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Maternal factors required for oocyte
developmental competence in mice
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During mouse antral follicle development, the oocyte chromatin gradually transforms from a less condensed state with
no Hoechst-positive rim surrounding the nucleolus (NSN) to a fully condensed chromatin state with a Hoechst-positive
rim surrounding the nucleolus (SN). Compared with SN oocytes, NSN oocytes display a higher gene transcription activity
and a lower rate of meiosis resumption (G,/M transition), and they are mostly arrested at the two-cell stage after in
vitro fertilization. To explore the differences between NSN and SN oocytes, and the maternal factors required for oocyte
developmental competence, we compared the whole-transcriptome profiles between NSN and SN oocytes. First, we
found that the NSN and SN oocytes were different in their metabolic pathways. In the phosphatidylinositol signaling
pathway, the SN oocytes tend to produce diacylglycerol, whereas the NSN oocytes tend to produce phosphatidylinositol
(3,4,5)-trisphosphate. For energy production, the SN oocytes and NSN oocytes differed in the gluconeogenesis and in the
synthesis processes. Second, we also found that the key genes associated with oocyte meiosis and/or preimplantation
embryo development were differently expressed in the NSN and SN oocytes. Our results illustrate that during the NSN-SN
transition, the oocytes change their metabolic activities and accumulate maternal factors for further oocyte maturation

and post-fertilization embryo development.

Introduction

During mammalian reproduction, genome transcription is
silenced in oocytes before resumption of meiosis, and it is fully
activated at the 2-cell stage after fertilization in the mouse. The
biological processes of oocyte meiotic maturation, fertilization and
early embryo development mainly depend on the oocyte maternal
factors that accumulate in oocytes at the germinal vesicle (GV)
stage. When the follicles develop to the antral follicle stage, the
GV oocytes can be divided into two classes based on their chro-
matin configuration: the NSN oocytes, whose chromatin does not
form a Hoechst-positive rim surrounding the nucleolus, and the
SN oocytes, whose chromatin forms a Hoechst-positive rim sur-
rounding the nucleolus.!

NSN oocytes occupy more than 90% of the GV oocytes before
16 d postpartum in C57/CBA mice, and SN oocytes first appear at
17 dpp and increase with the mouse age and the oocyte diameter®?

(Fig. 1). When microinjecting BrtUTP into the GV oocytes, NSN
oocytes showed a high level fluorescence, whereas the fluorescence
in SN oocytes was not obvious,? indicating that the transcription
in NSN oocytes was active but silenced in SN oocytes. Compared
with SN oocytes, only 20-30% of the NSN oocytes were able
to develop to the metaphase II stage and became mostly arrested
at the 2-cell embryo stage after in vitro fertilization,* indicating
low developmental competence of the NSN oocytes. Recent data
showed that the configuration of chromatin in GV oocytes was
controlled by histone modifications,’ and the transcription silence
of SN oocytes was controlled by the protein termed poly(rC) bind-
ing protein 1.° However, how oocytes control the transition from
NSN to SN is still not clear.

To clarify the determining factors that support the NSN to SN
transition state of oocytes, oocyte maturation and embryo develop-
ment and to explore the mechanisms of oocyte gene expression reg-
ulation, we compared the transcriptomes of NSN and SN oocytes.
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Table 1. Statistics of the transcriptome data of NSN and SN oocytes

Main gene class Total gene number

Gene detected

Gene 36 227 21 961

mRNA 15 274 10 355
LincRNA 469 382
Retrotransposed 349 132
Pseudogene 635 136

Results

Summary of the whole transcriptome of the NSN and SN
oocytes. The whole transcriptomes of NSN and SN oocytes iso-
lated from 8-9-wk-old female ICR strain mice were extracted
and amplified. After sequencing the oocyte transcriptomes by the
SOLID RNA-Seq system, we mapped the 50 bp sequence reads
to the mouse genome and obtained the gene expression values of
the two groups of oocytes (for statistics of the data see Table 1).
To evaluate the quality of the transcriptome data, an MA plot of
the data was constructed (Fig. 2). We also compared the tran-
scriptome data with the quantitative real-time PCR (qRT-PCR)
result (Fig. 2). The correlation coefficient value was 0.79, indicat-
ing that the transcriptome data were reliable. By using the meth-
ods described in Materials and Methods and Figure 2, we filtered
627 upregulated genes and 332 downregulated genes in the SN
oocyte group (Fig. 2; Table S1).

Gene set enrichment analysis of the differentially expressed
genes . The biological processes and cellular components in which
the differentially expressed genes enriched were analyzed by
DAVID (http://david.abee.nciferf.gov/). The upregulated genes
in SN oocytes were mainly enriched in biological processes, such as
translation, cell division and oxidative phosphorylation, whereas
about 58 genes associated with transcription were downregulated
in SN oocytes. Based on the information about differentially
expressed genes enrichment in cellular components, we found
that the upregulated genes in SN oocytes were mainly located in
mitochondria (49 genes) and the cytoskeleton (35 genes), and the
downregulated genes in SN oocytes were mainly enriched in the
nuclear lumen or the inner nuclear components (Tables 2 and 3).
From the gene list in Table S1, we found that the upregulated
genes in SN oocytes associated with translation mainly included
the ribosomal proteins and the translation initiation factors; the
downregulated genes in SN oocytes associated with transcription
mainly included transcription factors such as GATA binding pro-
tein 3 (Gata3), CREB binding protein (Crebbp) and Notch gene
homolog 1 (Notchl) as well as chromatin remodeling factors
such as bromodomain containing 7 (Brd7) and chromodomain
helicase DNA binding protein 7 (Chd?7).

KEGG pathway analysis of the differentially expressed
genes. To investigate how the differentially expressed genes play
a role in the biological pathways, we mapped these genes to the
KEGG pathways in which upregulated genes in SN oocytes
were marked red and downregulated genes were marked green.
From the KEGG pathways, we picked out the pathways about
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REPORT
NSN oocyte SN oocyte
Reads mapped Gene detected Reads mapped
12 198 427 21 286 13 401 465
6 054 686 10 061 6 860 882
114 380 372 116 032
15764 152 19 980
15 610 122 24119

the phosphatidylinositol signaling system and oocyte meiosis to
illustrate the differences between NSN and SN oocytes (Fig. 3).
From the phosphatidylinositol signaling system, we found that
the metabolic pathway associated with diacylglycerol (DAG) was
changed in SN oocytes. There were three substrates that could
be lysed by phospholipase C (PLC) to produce DAG, includ-
ing PI (phosphatidylinositol), PI(4)P (phosphatidylinositol
4-phosphate) and PI(4,5)P2 (phosphatidylinositol 4,5-bisphos-
phate). We found that enzymes like Pik3rl (phosphatidylinositol
3-kinase regulatory subunit o) and Pik3c3 (phosphatidylinositol
3-kinase catalytic subunit type 3), which compete for substrates
with PLC, were downregulated in SN oocytes, whereas enzymes
like Pi4k2b (phosphatidylinositol 4-kinase type 2-B), Pikfyve
(phosphoinositide kinase, FYVE finger containing), Pip4k2a
(phosphatidylinositol-5-phosphate 4-kinase, type II, a) and
Pip4k2c (phosphatidylinositol-5-phosphate 4-kinase, type II,
gamma), which produce the substrates of PLC, were upregulated
in SN oocytes.

From the KEGG pathway during oocyte meiosis, we found
that meiosis-associated key genes were differentially expressed
in SN oocytes, in which downregulated genes included CPEB
(Cpebl, cytoplasmic polyadenylation element binding protein 1),
14-3-3 (Ywhae, tyrosine 3-monooxygenase/tryptophan 5-mono-
oxygenase activation protein, epsilon polypeptide; and Ywhab)
and Calm (Calml, calmodulin 1). The genes whose mRNA
level increased in SN oocytes included AC (Adcyl, adenyl-
ate cyclase 1), Cdc20 (Cdc20, cell division cycle 20 homolog),
14-3-3 (Ywhag), Securin (Pttgl, pituitary tumor-transforming
gene 1), MAPK (Mapk3, mitogen-activated protein kinase 3),
CycE (Ccnel, cyclin E1) and PP2A (Ppp2cb, protein phospha-
tase 2, catalytic subunit, B isoform).

By using the methods described in the “Materials and
Methods” section, we extracted the proteins that interact with
the proteins encoded by the differentially expressed genes (Table
S2). The protein interaction sub-networks of lipid metabolism,
protein phosphatase and protein kinase and transcription factors
with DNA binding proteins were extracted (Figs. 4 and 5).

Discussion

Metabolic differences between NSN and SN oocytes. The met-
abolic activities of mammalian oocytes are performed not only
by the oocyte itself, but also by the surrounding granulosa cells.
The cumulus cell-enclosed oocytes can take up pyruvate, but not
glucose, from the environment.”® Previous data showed that the
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Figure 1. NSN oocytes and SN oocytes. The NSN oocytes represent not fully grown oocytes with a smaller diameter. The SN oocytes are fully grown
oocytes whose diameters are about 80 um.
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Figure 2. Transcriptome data evaluation and differentially expressed gene selection. (A) MA plot of the transcriptome data. (B) Scatter plot of the
transcriptome data. (C) Quantitative RT-PCR evaluation of the transcriptome data, correlation coefficient = 0.79. Red, upregulated genes in SN oocytes;
green, downregulated genes in SN oocytes.

used by the oocyte to block glucose passing through its mem-
brane. Recently, a report showed that cell insulin resistance was

oocytes were able to obtain glucose from cumulus cells through
gap junctions but not through the glucose transport proteins

on the oocyte membrane.” It is still not clear which approach is  accompanied by an increase in DAG.’ Detailed investigations
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Figure 3. For figure legend, see page 1932.
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oocytes, green.

Figure 3. (See previous page) KEGG pathway regarding the phosphatidylinositol signaling system and oocyte meiosis. (A) The diacylglycerol (DG

or DAG) was produced by phospholipase C (PLC) lysing its substrates: phosphatidylinositol (Pl), PI(4)P and PI(4,5)P2. The enzymes promoting the ac-
cumulation of these substrates, like PI4K (Pi4k2a), PI5K (Pikfyve), 2.7.1.149 (Pip4k2a, Pip4k2c), were upregulated in SN oocytes (red), whereas enzymes
decreasing the PLC substrates like 2.7.1.137 (Pik3r1, Pik3r2, Pik3c3), 2.7.1.154 (Pik3r1, Pik3r2), 2.7.1.153 (Pik3r1, Pik3r2) were downregulated in SN oocytes
(green). (B) AC, adenylate cyclase 1 (Adcy1); CPEB, cytoplasmic polyadenylation element binding protein 1 (Cpeb1); p42MAPK, mitogen-activated
protein kinase 3 (Mapk3); Cdc20, cell division cycle 20 homolog; 14-3-3, tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein,
epsilon polypeptide (Ywhae), B polypeptide (Ywhab); Securin, pituitary tumor-transforming gene 1 (Pttg1); PP2A, protein phosphatase 2, catalytic
subunit, B isoform (Ppp2cb); CycE, cyclin E1 (Ccnel); and Calm, calmodulin 1 (Calm1). Upregulated genes in SN oocytes, red; downregulated genes in SN

Table 2. Gene set enrichment analysis of differentially expressed genes (biological process)

Differentially expressed
genes

Gene ontology term
GO:0006412~translation
G0:0051301~cell division

G0:0006119~oxidative phosphorylation
GO0:0022904~respiratory electron transport chain
G0:0022900~¢lectron transport chain
G0:0044265~cellular macromolecule catabolic process
GO:0042773~ATP synthesis coupled electron transport
G0:0009057~macromolecule catabolic process
GO0:0006091~generation of precursor metabolites and energy
G0:0022618~ribonucleoprotein complex assembly
G0:0040020~regulation of meiosis
G0:0051445~regulation of meiotic cell cycle

GO0:0000184~nuclear-transcribed mRNA catabolic process, nonsense-
mediated decay

GO0:0000280~nuclear division
G0:0007067~mitosis
GO0:0006402~mRNA catabolic process

Upregulated genes in SN
oocytes

G0:0034622~cellular macromolecular complex assembly
G0:0042775~mitochondrial ATP synthesis coupled electron transport
GO0:0000087~M phase of mitotic cell cycle
G0:0000278~mitotic cell cycle
G0:0048285~organelle fission
GO0:0007049~cell cycle
G0:0022403~cell cycle phase
GO0:0008380~RNA splicing
G0:0000279~M phase
GO:0006401~RNA catabolic process
G0:0045449~regulation of transcription
GO:0006350~transcription
GO0:0007017~microtubule-based process
GO0:0060541~respiratory system development
G0:0006457~protein folding
G0:0030324~lung development

Downregulated genes in SN
oocytes

GO0:0030323~respiratory tube development
G0:0035107~appendage morphogenesis
G0:0035108~limb morphogenesis

1932 Cell Cycle

Gene count

p value

3.23E-04
4.94E-04
6.45E-04
7.45E-04
7.58E-04
7.85E-04
0.001093
0.0011907
0.0015853
0.001854
0.0019114
0.002577

0.0045214

0.0046874
0.0046874
0.0047719
0.0051271
0.0053601
0.0054213
0.0054732
0.0061819
0.0062753
0.0064598
0.0072332
0.0083725
0.0084478
1.00E-04
1.09E-04
0.0019509
0.0035552
0.0040565
0.0083707
0.0091024
0.0098787
0.0098787
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Figure 4. The protein-protein interaction networks associated with lipid metabolic processes (A)
and protein kinase and protein phosphatase (B). Red, upregulated; green, downregulated; light
pink, proteins whose corresponding mRNAs show no obvious change. Rectangle, lipid metabolic
processes associated protein; diamond, proteins associated with protein kinase; triangle, proteins
associated with protein phosphatase; hexagon, proteins associated with transcription factors or
BNA binding proteins; small ellipse, other proteins.

www.landesbioscience.com Cell Cycle

found that both liver and muscle insulin
resistance was caused by DAG-induced
activation of the protein kinase C'' In
our results, we found that the expression
pattern changes of genes like Pik3rl,
Pik3c3, Pi4k2b, Pikfyve, Pip4k2a and
Pip4k2c¢ might increase the PLC sub-
strates: PI, PI(4)P and PI(4,5)P2.!%1
The increase in PLC substrates would
lead to accumulation of DAG in SN
oocytes. These results provide clues on
the oocyte metabolism and on the ques-
tion why oocytes cannot take up glu-
cose directly; however, whether glucose
transport is truly associated with the
accumulation of DAG requires further
investigation.

In addition to the metabolic pathways
regarding DAG, the metabolic pathways
related to glucose and pyruvate also
changed (see Table S1; Fig. 6). Lactate
dehydrogenase C (Ldhc) induced lac-
tate transformation to pyruvate, and
pyruvate carboxylase (Pcx) promoted
the pyruvate carboxylation with CO,
to form oxaloacetate. Oxaloacetate is
not only important for glyconeogenesis,
but also important for the synthesis of
amino acids. 6-phosphofructo-2-kinase/
fructose-2,6-biphosphatase 3 (Pfkfb3)
is a bifunctional enzyme: when the fruc-
tose-6-phosphate level is high, Pfkfb3
phosphorylates fructose-6-phosphate to
form fructose-2,6-biphosphate through
its  6-phosphofructo-2-kinase  activ-
ity; otherwise, the Pfkfb3 can dephos-
phorylate the fructose-2,6-biphosphate
to fructose-6-phosphate. The fructose-
2,6-biphosphate is a strong activator
of phosphofructokinase (Pfk), and Pfk
is the key regulator of the glycolysis
pathway. Thus, the level and activity of
Pfkfb3 is important for the direction of
the glucose metabolism. The glucose-
6-phosphate  dehydrogenase  X-lined
(G6pdx) induces glucose-6-phosphate
entry to the pentose phosphate path-
way, which is important for the synthe-
sis of RNA or DNA. The glycogenin
(Gyg) promotes the glycogen synthesis
by which the oocyte can store energy
materials for further development. The
glycerol-3-phosphate acyltransferase 2,
mitochondrial (Gpat2) induces the
glycerol-3-phosphate to form glycero-
phospholipids, whereas the glycerol
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Table 3. Gene set enrichment analysis of differentially expressed genes (cellular component)

Differentially expressed
genes

Gene ontology term
GO0:0019866~organelle inner membrane
G0:0005743~mitochondrial inner membrane
G0:0070469~respiratory chain
G0:0043228~non-membrane-bounded organelle
G0:0043232~intracellular non-membrane-bounded organelle
G0:0031967~organelle envelope
G0:0005740~mitochondrial envelope
G0:0031966~mitochondrial membrane
G0:0031975~envelope
G0:0031090~organelle membrane

Upregulated genes in SN G0:0005829~cytosol
oocytes G0:0030529~ribonucleoprotein complex
GO0:0044429~mitochondrial part
G0:0031974~membrane-enclosed lumen
GO0:0005840~ribosome
GO:0044430~cytoskeletal part
GO0:0070013~intracellular organelle lumen
GO0:0005819~spindle
G0:0031981~nuclear lumen
G0:0043233~organelle lumen
G0:0015630~microtubule cytoskeleton
G0:0005739~mitochondrion
G0:0043228~non-membrane-bounded organelle
G0:0043232~intracellular non-membrane-bounded organelle
G0:0031981~nuclear lumen
G0:0031974~membrane-enclosed lumen
G0:0070013~intracellular organelle lumen
GO0:0043233~organelle lumen
G0:0005694~chromosome
G0:0000502~proteasome complex
G0:0005654~nucleoplasm
G0:0005730~nucleolus
GO0:0044427~chromosomal part

Downregulated genes in SN
oocytes

GO0:0044451~nucleoplasm part
G0:0031988~membrane-bounded vesicle
G0:0000777~condensed chromosome kinetochore
G0:0048770~pigment granule
G0:0042470~melanosome

G0:0000779~condensed chromosome, centromeric region

phosphate dehydrogenase 2, mitochondrial (Gpd2), located at  synthesis processes are significantly different between NSN and

the inner membrane of mitochondria, functions in the oxida- SN oocytes.

Gene count p value
26 4.22E-07
25 5.83E-07
12 6.57E-07
80 6.25E-06
80 6.25E-06
33 7.88E-06
27 8.07E-06
26 8.26E-06
33 8.59E-06
41 4.17E-05
31 7.01E-05
26 3.30E-04
28 4.12E-04
48 0.0012262
14 0.0013113
35 0.0013578
46 0.0018264
10 0.0018655
38 0.0018765
46 0.0019646
23 0.0027234
49 0.0076342
51 3.10E-06
51 3.10E-06
29 2.66E-05
33 1.26E-04
32 1.53E-04
32 1.60E-04
15 7.31E-04
6 0.0011815
18 0.0036785
12 0.0037378
12 0.0045241
16 0.0047926
14 0.0053389
5 0.0059936
6 0.0062866
6 0.0062866
5 0.0092689

tive phosphorylation process. From the transcriptome analysis,
we found that the mRNA levels of Ldhe, Pcx, Pfkfb3, G6pdx,
Gyg and Gpat2 were upregulated in SN oocytes, whereas
the mRNA level of Gpd2 was downregulated in SN oocytes.
These results indicate that the gluconeogenesis process and the

1934 Cell Cycle

Although deletion of Ldhc did not affect female mice, the
Ldhc(-/-) male spermatozoa showed low motility and reduced
ATP levels." The increase of Ldhc in SN oocytes might be
associated with the energy production of oocytes. Pfk is the
rate-limiting enzyme in glycolysis and shows high activity in
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Figure 5. The protein-protein interaction networks associated with transcription factors and DNA binding. Red, upregulated; green, downregulated;
light pink, proteins whose corresponding mRNAs show no obvious change. Round rectangle, glucose metabolic associated proteins; rectangle, lipid
metabolic processes associated protein; diamond, proteins associated with protein kinase; triangle, proteins associated with protein phosphatase;
hexagon, proteins associated with transcription factors or BNA binding proteins; small ellipse, other proteins.

cumulus cells.” Because the glucose level is low in oocytes, the
activity of Pfk in oocytes should be reduced, which might be
regulated by the concentration of fructose-2,6-biphosphate. So
the high level of Pfkfb3 might indicate more fructose-2,6-bi-
phosphate activity than the 6-phosphofructo-2-kinase activity.
The higher expression level of G6pdx in SN oocytes was con-
sistent with the results in bovine oocytes,” indicating that the
glucose in oocytes could be directed toward the pentose phos-
phate pathway.

The differentially expressed genes associated with meiosis
and with preimplantation embryo development. To prevent SN
oocytes from resuming meiosis, a high level of cAMP concen-
tration is maintained in oocytes. The increase of Adcyl in SN
oocytes indicates that meiosis resumption is strictly controlled.
The Cpebl is also important for oocyte meiosis arrest, and when
Cpebl was knocked out, oocytes could resume meiosis and
undergo parthenogenetic cell division in the ovary.'® Although
we detected a decrease of the Cpebl mRNAs in SN oocytes,
Cpebl still expressed at a high level in SN oocytes. Unlike the
key genes controlling meiosis resumption, the genes whose pro-
teins participate in meiosis were found increased in SN oocytes,
such as Cdc20; fizzy/cell division cycle 20 related 1 (Fzrl), bud-
ding uninhibited by benzimidazoles 1 homolog, B (Bublb) and

www.landesbioscience.com

Ptegl. These results indicate that the SN oocytes are ready for
meiosis and further development.

The MAP kinase kinase kinase (MAP3K) cascade pathway
is essential for cells to respond the extracellular factors such as
Kit. The MAP3Ks (such as MOS in the oocyte) phosphorylate
MAP2Ks (such as MAP2K1 and MAP2K?2), which further phos-
phorylate the MAPKs (such as MAPK1 and MAPK3). In fully
grown mouse GV oocytes, the proteins of MAPK1, MAPK3,
MAP2K1 and MAP2K2 are all synthesized, and all of them are in
an inactive state.”'® After polyadenylation of the Mos mRNA and
before GVBD, the MOS protein is synthesized,” and the MAP3K
cascade is gradually activated. Although the MAP3K pathway is
important for meiosis maturation and subsequent spindle assembly
and accurate chromosome separation,” the activation of MAPK is
not essential for meiosis resumption. In our data, we detected an
mRNAs increase of the MAP3K cascade-associated genes encod-
ing MAP2Ks (Map2k7 and Map2k5) and MAPKs (Mapkl11 and
Mapk3). The increase of the MAP3K cascade pathway-associated
mRNAs in SN oocytes indicates that these mRNAs might still
not be sufficient in the NSN oocytes. So when NSN oocytes
resumed meiosis, the quality of oocytes would be decreased.

In addition to the MAP3K cascade pathway, the phosphati-
dylinositol 3-kinase (PI3K) cascade pathway is also important to
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Table 4. Primers used in quantitative real-time PCR

Primers Sequences
Wee2_F GCTGCAGGAGCAGAGTCTTT
Wee2 R TCTCCAAGAAAGGCCAGAGA
Ccno_F TCCAGTCAGGAGGCTGAGTT
Ccno_R CAAAAGGCATTCCAGCATTT
Khdc3_F GTGCAGGTTTGCCAGGAG
Khdc3_R ACTCTGTTCTTCCCGATTCCT
Fzr1_F GTATTCCCTCAGCAGCAAGC
Fzr1_R ACCAGTCCACCAAGTTGAGG
Sall4_F CATCTCCCACAAACCACCTT
Sall4_R TGAAGGTCTTTGGGTCTTGG
Tclb1_F CTGACCGTTCTCCCTAGCTG
Tcl1b1_R GGGGCAAATCTCCTACCACT
Ppia_F CGCGTCTCCTTCGAGCTGTTTG
Ppia_R TGTAAAGTCACCACCCTGGCACAT

amplify the extracellular signals, like fibroblast growth factors,
to support cell survival.?*?* In the PI3K pathway, the extracel-
lular signals indirectly activate the PI3Ks: phosphatidylinositol
3-kinase, regulatory subunit, polypeptide 2 (Pik3r2) and Pik3rl.
The PI3Ks promote the synthesis of PI(3,4,5)P3 (phosphati-
dylinositol (3,4,5)-trisphosphate), which further activates the
protein kinase B (Pkb or AKT). Hyperactivation of AKT in
oocytes would induce primordial follicle activation and prema-

2324 whereas the inactivation of maternal AKT

ture ovary failure,
in early embryos would induce zygotic genome activation failure
and embryo arrest at the 2-cell stage.” Here we found that the
mRNA level of Pik3r2 was upregulated in SN oocytes, whereas
the mRNA level of Pik3rl was downregulated. The changes of
Pik3rl and Pik3r2 may indicate different responses of NSN and
SN oocytes to the extracellular signals. Previous reports also
showed that Pik3rl could decrease the ubiquitination of PTEN
(phosphatase and tensin homolog deleted on chromosome ten), a
negative regulator of the PI3K pathway.?® The detailed functions
of PI3Ks in oocyte meiosis resumption still need further analysis.

For the mRNAs encoding maternal effects, factors may
reduce their poly(A) tail length to prevent degradation,” which
could affect the reverse transcription efficiency when synthe-
sizing the first strand of ¢cDNAs. So the mRNAs whose levels
decreased in SN oocytes may be induced by the short poly(A)
tails. On the other hand, the mRNAs levels which increased in
the SN oocytes may represent the changes of these mRNAs in
the oocytes. From the published reports we found that numerous
genes whose mRNAs increased in SN oocytes were important
for oocyte maturation and early embryo development. The pro-
filing 1 (Pfnl) was critical for actin de novo assembly, and the
homozygous Pfnl-/— embryos died before the 2-cell stage.?® The
KH domain containing 3, subcortical maternal complex mem-
ber (Khdc3) is a component of the subcortical maternal complex,
and it is essential for cleavage and embryo development.”” The
oocyte-expressed protein homolog (Ooep) homozygous muta-
tion mouse grew normally, whereas embryos from Ooep-null
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Figure 6. The metabolic pathway associated with pyruvate and
glucose. Ldhc, lactate dehydrogenase C; Gpat2, glycerol-3-phosphate
acyltransferase 2, mitochondrial; Gpd2, glycerol phosphate dehydroge-
nase 2, mitochondrial; Pcx, pyruvate carboxylase; Pfk, phosphofructoki-
nase; Pfkfb3, 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3;
G6pdx, glucose-6-phosphate dehydrogenase X-linked; Gyg, glyco-
genin. Upregulated genes in SN oocytes, red; downregulated genes in

SN oocytes, green.

female mice arrested at the 2-cell or 4-cell stage.’® In addition,
both the maternal XPA binding protein 2 (Xab2) and devel-
opmental pluripotency-associated 3 (Dppa3) were essential for
the early embryo development.®* All the mRNA levels of the
above genes were upregulated in SN oocytes, indicating that the
SN stage is critical for the oocyte to prepare materials for early
embryo development. In addition, we also found that the levels
of mRNAs that encode the POU domain, class 5, transcription
factor 1 (Pou5f1)-associated proteins changed significantly in SN
oocytes (Fig. 4). These data may provide important information
on how the zygote acquires totipotency for development.

Taken together, the transcriptome information of the NSN
and SN oocytes revealed important genes associated with the
oocyte developmental competence and others associated with
the oocyte energy metabolism. Our data could provide valuable
information for future investigations on oocyte meiosis regula-
tion and oocyte metabolism.

Materials and Methods
Ethics statement. This study was approved by the Animal Care

and Use Committee of the Institute of Zoology, Chinese Academy
of Sciences and all animal manipulations were according to the
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guidelines of the Animal Care and Use Committee. For specific
details and steps see the oocyte collection section.

NSN and SN oocyte collection. GV oocytes were collected
from 8-9-wk-old ICR mice. Oocyte chromatin was stained with
107 M Hoechst 33342 diluted in PBS for 15 min. SN and NSN
oocytes were distinguished and sorted under the fluorescence
microscope. The NSN oocytes and SN oocytes were used for
whole-transcriptome sequencing.

RNA amplification and SOLiD whole-transcriptome
sequencing. Whole-transcriptome libraries of 10 SN and 10
NSN oocytes were established according to the instructions of
Applied Biosystems SOLID single-cell whole-transcriptome anal-
ysis procedure® with some adjustments, which are summarized
as follows. Each group of 10 oocytes was lysed in one tube, and
the total mRNAs were reversely transcripted to cDNAs by UP1
adaptor primers including oligo(dT). The remaining primers
were removed, and poly(A) tails were added to the 3" terminal
of the cDNAs. UP2 primers including oligo(dT) were used for
the synthesis of the second cDNA strand. The cDNA library was
amplified by UP1 and UP2 for 18 cycles and by AUP1 and AUP2
(amine-blocked UP1 and UP2) for 14 cycles. The final amplified
cDNA libraries were used for sequencing in the Beijing Genome
Institute and for real-time PCR analysis.

Data analysis and qRT-PCR verification
The 50 bp reads sequenced from the NSN and SN oocytes
cDNA libraries were mapped to the ensembl 58 (mm9) version
mouse genome. The normalization of mapping reads numbers of
each single gene and the evaluation of NSN and SN transcrip-
tome data was completed using DEGSeq software.** Real-time
PCR were used for further verification of data quality. Genes and
primers used in QRT-PCR are listed in Table 4.

Selection of differentially expressed genes. To eliminate the
low quality data, the genes whose expression value (reads num-
ber) less than 20 were removed. For selection of the differen-
tially expressed genes between SN oocytes and NSN oocytes, we
focused on the gene max expression value (Max) and the fold
change of gene expression value (FoldChange) in SN oocytes vs.
NSN oocytes. We multiplied the rank of the absolute value of
the log2 (FoldChange): R1 = rank{abs[log2 (FoldChange)]}; and
the rank of square root of Max, R2 = rank[sqrt(Max)]. By this
method, we combined the fold change and the expression value

of each gene as M = R1*R2. After that, we ordered the M by
ascending manner, and from the first 1,000 genes, we selected
genes whose abs[log2 (FoldChange)] value > 0.5 as differentially
expressed genes for further analysis.

Gene ontology, KEGG pathway analysis and protein inter-
action analysis. To analyze the enrichment of the differentially
expressed gene set, we used the methods from the DAVID web-
site  (http://david.abec.nciferf.gov/). KEGG pathway graphs
were constructed from the KEGG Mapper website (hetp://www.
genome.jp/kegg/tool/color_pathway.html). The downregulated
and upregulated genes were marked by green and red color,
respectively.

To further analyze the effects of the differentially expressed
genes on the oocytes, we searched the protein-protein interaction
database IntAct (EBI)* and extracted the proteins which interact
with the proteins encoded by the differentially expressed genes.
We analyzed the interaction of proteins in oocytes by three crite-
ria: first, we extracted the proteins whose corresponding mRNAs
exist in both SN and NSN oocytes (reads number > 20); sec-
ond, we also extracted the proteins which interact directly with
the differentially expressed genes encoded proteins; and third,
we classified the selected proteins only by six classes: glucose
metabolic processes associated proteins, lipid metabolic pro-
cesses associated proteins, protein kinases, protein phosphatases,
transcription factors or DNA binding proteins and others. For
visualization of the protein-protein interaction data, we used the
Cytoscape software.*®
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