic develop-
ment, and its depletion in bovine zygotes by siRNA mi-
croinjection impaired embryo development to the blasto-
cyst stage. Moreover, knockdown of NOBOX affected the
expression of genes from the embryonic genome critical to
early development, and expression of pluripotency genes
and blastocyst cell allocation were altered in the NOBOX
siRNA-injected embryos that reached the blastocyst stage.
Previous studies have established an important functional
requirement for NOBOX for normal follicular develop-
ment in mice (11, 12) and women (13, 14) and ovarian
expression of specific genes linked to fertility. To our
knowledge, a functional role for NOBOX in regulation of
early embryonic development has not been reported.

The data for mouse and bovine together thus indicate
an important functional requirement of the oocyte tran-
scription factor NOBOX in the regulation of both follic-

FIG. 7. Knockdown of NOBOX alters the expression of pluripotency genes and bovine blastocyst cell allocation. Expression of POU5F1/OCT4 (A),
NANOG (B), and CDX2 (C) in bovine blastocysts collected on d 7 after insemination. Data were normalized relative to abundance of endogenous
control ribosomal protein S18 (RSP18) and are shown as mean � SEM (n � 4 pools of three blastocyst per treatment). Uninjected embryos and
embryos injected with a nonspecific siRNA (Neg siRNA) were used as control. Different letters indicate statistical difference (P � 0.05). NOBOX
regulation of bovine blastocyst cell allocation (D), number of TE cells (E), number of ICM cells (F), and total cell numbers. Data are expressed as
mean � SEM from four replicates (n � 25–30 blastocysts per replicate). Uninjected embryos and embryos injected with a nonspecific siRNA (Neg
siRNA) were used as control. Different letters indicate statistical difference (P � 0.05).
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ular development and early embryogenesis. However, a
requirement of NOBOX for early embryonic development
could not be directly ascertained from previous gene-tar-
geting studies in mice. Whereas the contribution of gene-
targeting technology to enhanced understanding of oocyte
regulation of follicular development and early embryonic
development is unquestionable, important functional
roles of oocyte-derived gene products in early embryogen-
esis could, in fact, be undetected in gene-targeting models
with an ovarian phenotype due to disruptions in follicular
development that preclude development/release of oo-
cytes from null mutant mothers and presence of oocyte-
derived RNA and protein for targeted gene in null mutant
embryos derived from mothers heterozygous for the mu-
tation. These limitations to the study of the functional role
of oocyte-derived factors in early embryogenesis can be
overcome by cytoplasmic microinjection of double-
stranded RNA into wild-type embryos after fertilization,
which can result in specific and effective translational
block through later stages of preimplantation embryo de-
velopment (26–28). The absence of targeted gene product
during these developmental stages would reveal important
information on gene function and unmask a functional
role in early embryogenesis that may not be detectable
using conventional gene-targeting strategies. Results of
the present studies clearly support a functional role for
NOBOX in regulation of multiple aspects of early embry-
onic development in cattle. For reasons stated above, it is
unclear whether the observed role of NOBOX in early
embryogenesis is conserved across multiple species, in-
cluding the mouse, or in fact the role of NOBOX in early
embryogenesis is species specific. It is known that EGA oc-
curs later in monoovulatory species, such as cattle and pri-
mates including human, compared with the polyovulatory
mouse. Thus the maternal-effect genes required to promote
initial cleavage divisions and ensure successful early embry-
onic development in such monotocous species may be dis-
tinct from those required in the polytocous mouse model. A
species-specific role for the oocyte-specific JY-1 gene in reg-
ulation of early embryonic development in cattle has been
reported previously (20).

The inability of an embryo to reprogram chromatin and
activate transcription of important genes during EGA crit-
ical to subsequent development is believed to be the one of
the major causes of embryo developmental block in vitro
(29, 30) and presumably early embryonic loss in general.
Among the early genes that are transcribed at EGA include
genes involved in cell cycle progression, transcription reg-
ulation, signal transduction, epigenetic modification,
transporters, and metabolism (31). However, the specific
maternal transcription factors that mediate up-regulation
of these early expressed transcripts and proteins during

embryonic development are poorly defined. Our results
indicate that siRNA-mediated ablation of NOBOX in
early embryos blocks induction of key zygotic transcripts
at EGA linked to transcriptional (KLF5, PITX2) (32,
33), cell cycle (WEE1, CCNE2) (34, 35), and signaling
functions (JAG1, FZD8) (36, 37) during embryogene-
sis. Hence, the reduced development of NOBOX-de-
pleted embryos to the blastocyst stage may be attributed
to defects in EGA and absence of expression of specific
zygotic transcripts critical to development.

The first cell lineage allocation event in mammalian em-
bryogenesis occurs at compaction in mouse embryos and
results in the formation of the ICM and TE lineages in the
blastocyst (38). Multiple lines of evidence indicate the tran-
scription factor Oct4 is essential for the control of early lin-
eage development (39) and the level of Oct4 is crucial for
determining the development of distinct cell fates of embry-
onic stem (ES) cells. Artificial repression of Pou5f1/Oct4 in
ES cells induces differentiation of the TE lineage; but when
Pou5f1/Oct4 is overexpressed ES cells differentiate mainly
intoprimitive endoderm-like cells (40). Inaddition,only1.5-
fold-elevated expression of Pou5f1/Oct4 in germ cells leads
to development of gonadal tumors (41), and loss of Pou5f1/
Oct4 in germ cells results in apoptosis (42). Furthermore,
morpholino-mediated depletion of Pou5f1/Oct4 in one- to
two-cell stage mouse embryos affected embryonic develop-
ment before the blastocyst stage (43). Interestingly, such
studies also reported that Pou5f1/Oct4 plays a critical role in
reprogramming the early embryo during the maternal-to-
embryonic transition by regulating genes that encode for
transcriptional and posttranscriptional regulators (43).
Therefore, Pou5f1/Oct4 expression must be strictly con-
trolled in a developmental stage- and cell type-specific
manner. However, the precise mechanism and the num-
ber of transcription factors involved in the regulation of
POU5F1/OCT4 levels in vivo during development are
not well understood. Recently, several factors have been
identified, such as NANOG (44), SOX2 (45), FOXD3
(44), and SALL4 (46), that are critical in modulating ES
cell pluripotency and early embryonic development via
transcriptional regulation of POU5F1/OCT4. Results
of the present studies demonstrated that ablation of
NOBOX in early embryos significantly reduced the zy-
gotic transcription of POU5F1/OCT4 in embryos that
reached the blastocyst stage, indicating that NOBOX is
also a key regulator of POU5F1/OCT4 expression dur-
ing early embryonic development. NOBOX binding and
transactivation of the mouse Pou5f1/Oct4 promoter
have been previously reported (25).

Ablation of NOBOX in early embryos also impacted
cell lineage determination in embryos that reached the
blastocyst stage resulting in reduced total cell numbers and
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numbers of ICM cells. Effects of NOBOX depletion on cell
allocation in embryos reaching the blastocyst stage may be
directly linked to reduced expression of POU5F1/OCT4.
Previous studies demonstrated that POU5F1/OCT4 knock-
down in bovine zygotes resulted in reduced numbers of ICM
cells in resulting blastocysts (48). Reduced expression of
NANOG mRNA in blastocysts derived from NOBOX
siRNA-injected embryos was also observed in the present
studies. Previous studies reported that POU5F1/OCT4 is re-
quired for the transcriptional regulation of Nanog, because
knockdown of Pou5f1/Oct4 through RNAi in mouse ES
cells significantly reduced Nanog promoter activity (49).
Hence, the decreased expression of NANOG mRNA and
reduced number of ICM cells might also be directly attrib-
uted to down-regulation of POU5F1/OCT4 expression in
NOBOX-depleted embryos.

No effect of NOBOX ablation on numbers of TE cells
or expression of the TE-specific transcription factor
CDX2 mRNA was observed in the present studies, sup-
porting specific effects of NOBOX ablation on the ICM
lineage. In contrast, Pou5f1/Oct4 regulation of Cdx2 and
the TE lineage has been reported previously in the mouse
model. Suppression of Pou5f1/Oct4 mRNA in mouse ES
cells caused induction of characteristics of trophectoder-
mal differentiation and an increase in expression of the
trophoblast-specific factor CDX2 (50, 51). More recent
studies have described the function of maternally and zy-
gotically provided CDX2 in maintaining appropriate po-
larization of blastomeres at the eight- and 16-cell stage and
TE lineage-specific differentiation during early develop-
ment of the mouse embryo (52). More detailed analysis
will be required to determine the specific mechanisms re-
sponsible for reduced numbers of ICM, but not TE cells,
in blastocysts derived from NOBOX-depleted embryos
and the specific role of oocyte-derived NOBOX in regu-
latory networks in embryo-derived pluripotent stem cells.

In summary, results of the present studies establish a
novel functional role for NOBOX during early embryonic
development in the bovine model. Results support an im-
portant requirement of NOBOX for embryonic develop-
ment to the blastocyst stage and blastocyst cell allocation
and suggest that NOBOX mediates up-regulation of spe-
cific zygotic transcripts at EGA critical to subsequent de-
velopment. Results also provide critical new information
regarding the spatiotemporal expression of NOBOX dur-
ing oocyte and early embryonic development. In the
unique developmental context of the maternal-embryonic
transition, accompanied by deadenylation and degrada-
tion of maternal transcripts, it will be interesting to deter-
mine the posttranscriptional regulatory mechanisms that
mediate observed temporal changes in NOBOX mRNA
and protein in early embryos and the functional signifi-

cance of this expression pattern characteristic of other ma-
ternal effect genes critical to early embryogenesis.
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47. Nordhoff V, Hübner K, Bauer A, Orlova I, Malapetsa A, Schöler HR
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