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The mammalian oocyte possesses powerful reprogramming factors,
which can reprogram terminally differentiated germ cells (sperm) or
somatic cells within a few cell cycles. Although it has been suggested
that use of oocyte-derived transcripts may enhance the generation
of induced pluripotent stem cells, the reprogramming factors in
oocytes are undetermined, and even the identified proteins com-
position of oocytes is very limited. In the present study, 7,000 mouse
oocytes at different developmental stages, including the germinal
vesicle stage, the metaphase Il (Mll) stage, and the fertilized oocytes
(zygotes), were collected. We successfully identified 2,781 proteins
present in germinal vesicle oocytes, 2,973 proteins in MIl oocytes,
and 2,082 proteins in zygotes through semiquantitative MS analysis.
Furthermore, the results of the bioinformatics analysis indicated
that different protein compositions are correlated with oocyte
characteristics at different developmental stages. For example,
specific transcription factors and chromatin remodeling factors are
more abundant in MIl oocytes, which may be crucial for the epige-
netic reprogramming of sperm or somatic nuclei. These results
provided important knowledge to better understand the molecular
mechanisms in early development and may improve the generation
of induced pluripotent stem cells.

germinal vesicle | metaphase Il | zygote | protein | reprogramming

eprogramming of patient-specific somatic cells into pluripo-
tent stem cells has attracted wide scientific and public interest
because of the great potential value in both research and therapy.
Recent advances in induced pluripotent stem cell (iPSC) research
have clearly indicated that a small number of transcription factors
canreverse the cell fate of differentiated somatic cells; however, the
reprogramming process remains slow, and the efficiency is low.
Typically, 1% of cells are reprogrammed, but this process requires
at least 7 d to 2 wk (1-8). In contrast, reprogramming during
somatic cell nuclear transfer (SCNT) occurs within one or two cell
cycles and often in a majority of embryos (9-14). The oocyte-
derived transcripts that promote this more efficient reprogram-
ming remain unidentified; however, it has been suggested that their
inclusion with the four transcription factors (Oc#4, Sox2, Kif4, and
c-Myc) may increase the speed and efficiency of the reprogramming
process (15). As a step to identification of these factors, this project
sought to define the proteome of mouse oocytes at three stages of
development, which will also provide us important information on
the factors regulating developmental competence of oocytes.
During mammalian oogenesis, the oocyte undergoes two cell
cycle arrests at the dictyate or germinal vesicle (GV) stage and the
metaphase II (MII) stage (16, 17). MII oocytes have been widely
used to reprogram somatic cell nuclei, because during normal
reproduction, sperm and oocyte nuclei are reprogrammed by the
MII oocyte to produce totipotent zygotes. By contrast, results from
our previous nuclear transfer studies have shown that the cyto-
plasm of GV stage oocytes have no reprogramming activity (18).
Zygotes have lost the ability to reprogram during most of their
developmental stages; however, M-phase zygote cytoplasm has
a very low reprogramming efficiency (19). A comparison of the
proteomes of oocytes at stages with different reprogramming
abilities may aid in the identification of the factors responsible
for reprogramming.

www.pnas.org/cgi/doi/10.1073/pnas.1013185107

In the present study, semiquantitative MS was applied to iden-
tify the protein composition of each type of oocyte. We successfully
identified numerous proteins in oocytes that had not been pre-
viously identified, and we discovered a larger number of differ-
entially expressed proteins among the oocytes at different develop-
mental stages.

Results

Identification of Total Proteins Expressed in GV and MIl Oocytes and
Zygotes. Overall, 7,000 oocytes at each developmental stage were
collected from the mouse strain most commonly used as a recipient
for somatic cell nuclear transfer (Fig. 14). From these oocytes, we
successfully identified 132,127 peptides present in the GV oocyte,
185,643 peptides in the MII oocyte, and 85,369 peptides in the
zygote using an L'TQ Orbitrap mass spectrometer. According to
this criterion, the total protein numbers identified in GV, MII, and
fertilized oocytes (zygotes) were 2,781, 2,973, and 2,082, re-
spectively. The detailed information of all identified proteins as
well as the peptides in all three types of oocytes is shown in
Datasets S1 and S2. We categorized the proteins identified in the
present study according to their molecular functions. Overall, the
distribution of proteins between these different functions seemed
to be similar in each type of oocyte (Fig. 1B). The details of the
gene ontology categories of the identified proteins are shown in
Dataset S3. Approximately 1,000 proteins with unknown functions
were identified in each group of oocytes.

To gain insight into the change between each stage, we com-
pared four groups of proteins: GV and MII oocytes, zygotes, and
ES cells. We used the number of identified peptides as the mea-
sure of protein abundance; for the comparative number of pro-
teins in GV and MII oocytes, zygotes, and ES cell proteins, see
Dataset S4. The results showed that GV and MII oocytes are
more similar than zygotes and ES cells (Fig. 1C). Compared with
oocytes, ES cells express some specific or highly up-regulated
proteins, mostly involved in metabolism, such as isoform M1 of
pyruvate kinase isozymes M1/M2 (PKM2), GAPDH, a-enolase
(ENO1), B-enolase (ENO3), fructose-bisphosphate aldolase A
(ALDOA), L-lactate dehydrogenase A chain (LDHA), phospho-
glycerate kinase 1 (PGKI1), adenosylhomocysteinase (AHCY),
and GST o-1 (GSTO1). More importantly, oocytes and zygotes
possess specific protein families, which are more than in ES cells.
The majority of these unique protein families are involved in self-
renewal and cell cycle regulation; they include the ADP ribosy-
lation factor (ARF) family, the maternal antigen that embryos
require (MATER) family, the Tudor family, and the F-box family.

Six ARF family proteins were detected in mouse oocytes (Fig. S1).
ADP ribosylation is a protein posttranslational modification that
involves the addition of one or more ADP and ribose moieties.
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Total proteins identified in mouse oocytes and zygotes. (A) Representative images of mouse oocytes at different developmental stages including

GV, MII, and zygote. As shown, fully grown GV oocytes with visible germinal vesicles, MIl oocytes with the first polar bodies, and zygotes with two
pronuclei were carefully selected. (B) Functional categorization of the identified proteins in GV and MIl oocytes and zygotes. The identified proteins were
grouped into 14 categories according to their molecular functions, which include involvement in the cell cycle and proliferation, transport, stress re-
sponse, developmental processes, RNA metabolism, DNA metabolism, cell organization and biogenesis, cell-cell signaling, signal transduction, cell ad-
hesion, protein metabolism, death, other metabolic processes, and other biological processes. We then calculated the percentage of every group of
proteins. (C) Clustering of proteins in GV and MII oocytes, zygotes, and ES cells with a color gradient for gene abundance ranks. The cluster of more
abundantly expressed proteins is highlighted in red. The total number of observed spectra assigned to each protein in each cell type was used as the basis
for clustering. Clustering showed that the protein expression profile is similar for MIl oocytes and GV oocytes, whereas the profile of zygotes is more

similar to ES cells.

Except for the ribosylation of proteins, ARF1 has been shown to play
an important role in regulating asymmetric division in meiosis dur-
ing oocyte maturation (20). The ARF family gene is overrepresented
in mouse oocytes and zygotes compared with the ES cells, which may
partly explain the asymmetric division of oocytes.

The NACHT, leucine rich repeat and PYD containing (NLRP)
family proteins are known as oocyte-specific proteins and are nec-
essary for embryo development. Nirp5 (also known as Nalp5 or
Mater) is a maternal effect gene essential for embryonic de-
velopment past the two-cell stage (21). Several Nlrp genes are

17640 | www.pnas.org/cgi/doi/10.1073/pnas.1013185107

preferentially expressed in germ cells, including Nlirp14, Nlrp4f, and
Nip4c. We identified 12 NLRP proteins in mouse oocytes (Fig. S1).

TUDOR family proteins are detected in oocytes but not in ES
cells. Our present proteomics data confirm that tudor domain
containing protein (TDPD), TDRD1, TDRD3, TDRD7, and
TDKB are expressed in mouse oocytes. Tdrdl1™~ mice showed
male sterility with postnatal spermatogenic defects. During sper-
matogenesis, TDRD1 interacts with the Piwi protein, Mili, and they
are colocalized in the cytoplasm of spermatogenic cells, where they
associate with the nuage or its derivative, the chromatoid body (22).

Wang et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1013185107/-/DCSupplemental/pnas.201013185SI.pdf?targetid=nameddest=SF1
www.pnas.org/cgi/doi/10.1073/pnas.1013185107

jporter activity

amino acid Nnuuw ..

&\\-.

P Y o
®e®

B [eincron]

hd

o~ HEAGM Y Tons Electrical coupling

(¥ isual corex)

o ]
Heumactive FANP g <GMP
i ° " F .
=
signaling sysem

.
e o — 5]
Calcium 34g)
e N G-
NO

C [ADHERENS JUNGTION|

noite Omte

(T e ——

Fig. 2. Highly expressed proteins in GV oocytes. (A) Actin binding proteins
(shown at the top), primary transporters (shown at the left), and amino acid
transporters (shown at the right) are more abundantly expressed in GV oocytes
compared with Ml oocytes and the zygotes. (B) The gap junction pathway is
overrepresented in the GV oocyte. Red rectangles represent the gap junction
proteins expressed more abundantly in GV oocytes compared with Mil oocytes.
Yellow rectangles represent the comparable expression level of gap junction
proteins between GV and MIl oocytes. Green is the color of Kyoto Encyclopedia

Wang et al.

The full function of the TUDOR family proteins in oocytes remains
to be resolved.

A large group of F-box proteins was identified in mouse oocytes
and zygotes. The Skpl-Cullin-F-box (SCF) complex functions as
an E3 ligase in the ubiquitin protein degradation pathway. Tran-
scripts and proteins must change in composition and abundance
during the transition from oocyte to embryo. The SCF protein—
ubiquitin ligase complex member F-box proteins are highly
abundant in oocytes and two-cell embryos (23). For example,
Fbxwl15/Fbxo12] is an F-box protein-encoding gene that is selec-
tively expressed in oocytes of the mouse ovary (24). We identified
that '”F-box family proteins are overpresented in the oocyte (Fig.
S1). These F-box proteins may play important roles in protein
degradation after fertilization, and different F-box complexes can
selectively degrade specific target proteins.

Overrepresented Pathways in GV Oocytes. Compared with MII and
fertilized oocytes, GV oocytes contain a greater number of me-
tabolism-related proteins responsible for supporting oocyte mat-
uration. SLC family proteins are amino acid transporters, and they
play important roles in transporting various molecules across the
membranes of the oocyte and the cumulus cells. The SLC family
proteins are much more abundant in GV oocytes compared with
MII oocytes (Fig. 24). Primary active transporters and cation
channel family members are also more abundant in GV oocytes
than in MII oocytes (Fig. 24). Among the primary active trans-
porters expressed, only the calcium-transporting ATPases are
more abundant in MII oocytes.

In addition to the proteins involved in metabolism, more mi-
crofilament motors were identified in the GV oocyte (Fig. 24). We
identified 5 gap junction proteins and 10 adhesion junction path-
way proteins that were more abundant in GV oocytes than in MII
oocytes (Fig. 2 B and C). The GV oocyte is tightly connected with
cumulus cells, and these proteins may play a critical role in gap and
adhesion junctions during GV oocyte maturation (25).

Overrepresented Pathways in MIl Oocytes. Transcription factors. The
MII oocyte contains a large number of proteins participating in the
regulation of cell cycle events (26). We identified more than 70
transcription factors expressed in the mouse oocyte and zygote. 43
are more prevalent in MII oocytes than in GV oocytes (Fig. 34),
among which Rela, an important factor in stem cells, was identi-
fied. Transcriptional activators and repressors are also more
abundant in the MII oocyte than the GV oocyte. Some of these
proteins, such as Sin3a and Trim28, play important roles in pre-
venting stem cell differentiation.

The T cell leukemia/lymphoma 1 (TCL) family is specifically
expressed in oocytes and stem cells. Importantly, Tcll functions as
a downstream target for Oct4 (27), which is one of the four factors
that reprogram differentiated somatic cells to become pluripotent
cells (1). A previous study showed that TCL family members occur
in a cluster on the chromosome (28). We identified four TCL family
factors, TCL1, TCL1b1, TCL1b2, and TCL1b3, in MII oocytes;
however, the role of TCL family members in early development
remains to be investigated.

Epigenetic modification. Epigenetic modification enzymes changed
dynamically during oocyte maturation, and proteins involved in
epigenetic modification were more enriched in the MII oocyte (Fig.
3B). This accumulation of proteins may allow embryonic tran-
scription to initiate correctly, because the GV oocyte is transcrip-
tionally inactive. We also identified three chromatin remodeling
enzymes in MII oocytes, including Smarca5, Chd3, and Chd4.

of Genes and Genomes (KEGG) database. (C) The adhesion junction pathway
is overrepresented in the GV oocyte. Red rectangles represent the adhesion
junction proteins expressed more abundantly in GV oocytes compared with
MIl oocytes. Yellow rectangles represent the comparable expression level of
adhesion junction proteins between GV and MIl oocytes. Green is the color
of KEGG database.
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Histone demethylases, methylases, acetylases, and histone deace-
tylases are all more abundant in MII oocytes compared with GV
oocytes (Fig. 3B). MII oocytes express eight histone methyl-
transferases: Men1, M113, Mlit10, Mllt4, Nsd1, Prmt1, Dpy30, and
Carml. The trithorax complex can activate transcription by in-
ducing the trimethylation of lysine 4 of histone H3 (H3K4me3) at
specific regulatory sites at the target chromatin. TrxG family pro-
teins are highly enriched in MII oocytes, including Smarccl,
Smarca5, Zswim3, Ml13, Mllt10, and Mllt4. Moreover, Hsp90 is also
highly expressed in MII oocytes, and Hsp90 cooperates with TrxG
at chromatin to maintain the active expression state of targets (29).
In addition to histone methyltransferase, MII oocytes also express
four histone demethylases (Padi6, Jmjd3, Fbxl10, and Aof2), five
histone acetyltransferases (Natl1, Hatl, Tafl15, Btafl, and Taf7),
and six histone deacetylases (Hdac2, Hdac6, Sirt2, Sirt5, Sap30, and
Satbl). Among the histone modification enzymes, the histone dei-
minase/demethylase PADI6 is highly expressed in both GV and MIIT
oocytes. PADI6 was identified by 25,365 spectrophotometry counts,
comprising 13.6% of the total peptides identified in the MII oocyte.

Although PADIG6 is highly expressed in the oocyte and zygote, it is
totally absent from ES cells. PADI6 is believed to function in the
ribosome storage, but its relationship with histone modification is
still unclear. A previous study showed that embryonic genome ac-
tivation (EGA) is defective in Padi6™'~ two-cell embryos (30). An-
other histone modification enzyme attracting our attention was the
histone methyltransferase CARM1. CARMI1 can catalyze H3 ar-
ginine methylation, and the overexpression of CARMI1 can in-
fluence the formation of the inner cell mass (ICM) (31).

DNA metabolism. In total, 53 proteins involved in the DNA repair
process were identified in both MII oocytes and zygotes. Further-
more, 35 of these proteins are up-regulated in the MII oocyte, in-
cluding both the single-strand break repair proteins and the
nucleotide-excision repair proteins. The MII oocyte contains more
proteins in the DNA recombination and DNA replication pathway
than either the GV oocyte or the zygote. For example, the base-
excision repair, gap-filling protein proliferating cell nuclear anti-
gen is overrepresented in the MII oocyte compared with the
GV oocyte. Topological enzymes are all up-regulated in the MII
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Fig. 3.

Highly expressed proteins in Mll oocytes. (A) Transcription factors, translation factors, and transcriptional activators expressed in the MIl oocyte. Forty-

three transcription factors are more prevalent in MIl oocytes than in GV oocytes, and they include TCL family proteins TCL1, TCL1b1, TCL1b2, and TCL1b3; 12
translation factors and 20 transcriptional activators are expressed in Mll oocytes. (B) Epigenetic modification-related proteins are expressed more abundantly in
MIl oocytes. The Ml oocytes express four histone demethylases, including Padi6, Jmjd3, FbxI10, and Aof2, five histone acetyltransferases, including Nat11, Hat1,
Taf15, Btaf1, and Taf7, six histone deacetylases, including Hdac2, Hdacs, Sirt2, Sirt5, Sap30, and Satb1, and eight histone methyltranferases, including Men1, MlI3,
MIIt10, MIIt4, Nsd1, Prmt1, Dpy30, and Carm1. (C) DNA metabolic pathway in MIl oocytes. More DNA repair proteins are expressed in MIl oocytes than in GV
oocytes; they include the single-strand break repair and nucleotide-excision repair proteins. DNA recombination pathway and DNA replication protein families are
also more abundant in Ml oocytes. Proteins involved in DNA metabolic pathways are highlighted in blue for MIl oocytes and red for GV oocytes.
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oocyte too (Fig. 3C). Heterochromatin formation proteins are
down-regulated in the zygote. SIRT2, SIRTS, and DNA methyl-
transferases 3a were not detected in the zygote but were identified
in the MII oocyte.

Signaling pathways in Ml oocytes. We found that MII oocytes express
many genes involved in pluripotency regulation (Fig. S24), and 11
genes in the MAPK pathway are more highly expressed in MII
oocytes (Fig. S2B). The MAPK pathway is known to play an im-
portant role in stem cell differentiation, and inhibiting the MAPK
pathway may elevate the efficiency of deriving iPSCs (32). NOT2,
NOT3, and NOTS5 are highly expressed in MII oocytes. The
CCR4-NOT complex is a nuclear complex that can negatively
regulate the basal and activated transcription of many genes (33).
Trim28 and Cnot3 have been shown to be important regulators
of the pluripotency of ES cells (34).

Members of the TGF superfamily are potent regulators of cell
proliferation and differentiation in a number of organisms (35-38).
Consistent with a previous study showing that TGF-p pathway
proteins are highly expressed in human oocytes (39), TGF-p path-
way proteins are more abundant in the MII oocyte than in the GV
oocyte. In this pathway, Smad2 and Smad3 are important factors
in maintaining the pluripotency of stem cells (40) (Fig. S34). The
IL-6 signaling pathway is also up-regulated in GV and MII oocytes.
Leukemia inhibitory factor (LIF) is an archetypal self-renewal
factor for mouse ES cells and belongs to the family of IL-type
cytokines (41). We identified the expression of the common IL-6
receptor IL6st, also called gp130, in MII oocytes. Additionally, the
LIF pathway member STAT3 is more abundant in the MII oocyte
than in the zygote (Fig. S3B). Stat3 activation has been shown to be
necessary and sufficient to maintain self-renewal of mouse ES cells
in the presence of serum (42).

MII oocytes contain more proteins involved in RNA processing
and Golgi transportation than zygotes (Fig. S4 4 and B). Un-
doubtedly, RNA processing is essential for the oocyte-embryo
transition, but surprisingly, the Golgi transportation-related pro-
teins are more abundant in MII oocytes than in either GV oocytes
or zygotes, although the Golgi is disassembled at metaphase.

Significantly Altered Pathways in Zygotes. Ubiquitination pathway.
After fertilization, maternal proteins are quickly degraded. As a re-
sult, 185,643 peptides were identified in MII oocytes, whereas only
85,369 peptides were identified in zygotes; however, the same
number of oocytes and zygotes were analyzed. Proteins involved in
the ubiquitination pathway are highly enriched in the zygote, where
they may play essential roles in degrading the maternal proteins
inherited from the MII oocytes (33). Zygotes express more key
factors involved in protein degradation, including ubiquitin B
(UBB) and ubiquitin C (UBC). UBC is up-regulated about 1,000-
fold in zygotes compared with MII oocytes, which suggests that
protein degradation is highly active in zygotes (Fig. 44). The ex-
pression of proteasome members is also up-regulated in zygotes.
The ubiquitination pathway not only is responsible for protein
degradation but also plays an important role in epigenetic regula-
tion. We identified an E3 ligase, HECT, UBA and WWE domain
containing 1 (Huwel), expressed in the oocyte and zygote, but iso-
form 2 of HUWEI1 was only identified in the zygote. HUWE1 has an
important role in ubiquitinating histones (43). In addition, we
identified another E3 ubiquitin—protein ligase Uhrfl (also named
NP95), which is highly expressed in the oocyte/zygote compared
with ES cells. UHRF1 plays an important role in the ubiquitination
pathway and in DNA methylation maintenance. Therefore, in ad-
dition to degrading maternal proteins, the ubiquitination pathway
may play an important role in reprogramming.

Other pathways. Mitochondrial components of the MII oocyte
differ significantly from the components of the zygote (Fig. S4C).
MII oocytes contain a group of mitochondrial proteins, which
are totally absent in the zygote; however, the zygote contains
more up-regulated mitochondrial proteins including Cytochrome
C Oxidase, the last enzyme in the respiratory electron transport
chain of mitochondria.

Wang et al.

Our data showed that zygotes start to express genes involved in
immune system development and certain genes involved in or-
ganogenesis. The expression of certain metabolism pathway genes
is initiated at the zygote stage, including the citrate cycle pathway,
glucan metabolism, lipid binding proteins, and fatty acid metabo-
lism-related genes (Fig. 4B).

Discussion

1D or 2D electrophoresis combined with MS was performed in
several studies to identify the total proteins and differentially
expressed proteins in oocytes at different developmental stages;
however, only a few proteins were identified because of the limited
quantity of oocytes used and the limitations of the technology (26,
44, 45). In a more recent report, only 625 proteins were found to be
differentially presented, although the quantity of the oocytes was
increased to several thousand (46). Compared with the methods
previously used, the semiquantitative MS analysis in the present
study is more accurate and has been widely applied to investigate
the proteome of different organisms (47-49). We successfully iden-
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Fig. 4. Highly expressed proteins in zygotes. (A) Ubiquitination pathway
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were identified by more than five spectrophotometry counts. The yellow
rectangles represent proteins that were identified by fewer than five spec-
trophotometry counts. UBC is expressed much more abundantly in zygotes
than in MIl oocytes. (B) Proteasome complexes and several pathways in-
volved in embryo development were expressed in the zygote. New meta-
bolic pathways begin to be expressed in the zygote, which include the TCA
(citrate cycle) pathway and fatty acid and glucan metabolic proteins.
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tified 2,781 proteins in the GV stage oocyte, 2,973 proteins in the MII
stage oocyte, and 2,082 proteins in the fertilized oocyte (zygote).

In general, the proteome characteristics of mouse oocytes dis-
covered in the present study are consistent with previous findings
on gene expression profiles of oocytes and early embryos analyzed
by either microarray or sequencing of the ESTs from mouse cDNA
libraries (50-52). For example, the gene expression analysis of GV
oocytes has revealed that abundant expression of genes involved in
cell communication and metabolism is the major characteristic of
GV oocytes, which is in agreement with the proteome character-
istic of GV oocytes detected in the present study (52). Similarly,
the proteome of MII oocytes has shown that DNA damage and
repair-related proteins are overrepresented, which is consistent
with the gene expression data obtained previously (51). Mean-
while, we noticed that close to 3,000 proteins could be detected in
the mouse oocytes, whereas the total transcripts detected in mouse
oocyte are over 9,000 (51). Such difference might be caused by
either low abundant expression of some proteins or the non-
translation of some mRNAs in oocytes.
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In summary, our present study provides an invaluable resource
for scientists to further investigate the functions of proteins
expressed specifically in oocytes at different developmental stages.
Such efforts will enable us to better understand the molecular
mechanism of early embryo development and possibly improve the
efficiency of iPSC generation.

Materials and Methods

We collected 7,000 GV, MIl, and zygote oocytes separately from a total of
1,000 B6D2 F1 female mice. The oocytes were then lysed and prepared for
the LC-MS/MS analysis. Tandem mass spectra were searched against the
European Bioinformatics Institute International Protein Index mouse pro-
tein database. Expression Analysis Systematic Explorer (EASE) was used to
analyze gene ontology and KEGG pathways. Additional details are in S/
Materials and Methods.
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