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SUMMARY

Well balanced and timed metabolism is essential for making a high quality egg. However, the 

metabolic framework that supports oocyte development remains poorly understood. Here we 

obtained the temporal metabolome profiles of mouse oocytes during in vivo maturation by 

isolating large number of cells at key stages. In parallel, quantitative proteomic analyses were 
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conducted to bolster the metabolomic data, synergistically depicting the global metabolic patterns 

in oocytes. In particular, we discovered the metabolic features during meiotic maturation, such as 

the fall in polyunsaturated fatty acids (PUFAs) level and the active serine-glycine-one-carbon 

(SGOC) pathway. Using functional approaches, we further identified the key targets mediating the 

action of PUFA arachidonic acid (ARA) on meiotic maturation, and demonstrated the control of 

epigenetic marks in maturing oocytes by SGOC network. Our data serves as a broad resource on 

the dynamics occurring in metabolome and proteome during oocyte maturation.

Graphical Abstract

INTRODUCTION

Reproduction is tightly connected with metabolic state of the organism. Oocyte development 

is particularly sensitive to the alterations in nutritional and chemical environments (Hunt and 

Hassold, 2008). Moreover, emerging evidence indicates that impaired oocyte quality 

represents a critical mechanism mediating the inter/transgenerational phenotypes induced by 

maternal metabolic syndrome, such as obesity, diabetes, and polycystic ovary syndrome 

(PCOS) (Han et al., 2018; Huypens et al., 2016; Risal et al., 2019). Well balanced and timed 

metabolism is essential for producing developmentally competent eggs (Gu et al., 2015). 

Despite these links, the metabolic framework that supports oocyte growth and maturation is 

still not fully understood.

Oocytes originate from primordial germ cells (PGCs), which then undergo mitosis, 

transforming from oogonia into primordial oocytes. Around the time of birth, oocytes are 

arrested in prophase I of meiosis, which is also called the germinal vesicle (GV) stage. 

Oocyte growth culminates just prior to ovulation, when oocyte maturation occurs. Upon 

hormonal surge, immature oocytes resume meiosis, characterized by GV breakdown 

(GVBD). Accompanying with the chromatin condensation and microtubule organization, the 

oocytes proceed through the meiosis I (MI) division, and then become arrested again at 

metaphase II (MII), awaiting for fertilization (Wang and Sun, 2007). The basic pattern of 

metabolism in mammalian oocytes was established in the 1960s, largely in terms of the 

consumption of oxygen and the utilization of nutrients present in culture media (Leese, 

2015). A series of fundamental findings in this field have been successively discovered, 

mainly by using radioisotopically labeled substrates. For instance, the fully grown oocytes 

have a limited capacity to metabolize glucose through glycolysis (Biggers et al., 1967; Leese 

and Barton, 1985; Saito et al., 1994), and follicular cells provide sufficient pyruvate to 

ensure successful meiotic maturation (Downs and Mastropolo, 1994; Eppig, 1976; Fagbohun 

and Downs, 1992). Lipid droplets are stored in the cytoplasm during mammalian oogenesis, 

although their content varies widely among species (Ferguson and Leese, 1999; Homa et al., 
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1986; Loewenstein and Cohen, 1964; McEvoy et al., 2000). A growing number of reports 

have shown that inhibition of fatty acid oxidation disrupts oocyte meiotic resumption and 

developmental potential (Downs et al., 2009; Dunning et al., 2010; Ferguson and Leese, 

2006). On the other hand, intrinsic control of oogenesis by intracellular metabolites and 

metabolic enzymes has received little attention. While the existing studies identified several 

cellular pathways, we believed that a global search of metabolic patterns could lead to more 

complete understanding of oocyte development.

In the present study, we obtained dynamic metabolome profile of mouse oocytes during in 
vivo maturation by isolating large number of cells at key stages. Furthermore, we bolstered 

the metabolomics studies with quantitative proteomic analyses. Meanwhile, we 

experimentally manipulated specific pathways in oocytes, and uncovered the molecular 

mechanisms controlling meiotic maturation through fatty acid and amino acid metabolism. 

Our data serves as a broad resource for probing mammalian oocyte metabolism, provides 

opportunities for the discovery of biomarkers in the prediction and improvement of oocyte 

quality and female fertility.

RESULTS

Metabolomic and proteomic profiling of mouse oocyte maturation

Although changes in in vitro oocyte metabolism have been reported, a comprehensive 

investigation of metabolite dynamics during in vivo oocyte maturation is lacking. This is in 

large part due to limited amounts of experimental material. The oocyte is the largest cell in 

the mammalian female, but available in very small numbers compared to somatic cells 

(Leese, 2015). Here, we isolated large numbers of mouse oocytes (totally 54,000 oocytes) at 

three key time points during meiotic maturation (arrested GV stage, meiotic resumption 

GVBD stage, and ovulated MII oocyte), and analyzed the intracellular metabolome using 

ultra-high-performance liquid chromatography-tandem high-resolution mass spectrometry 

(UHPLC-HRMS) (Figures 1A-1B). A total of 57 differential metabolites were identified, 

based on a T-test (P < 0.05) coupled with a variable importance in projection (VIP) analysis 

(VIP > 1.00) (Table S1). Robust orthogonal partial least squares-discriminant analysis 

(OPLS-DA) clearly showed stage-dependent separation of the three oocyte groups with the 

cross validated predictive ability of Q2 (cum) ≥ 0.832 (Figures 1C-1E). Changes in 

metabolite level during meiotic maturation are represented as a heat map (Figure 1F). The 

differential metabolomics profiles where mapped to their respective biochemical pathways, 

delineated in Kyoto Encyclopedia of Genes and Genomes (KEGG), revealing distinct 

metabolite patterns (Figure 1F). In general, amino acids/carbohydrates/nucleotides increased 

during meiotic resumption, GV to GVBD, or meiotic maturation, GV to MII, whereas lipid 

metabolites displayed a notable reduction during meiotic resumption (Figures 1F-1H).

Metabolic enzymes are the mediators of cellular metabolism. To determine whether changes 

in substrates/products were correlated with a corresponding change in enzymatic protein 

accumulation, we simultaneously conducted a quantitative proteomic analysis of GV, GVBD 

and MII oocytes (Figure S1A). 46,016 peptides were detected, 4,694 proteins were 

quantified, and a total of 2,081 proteins with differential levels were identified (false 

discovery rate [FDR] = 0.05) (Figure S1B; Table S2). Gene ontology (GO) analysis showed 
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a significant enrichment of categories related to metabolic pathways such as glutathione/

carbon/pyruvate metabolism and TriCarboxylicAcid cycle (TCA cycle) (Figures S1C-S1D). 

To better understand the metabolic involvement in oocyte development, we also mapped all 

enzymes with differential accumulation to the main KEGG metabolic pathways, revealing 

numerous markedly altered events/processes during meiotic maturation (i.e. oxidative 

phosphorylation and cofactor/vitamin metabolism) (Figure S2). Together, these data provide 

a broad resource of metabolome and proteome dynamics during in vivo mouse oocyte 

maturation. Below we use the metabolomic and proteomic data as an entree to elaborate on 

possible consequences of the metabolite changes for oocyte maturation and the transition to 

zygotic development and to uncover the mechanisms that are necessary for mammalian 

meiotic maturation.

Lipid metabolism during oocyte maturation

From the metabolite map of oocytes (Figure 1F), we observed two distinct patterns of lipid 

metabolism during oocyte maturation. Levels of carnitine and palmitoylcarnitine in meiotic 

resumption were dramatically elevated compared to immature GV oocytes (Figures 2A-2B). 

In contrast, the majority of detected lipid metabolism-related products (i.e. arachidonic acid, 

docosahexaenoic acid, eicosapentaenoic acid, cholesterol, cholic acid, glycocholic acid, 

taurocholic acid, octadecanamide, and dodecanoic acid) declined as the oocytes progress 

through meiosis (Figures 2C-2H; Figure S3). These observations indicate the differing roles 

of lipid metabolism in meiotic oocytes, as reported below.

Maturation stage-dependent increase in fatty acid utilization in oocytes: The 

major pathway for the degradation of long-chain fatty acid is mitochondrial fatty acid beta–

oxidation (FAO). Fatty acyl-CoAs are generated on the outer mitochondrial membrane and 

converted to the fatty acylcarnitines (i.e. palmitoylcarnitine) by carnitine 

palmitoyltransferase I (CPTI). Acylcarnitine passes through a carnitine-acylcarnitine 

translocase to the inner part of the inner mitochondrial membrane, where carnitine 

palmitoyltransferase II (CPTII) converts fatty acylcarnitines into fatty acyl-CoAs, that can 

undergo beta–oxidation in the mitochondrial matrix (Goni et al., 1996) (Figure 2I). Although 

FAO has been implicated to be important for maturation of mouse oocytes (Downs et al., 

2009; Dunning et al., 2010), the metabolic basis underlying this process remains unclear. Of 

note, our metabolomic analysis identified a 3–4-fold increase in carnitine and 

palmitoylcarnitine content in oocytes, during meiotic resumption (Figures 2A-2B). 

Meanwhile, the proteomic data showed reproducible and statistically significant 

upregulation of CPTII level (Figure 2I), suggesting enhancement of FAO activity. Moreover, 

an integrated analysis of proteomic temporal profiles and metabolic pathways revealed that 7 

out of 8 enzymes detected involved in fatty acid degradation (ACOX3, ACAT1, ECHS1, 

HADHA, ALDH2, ALDH3A2, and ALDH7A1) were elevated in ovulated MII oocytes 

compared to GV oocytes (Figure S4). These data strongly suggest enhanced utilization of 

fatty acid during mouse oocyte maturation.

Reduction in bile acids and their derivatives during oocyte maturation: Bile 

acids are amphipathic molecules synthesized from cholesterol. They have largely been 

considered as biological detergents that dissolve lipids and lipid-soluble vitamins (de Aguiar 
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Vallim et al., 2013), although recent literature describes bile acids as versatile signaling 

molecules (Mertens et al., 2017). To date, however, the levels of cholesterol and bile acids 

during oocyte maturation are unknown. We found that cholesterol levels decrease in the 

transition from GV to MII arrested oocytes (Figure S3A). Similarly, the levels of cholic acid 

and its derivatives (glycocholic acid and taurocholic acid) significantly decrease upon 

meiotic resumption (Figures 2C-2E). Previous work showed that excess cholesterol, in vivo 
and in vitro, led to spontaneous activation and escape from MII arrest, in the absence of 

fertilization (Yesilaltay et al., 2014). Therefore, the fall we observe in cholesterol, and 

possibly bile acids, is likely a reflection of the need to decrease cholesterol levels to promote 

the MII arrest.

Involvement of PUFAs metabolism in oocyte maturation: Mammals can elongate 

and desaturate linoleic acid to produce a range of long chain polyunsaturated fatty acids 

(PUFAs). We found that levels of PUFAs arachidonic acid (ARA), docosahexaenoic acid 

(DHA) and eicosapentaenoic acid (EPA) fall during meiotic resumption (Figures 2F-2H; 

Table S1). Eicosanoids are synthesized from ARA in response to a stimulus, which induces 

cytoplasmic phospholipase A2 (PLA2) to translocate to endoplasmic reticulum, Golgi 

apparatus, or nuclear membrane where it catalyzes the release of a PUFA from a 

phospholipid membrane. Free PUFAs can be processed either by cyclooxygenase enzymes 

(COX1/2) to form prostaglandins/thromboxanes or by lipoxygenase (LOX) to form 

leukotrienes family of eicosanoids (Vrablik and Watts, 2013) (Figure S5A). While PUFAs 

and their signaling derivatives (eicosanoids) participate in variety of biological processes, 

little is known about how these metabolites exert their effects on mammalian oocytes. First, 

we examined the potential involvement of different PUFA metabolic pathways in oocyte 

maturation using small-molecule inhibitors. As shown in Figures S5B-S5C, inhibition of Δ6/

Δ5-desaturase with sesamin or curcumin appeared to affect neither the GVBD nor the polar 

body (Pb1) emission, suggesting that PUFAs synthesis from linoleic acid is likely 

dispensable for oocyte maturation or that there may be sufficient ARA/DHA/EPA at the GV 

stage for normal meiotic maturation. Of note, proteomic data showed the gradual reduction 

in PLA2 level during maturation (Figure S5A). Considering the lowered levels of PUFAs in 

ovulated oocytes, we propose that PLA2-controlled release from phospholipid molecules is a 

major source of ARA/DHA/EPA in mouse oocytes. Significantly, we found that inhibition of 

COX with INDO, and to a lesser extent inhibition of LOX with BWA4C, resulted in a 

dosage-dependent decrease in meiotic maturation rate (Figures S5B-S5C). This suggests that 

the oocytes synthesize prostaglandins/leukotrienes via PUFAs catabolism for a possible 

autocrine function to promote meiotic maturation.

To test whether the decrease in intracellular PUFAs was important for meiotic maturation, 

we asked if elevating PUFA availability disrupts oocyte maturation. In brief, fully grown GV 

oocytes were cultured in medium supplemented with various concentrations of ARA, and 

then relevant maturation phenotypes were examined at the indicated time points (Figure 2J). 

ARA treatment had little effect on oocyte GVBD (data not shown); however, the Pb1 

extrusion was reduced in a dose-dependent manner (Figures 2K-2L), indicating a disruption 

of the meiosis I division. Washout experiments showed that the ARA inhibitory effect was 

almost completely reversible (Figure 2M). Moreover, we found that ARA supplementation 
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resulted in a high frequency of meiotic defects in metaphase I oocytes including spindle 

disorganization and chromosome misalignment (Figures 2N-2O). In some cells, the spindle 

was not even formed, with the presence of irregular chromatin lump (Figure 2N; arrows), 

reflecting the alterations in meiotic structure. We determined that intracellular ARA level 

was increased 1.5- to 2.0-fold at 7 hours in oocytes cultured in ARA-supplemented medium, 

compared to controls (Figure 2P), a change in ARA level consistent with the fall during 

meiotic resumption detected in vivo. Similar effects of DHA/EPA administration on oocyte 

maturation were also observed (Figure S6; Figure S7). The observation that the level of 

ARA/PUFAs fall during meiotic resumption and the finding that excess ARA/PUFAs disrupt 

meiotic maturation leads to the hypothesis that ARA/PUFA signaling suppresses oocyte 

maturation and must be downregulated to relieve this inhibitory mechanism.

Identification of targets of ARA inhibition that promote meiotic maturation

To elucidate potential mechanisms by which the decrease in ARA levels promotes oocyte 

maturation, we performed a comparative proteomic analysis of oocytes cultured for 7 hours 

in medium with or without ARA (Figure 3A). A total of 35,344 peptides were detected, and 

the accumulation of 87 out of 3787 proteins was significantly altered in ARA-treated 

oocytes (FDR = 0.05, Log2 fc >1.5; Figures 3B-3C; Table S3). GO analysis indicated that 

many of the proteins with differential accumulation were enriched in meiosis, cell cycle and 

RNA processing (Figure. 3D). Of them, NFKB activating protein (NKAP) and B cell 

translocation gene 4 (BTG4) are of great interest because; (i) NKAP is a highly conserved 

protein with roles in mitosis and transcriptional modulation (Burgute et al., 2014; Li et al., 

2016). Significantly, similar to what we observed in ARA-treated oocytes, loss of NKAP 

causes chromosome misalignment, pre-metaphase arrest, and aneuploidy in human cells (Li 

et al., 2016). (ii) As an essential factor modulating maternal mRNA stability, BTG4 

expression experienced a dramatic increase during normal oocyte maturation (Table S2; 

GVBD/GV: ~3-fold and MII/GV: ~99-fold).

ARA modulates the meiotic apparatus in oocytes by controlling NKAP 
accumulation: We first validated the proteomic data, showing by Western blot analysis 

that there was a ~70% reduction of NKAP level in ARA-treated oocytes (Figure 3E). 

Immunostaining revealed that NKAP resides in the cytoplasm and nucleus of GV oocytes. 

Once the oocytes have resumed meiosis, NKAP becomes concentrated on the spindle region 

(Figure 3F), indicating that it may have a function in the formation or stability of meiotic 

apparatus. To test this probability, fully grown oocytes were microinjected with Nkap-

targeting siRNA (siNkap) (Figure S8A), leading to a significant reduction in NKAP protein 

(Figure S8B). Although siNkap oocytes underwent GVBD normally, Pb1 extrusion was 

significantly reduced compared to controls (Figures S8B-S8E), indicative of a maturation 

defect. In particular, spindle disorganization and chromosome congression failure were 

readily detected in oocytes depleted of NKAP (Figures S8F-S8G), similar to the phenotypes 

of ARA-treated oocytes. Coordination between spindle maintenance and chromosome 

movement relies on kinetochore microtubule dynamics (Nezi and Musacchio, 2009). In line 

with this notion, NKAP knockdown induces high frequency of the kinetochore-microtubule 

(K-MT) mis-attachments in MI stage oocytes (Figures S8H-S8I), resulting in unstable 

chromosome biorientation. The mechanism that monitors and responds to K-MT attachment 
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is the spindle assembly checkpoint (Nezi and Musacchio) (Brunet et al., 2003; Nezi and 

Musacchio). BubR1 is an integral part of SAC complex. In normal metaphase oocytes, 

BubR1 is lost from kinetochores when properly attached to chromosomes. However, BubR1 

signal on the kinetochores was markedly increased in siNkap oocytes (Figures S8J-S8K), 

indicating that SAC activation contributes to the maturation defect. The specificity of siNkap 

knockdown was confirmed by an mRNA rescue experiment (Figures S13A-S13D). These 

data identify NKAP as an important player in modulating meiotic structure and maturational 

progression in oocytes. Given the reduction of NKAP accumulation in ARA-treated oocytes, 

we tested whether elevating NKAP level could suppress one or more of oocyte maturation 

defects. Toward this goal, we performed overexpression experiments by injecting Nkap-

cRNA into GV oocytes treated with ARA (Figure 3G). Western blotting confirmed that 

exogenous NKAP protein was efficiently expressed in oocytes (Figure 3H). Importantly, the 

spindle and maturation defects induced by ARA supplementation were partially suppressed 

by overexpression of NKAP (Figures 3I-3K). Collectively, these results indicate that NKAP 

has an important role in the assembly of meiotic apparatus, and that this activity is 

suppressed by high levels of ARA at the GV stage, but relieved as ARA levels fall during 

meiotic resumption.

ARA influences BTG4-controlled mRNA degradation during meiotic 
maturation: Meiotic resumption-coupled degradation of oocytes transcripts occurs in the 

absence of mRNA transcription (Sha et al., 2019). BTG4 has been shown to trigger decay of 

oocyte mRNA by stimulating the deadenylation of their poly(A) tails during meiotic 

maturation (Pasternak et al., 2016; Yu et al., 2016). Similar to proteomic data, Western 

blotting demonstrated that BTG4 level was decreased by ~80% in ARA-treated oocytes 

relative to controls (Figure 3L). We then asked whether mRNA stability in oocytes was 

disturbed due to ARA supplementation during maturation. To address this question, we 

evaluated polyadenylation levels of several representative maternal transcripts (Padi6, 

Nobox, ZP2 and Fgf8) in oocytes using poly(A) tail (PAT) assay (Figure 3M). Consistent 

with previous report (Yu et al., 2016), poly(A) tails were shortened in control maturing 

oocytes; but remarkably, this process was blocked in ARA-treated oocytes (Figures 3N-3R), 

and the corresponding transcripts were thus resistant to degradation (Figure 3S). These data 

indicate that the fall in ARA during meiotic resumption allows BTG4 to accumulate, 

triggering the degradation of maternal RNAs.

Differential patterns of amino acid metabolism during oocyte maturation

In addition to changes in fatty acid metabolism, our temporal metabolite profiles showed 

alterations in level of certain amino acid during oocyte maturation (Figure 4; Figure S9). The 

abundance of most amino acids we detected (i.e. serine, glutamate and histidine) 

significantly increased during meiotic resumption, and then reduced in matured oocytes 

(Figures 4A-4H; Table S1 with GVBD>MII stats). In contrast, some amino acids (i.e. 

glycine and norvaline) continually increased from GV to MII stage (Figures 4I-4J). The 

levels of other amino acids (i.e. levulinic acid, cystine and hypotaurine) decreased during 

meiotic resumption (Figures. S9E-S9H). The reduction in level of standard amino acids can, 

at least in part, be attributed to utilization in ongoing translation of constitutively translated 

mRNAs and the recruitment of new mRNA species to polysomes during oocyte maturation 
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(Chen et al., 2011). Amino acids are also intermediates in nucleotide and lipid synthesis, 

carbon and nitrogen homeostasis, and redox buffering. Therefore, such a diversity of 

metabolic trends in oocytes reflects the complicated and fine-tuned regulation of amino acid 

metabolism.

Upregulated Serine-Glycine-One-Carbon pathway during meiotic 
resumption: We found that numerous metabolites in the methionine cycle (i.e. S-

adenosylmethionine [SAM] and 5’-methylthioadenosine [MTA]) and the transsulfuration 

pathway (i.e. glutamate and pyroglutamic acid) were elevated during meiotic resumption 

(Figure 4K). Proteomic profiles showed increased levels of enzymes related to the folate 

cycle, the methionine cycle, and the transsulfuration pathway in matured oocytes (Figures 

4L-4N; Figures S9I-S9M). The transsulfuration pathway entails the transfer of the sulfur 

atom of methionine to serine to yield cysteine, which could be utilized for glutathione 

(GSH) synthesis, defending against oxidative stress. The Serine-Glycine-One-Carbon 

(SGOC) pathway is a metabolic network that consists of two core interconnected cycles: the 

folate and the methionine cycles. The outputs of SGOC pathway include key metabolites 

that maintain the biosynthesis of nucleotides, proteins, and lipids; it also fuels 

methyltransferase reactions that shape the epigenetic landscape (Reina-Campos et al., 2020). 

Taking into account the robust increase in serine/glycine level (up to 10–12-fold), the 

findings above strongly indicate that the SGOC pathway is upregulated during meiotic 

resumption.

SHMT2 depletion impairs the epigenetic landscape in matured oocytes: Serine 

feeds into the central core of the SGOC pathway via the enzyme serine hydroxymethyl 

transferases (SHMT1/2), which converts serine (three carbons) into glycine (two carbons), 

transferring one carbon to tetrahydrofolate (THF) (Figure 4K). Mice lacking SHMT1 have 

no overt phenotype, whereas loss of SHMT2 is embryonic lethal, suggesting that the 

mitochondrial SHMT2 may be more important and thus compensate for the loss of 

cytoplasmic SHMT1 (MacFarlane et al., 2008; Momb et al., 2013; Tani et al., 2018). To 

examine the functional involvement of SGOC metabolism in oocyte development, we 

carried out SHMT2 knockdown experiments (Figure 5A). Endogenous SHMT2 protein was 

efficiently depleted by siRNA injection (Figure 5B). We found that the serine/glycine ratio 

was increased in the knockdown, relative to the control, consistent with glycine being the 

product of the SHMT2 reaction (Figure 5C). Notably, SAM levels were significantly 

lowered (Figure 5D), consistent with diminished SGOC pathway activity in siShmt2 

oocytes. As shown in Figure 5E, SHMT2 loss appeared not to have a significant effect on 

execution of meiotic maturation, albeit a slight decrease in Pb1 extrusion was detected. 

Importantly, after fertilization, only ~30% of embryos derived from Shmt2 knockdown 

oocytes developed to 2-cell stage on day 1.5, which is significantly lower than controls 

(Figures 5F-5G), reflecting the compromised developmental potential of oocytes. siShmt2 

specificity was confirmed by performing an mRNA rescue experiment (Figures S13E-

S13G).

All methytransferase reactions in mammalian cells rely exclusively on the methyl donor 

SAM, an important SGOC output (Maddocks et al., 2016). Considering dynamics of SAM 
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levels in normal oocyte maturation, elevated in GVBD oocytes, then reduced at MII, we next 

sought to assess the effects of SHMT2 knockdown on the oocyte epigenomic landscape. 

Control and siShmt2 MII oocytes were collected for genome-wide DNA methylation 

profiling using the bisulfite sequencing (BS-seq) method for small samples (Figure 5H), as 

we described previously (Han et al., 2018). The data demonstrated a reduction in mean 

genome methylation (Figures 5I-5J). Comparative analysis of distinct genomic features 

further revealed significant hypomethylation in the repetitive elements (Figures 5K-5M; 

Figures S10A-S10K), particular low copy repeats (LCRs), transposons, and short 

interspersed nuclear elements (SINEs). Moreover, we found that the differentially-

methylated LCRs are significantly depleted from intergenic regions, but enriched in 5’ 

untranslated region (UTR), exons, and promoters (Figure S10L). Next, we asked whether the 

reduced SAM levels in oocytes would thereby impact the epigenetic modifications of the 

resultant embryos. To do this, we conducted in vitro fertilization (IVF) of control and 

siShmt2 oocytes, and then zygotes were collected to check the state of histone methylation 

(H3K4me3/H3K9me2/H3K27me3). Of them, H3K4me3 levels were significantly reduced in 

the maternal pronucleus (PN) upon SHMT2 depletion (Figures 5N-5O). Both CpG and non-

CpG de novo DNA methylation increase during meiotic maturation (Smallwood et al., 2011; 

Yu et al., 2017). We hypothesize that SHMT2 activity is required for SAM generation during 

meiotic resumption, with the fall in SAM level by MII, at least in part, a consequence of its 

utilization in DNA methylation. These results indicate that SGOC mediated SAM 

production during meiotic maturation is important to establish the appropriate epigenetic 

marks for the oocyte to embryo transition.

Carbohydrate metabolism during oocyte maturation

It has been widely accepted that carbohydrate metabolism is essential for oogenesis (Harris 

et al., 2007). However, data showing carbohydrate dynamics during oocyte maturation is 

lacking. Temporal metabolome profiles clearly revealed a number of carbohydrate 

metabolites increased during oocyte maturation (Figures 6A-6H), with enrichment primarily 

in the TCA cycle and pentose phosphate pathway (PPP).

Enhanced TCA cycle activity and pyruvate oxidation during maturation: The 

abundance of three key components of TCA cycle underwent a dramatic increase (citrate: 

~5-fold; cis-Aconitate: ~6-fold; fumarate: ~2-fold) in maturing oocytes (Figures 6A-6C and 

6J). Furthermore, out of 10 TCA cycle enzymes we detected, 8 experienced consistent and 

statistically significant upregulation during meiotic maturation (Figures 6K-6O; Figure S11), 

suggesting activation of TCA cycle. In addition, accumulation of three enzymes of pyruvate 

dehydrogenase (PDH) complex including PDHA1, dihydrolipoyl transacetylase (DLAT), 

and dihydrolipoyl dehydrogenase (DLD), were all elevated during maturation (Figure 6J; 

Figure S11). PDH complex is responsible for the oxidative decarboxylation of pyruvate, 

with the final product being acetyl CoA, and thereupon modulates the entry of glucose-

derived carbons into TCA cycle. Integrated analysis of metabolomic and proteomic data 

(Figure S11) highlights the coordinated upregulation of metabolite level and enzyme 

accumulation. Altogether, the results indicate that generation of a competent egg requires the 

enhanced pyruvate metabolism and TCA cycle activity.
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Active PPP functions in meiotic oocytes: Substantial evidence indicates that oocytes 

have low glycolytic activity (Sutton-McDowall et al., 2010). Consistent with this notion, 

very few metabolites and enzymes involved in glycolysis were found to change during 

meiotic maturation based on our metabolomic and proteomic analysis. In contrast, several 

key intermediates of the PPP exhibited dramatic changes. For instance, a ~30-fold-increase 

in glucose-6-phophate and gluconolactone and a ~10-fold-increase in glucuronic acid were 

identified throughout the course of oocyte maturation (Figures 6E-6G; Figure S12A), 

indicative of active PPP. Moreover, 5/6 PPP-related enzymes we detected also showed 

statistically significant increase in level during meiotic maturation (Figures S12B-S12G). Of 

the two primary starting metabolites for the PPP, glyceraldehyde fell ~3-fold during meiotic 

maturation and sorbitol increased ~5-fold during meiotic resumption and then fell ~2-fold by 

MII arrest; the mechanistic and developmental significance of these changes deserves future 

study.

Downs et al. have demonstrated that the flux of glucose via PPP, rather than through 

glycolysis, influences meiotic resumption in mouse cumulus-oocyte complexes (Downs et 

al., 1998; Downs et al., 1996). To dissect the roles of PPP in oocyte itself, glucose-6-

phosphate dehydrogenase (G6PD), the rate-limiting enzyme of PPP, was specifically 

depleted using G6pdx-targeting siRNA (siG6pdx) (Figures S12H-S12I). The maturation rate 

of siG6pdx oocytes decreased slightly but significantly compared with controls (Figure 

S12J). One major phenotype of siG6pdx oocytes was excessive reactive oxygen species 

(ROS) production (Figures S12K-S12L), implying the imbalance of redox homeostasis. 

Importantly, a developmental arrest was evident when the matured siG6pdx oocytes were 

fertilized in vitro, displaying a reduced proportion of on-time 2-cell embryo formation 

relative to controls (Figures S12M-S12N), indicative of an impaired oocyte to embryo 

transition. The knockdown phenotypes were restored by an mRNA rescue experiment, 

confirming the siG6pdx target specificity (Figures S12H-S12K). These findings clearly 

suggest that PPP is active during oocyte maturation and needed maternally for development 

to early embryos.

A progressive increase in nucleotide metabolism during oocyte maturation

Purine and pyrimidine nucleotides are major energy carriers, subunits of nucleic acids, and 

precursors for the synthesis of nucleotide cofactors such as nicotinamide adenine 

dinucleotide (NAD) and SAM (Moffatt and Ashihara, 2002). Ribulose 5-phosphate (R5P) is 

the end product of the oxidative reactions in PPP. The de novo synthesis of purine begins 

with the activation of R5P to phosphoribosyl pyrophosphate (PRPP), and ends with the 

production of inosine monophosphate (IMP). Consistent with the active PPP during 

maturation, the abundance of 7 out of 10 nucleotide-related metabolites increased during 

meiotic maturation (Figures 7A-7K); the increase was observed for both purines, particularly 

a ~14-fold increase in IMP, as well as for pyrimidine nucleotides, particularly a ~5-fold 

increase in cytidine. Correspondingly, integrated analysis of proteomics and metabolic 

pathways showed elevated levels of 17 out of 23 enzymes involved in nucleotide metabolism 

(Figures 7L-7P; Figures S14-S16). For instance, in matured oocytes, purine nucleoside 

phosphorylase (PNP), an enzyme in the purine salvage pathway, exhibited a 3–6-fold 

increase (Figure 7L); and dihydroorotate dehydrogenase (DHODH), a rate-limiting enzyme 
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in the de novo biosynthesis of pyrimidines, exhibited ~2-fold increase (Figure 7O). The 

increases in purine and pyrimidine levels likely provide maternal support for the large 

amount of DNA and RNA synthesis that will occur during early embryonic development. 

We also observed that levels of inosine and xanthosine significantly declined during oocyte 

maturation (Figures 7I-7J). Previous studies have implicated inosine and hypoxanthine in 

participation in the maintenance of mouse GV stage diplotene arrest (Downs et al., 1986; 

Eppig et al., 1985). The fall we observe presumably reflects the necessity to decreased levels 

of inosine and xanthosine to allow meiotic resumption. Collectively, these data indicate that 

nucleotide metabolism pathways are important participants in mechanisms regulating 

meiotic maturation.

DISCUSSION

In the present study, through the integrated analysis of metabolomics and proteomics, we 

have characterized the global metabolic patterns during in vivo oocyte maturation. Using 

functional approaches, we further identified the critical factors mediating the effects of 

PUFAs on oocyte meiosis, and discovered the control of epigenetic landscape in oocytes via 

SGOC pathway.

Metabolic patterns during oocyte maturation

For a long time, due to the scarcity of experimental material, oocyte metabolism has been 

investigated mainly by using radiolabelled substrates in combination with inhibitor treatment 

(Gu et al., 2015). Significant effort has focused on the utilization of exogenous substrates by 

oocytes at specific stage, but the dynamics of endogenous metabolites have not been 

extensively examined. Here, we therefore established temporal metabolome profiles during 

in vivo maturation. In parallel, we conducted quantitative proteomic studies to bolster the 

metabolomic data. Based on these integrated profiles, we clarify the metabolic basis 

illustrating the functions of the known pathways in oocytes. For instance, we observed that 

carnitine/palmityolcarnitine levels and CPTII accumulation are markedly increased upon 

meiotic resumption (Figure 2). This finding provides the potential explanation for why (i) 
CPT inhibition in mouse oocytes blocks meiotic resumption (Downs et al., 2009), and (ii) 
carnitine supplementation during in vitro culture improves both oocyte nuclear and 

cytoplasmic maturation (Dunning et al., 2011). Importantly, we discovered the metabolic 

characteristics during oocyte maturation, including (i) diminished bile acid biosynthesis; (ii) 
a sharp decline in PUFAs content; (iii) active one-carbon metabolism; and (iv) a progressive 

increase in the levels of a number of nucleotides. These dynamic changes in different 

pathways not only lay a foundation for comparative studies of abnormal oocyte 

development, but also could be used as metabolic signatures to predict oocyte quality and 

improve in vitro culture system for assisted reproduction.

Fatty acid regulation of oocyte development

In comparison with other macronutrient classes, fatty acids yield the most ATP by the FAO 

pathway. Elevated carnitine abundance (Figure 2) and active TCA cycle (Figure 6) strongly 

suggest that lipid metabolism participates in energy provision for oocyte maturation. The 

data imply that there is an increase in beta-oxidation, which is predicted to elevate the levels 
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of FADH2 and NADH. However, our metabolomics analysis did not detect either of them 

(Table S1). Similarly, tetrahydrofolate (TFH) in the folate cycle was not detected. Thus some 

of our inferences from changes in metabolite and metabolic enzyme levels should be 

considered as preliminary.

On the other hand, free fatty acids and their derivatives also act as signaling molecules that 

are released under tight developmental control. They are involved in various cellular 

processes through the modulation of gene transcription, protein modifications, and enzyme 

activities (Snaebjornsson et al., 2020). Here, we identified two targets of ARA inhibition that 

promote meiotic maturation (Figure 3). Our data suggest a model that ARA reduces NKAP/

BTG4 abundance at GV stage, while the fall in ARA during meiotic resumption allows them 

to accumulate, promoting the assembly of meiotic apparatus and triggering the degradation 

of maternal RNAs, respectively. Future work is needed to address the mechanism through 

which high ARA suppresses NKAP/BTG4 protein accumulation during oocyte maturation. 

In addition, fat metabolism has been linked to reproductive development in animals and 

humans. For example, obese women often suffer from poor outcomes across the 

reproductive spectrum including early pregnancy loss, congenital abnormalities, and 

neonatal conditions (Broughton and Moley, 2017). Recently, we discovered that obesity 

induces the loss of Stella, a maternal factor, in oocytes, contributing to those reproductive 

disorders (Han et al., 2018). Hence, it is conceivable that environmental insults such as mal- 

or overnutrition may disrupt the metabolic patterns of fatty acids, particularly PUFAs, in the 

follicle niche, which in turn influences the abundance of critical factors in oocytes.

Metabolic control of epigenetic modifications in oocytes

It is now appreciated that a cell’s metabolic state is integrated with epigenetic regulation. 

Many of the chemical modifications that decorate DNA and histones are adducts derived 

from intermediates of cellular metabolic pathways (Lu and Thompson, 2012). Epigenetic 

modifications are vulnerable to prenatal environmental exposures occurring during germ cell 

development. Assisted reproductive technologies (ART)-conceived infants have higher 

frequency of birth defects related to epigenetic changes, which is likely a consequence of 

sub-optimal culture condition in vitro (Canovas et al., 2017; El Hajj and Haaf, 2013). 

Epigenetic perturbations in germ cells might mediate the transgenerational effects of 

parental obesity (Bodden et al., 2020; Huypens et al., 2016). Nevertheless, direct evidence 

for metabolites involvement in epigenetic establishment during oogenesis is still lacking. 

Here, we not only showed the active SGOC metabolism during meiotic maturation, but also 

demonstrated that SAM produced from this pathway is used for establishing DNA 

methylation in MII oocytes and histone methylation in zygotes (Figure 5). Such a metabolic 

signature may represent a mechanistic basis for environmental effects on epigenetic marks in 

germ cells and embryos. Our study cannot exclude the possibility that the reduced genome 

methylation in siShmt2 oocytes might be a result of low cell fitness. Genetic manipulations 

of key metabolism-related genes are required to comprehensively understand the metabolic 

control of epigenetic modifications in oocyte development.
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Limitations

A strength of our study is the description of in vivo oocyte metabolism during maturation. 

However, to carry out such metabolomic profiling ~3,200 mice were used to retrieve 

oocytes. Other parts of these mice (i.e., granulosa cells, muscle, liver, pancreas, bones, and 

adipose tissues) were simultaneously collected for different projects. In future, using a 

targeted extraction method and specific chromatography column would probably increase 

the metabolite coverage and reduce the number of mice used in similar studies. In addition, 

the datasets here were derived from superovulated oocytes, and hormone stimulation may 

influence oocyte metabolism. Although single-cell metabolomic analysis is still in its 

infancy, such an emerging technology is a promising tool to profile metabolites in naturally 

ovulated oocytes.

Oocytes cannot be fully understood in isolation from their follicles. Metabolic coupling 

between oocytes and the companion granulosa cells is essential for the functions of both 

compartments (Su et al., 2009). Thus, metabolomic profiling of granulosa cells will further 

our understanding of metabolic control of oocyte development. In addition, two questions 

are of significant interest for future study: (i) the function of other significantly altered 

metabolic pathways (i.e. bile acid/amino acid/nucleotide synthesis) in maturing oocytes; (ii) 
the inter-relationships between distinct metabolic patterns during oocyte maturation. There 

also exist potential weaknesses of current study: (i) The data we have obtained is steady-

state metabolite level and does not provide information on flux through the pathway. 

However, flux studies are very challenging given the experimental constraints of analysis of 

oocyte meiosis, particularly the limited amount of material. We have inferred changes in flux 

based on alterations in levels of metabolites and the relevant metabolic enzymes. (ii) 
Changes in metabolism occur via alterations in level of metabolic enzymes as well as their 

activity, through allosteric regulation and protein modification. Here we only assessed 

enzyme abundance in oocytes, which perhaps partly explained the lack of strong correlation 

between the levels of enzymes and metabolites in certain metabolic pathways. (iii) Several 

inhibitors (i.e., curcumin and sesamin) were used in this study to evaluate the PUFA 

metabolism during oocyte maturation. Given that these compounds may not be specific for 

the intended enzymes, a cleaner way (i.e., knockdown or knockout) targeting the relevant 

pathways is needed to clarify this question.

In sum, we explored the dynamics of metabolome and proteome, leading to the 

characterization of metabolic patterns during oocyte maturation. Our dataset constructs a 

framework for future studies addressing the complex interplay between nutritional state and 

oocyte development. Additionally, these findings provide tremendous opportunities to 

predict oocyte quality and define better culture systems for human assisted reproduction.

STAR⋆METHODS

RESOURCE AVAILABILITY

Lead Contact—Further information and requests for reagents and resources should be 

directed to and will be fulfilled by the lead contact, Qiang Wang 

(qwang2012@njmu.edu.cn).
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Materials Availability—All unique reagents generated in this study are available from the 

Lead Contact with a completed Materials Transfer Agreement.

Data and Code Availability—The accession number for the oocyte proteomic dataset 

reported in this paper is PRIDE: PXD018777 (username: reviewer55684@ebi.ac.uk; 

password: mYMGRG0w) and PXD018753 (username: reviewer43455@ebi.ac.uk; 

password: Uz92GHI2). The accession number for the oocyte Bisulfite-seq dataset reported 

in this paper is GEO: GSE149053.

Original data have been deposited to Mendeley Data: https://data.mendeley.com/datasets/

8tftw77m4z/draft?a=f27e269e-9b60–43f2–9cc b-09c720c7a3bb.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse.—All animal experiments follow the rules and guidelines of the local animal ethical 

committee and the Animal Care and Use Committee of Nanjing Medical University 

(Protocol NO. IACUC-1703017). C57BL/6 mice were purchased from Charles River 

Laboratories China Inc, and were housed in ventilated cages on a 12:12-h light-dark cycle at 

constant temperature (22°C) and under controlled humidity.

Oocyte collection and culture.—3-week old female mice were superovulated by 

injecting 5 units of pregnant mares serum gonadotropin (PMSG) followed by 5 units of 

human chorionic gonadotropin (hCG) 48h after PMSG priming. Mice were sacrificed by 

cervical dislocation 0, 3, or 12 hours post-hCG injection. To collect GV and GVBD oocytes, 

cumulus-oocyte complexes (COCs) were retrieved by manual rupturing of antral ovarian 

follicles, and cumulus cells were removed by repeatedly pipetting. To collect MII oocytes, 

COCs were isolated from oviduct ampullae, and cumulus masses were removed in medium 

containing 0.5 mg ml−1 hyaluronidase at 37°C. For in vitro maturation, fully grown GV 

oocytes were cultured in M16 medium under mineral oil at 37°C in a 5% CO2 incubator.

METHODS DETAILS

In vitro fertilization and embryo culture.—IVF assays were conducted as we 

previously described (Han et al., 2018). In brief, sperm was obtained from dissected 

epididymis of C57BL/6 mice aged 10–20 weeks, and left to capacitate for one hour in HTF 

fertilization medium (Millipore, Merck, Germany) supplemented with 10 mg/ml bovine 

serum albumin (BSA). After fertilization in a 37°C incubator, zygotes were cultured in 

KSOM medium (Millipore, Merck, Germany) at 37°C in a humidified atmosphere of 5% 

CO2, 5% O2, 90% N2.

Treatment of oocytes with inhibitors and chemicals.—For treatment with 

inhibitors, INDO (Selleck Chemicals, TX, USA; Cat#: S5010), BWA4C (Sigma Aldrich, 

MO, USA; Cat#: B7559), Sesamin (Selleck Chemicals, TX, USA; Cat#: S2392), and 

Curcumin (Selleck Chemicals, TX, USA; Cat#: S1848) solutions were prepared in dimethyl 

sulfoxide (DMSO), and then diluted to yield a final concentration in maturation medium as 

needed. GV oocytes were in vitro cultured in M16 medium containing different doses of 

inhibitor for further analysis. Correspondingly, 0.1% DMSO was included as a control. To 
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assess the effects of PUFAs on oocyte maturation, fully grown GV oocytes were cultured in 

M16 medium supplemented with different concentrations of ARA, DHA, and EPA. The 

relevant phenotypes were examined at the indicated time points.

siRNA knockdown.—Microinjection of siRNAs, with a Narishige microinjector, was 

used for knockdown analysis in mouse oocytes. Nkap- and Shmt2-siRNAs purchased from 

GenePharma (Shanghai, China) were diluted with water to give a stock concentration of 20 

μM, and approximately 2.5 pl of solution was injected. The same volume of general negative 

control siRNA was injected as control. In order to facilitate the siRNA-mediated 

knockdown, oocytes were arrested at GV stage in M16 medium containing 2.5 μM 

milrinone for more than 7 hours, and then cultured in normal medium for further 

experiments. To confirm the specificity of siRNA knockdown, mRNA rescue experiments 

were performed as we described previously (Zhang et al., 2017), where the Nkap/Shmt2/

G6pdx encoding cRNA contains mutations insensitive to the siRNA. To obtain the rescue 

construct for siRNA, several wobble codon mutations in the central siRNA-binding region 

were introduced by overlapping PCR. The majority of rescue oocytes could progress through 

meiosis II, and present the normal phenotypes as controls (Figure S13). These results 

demonstrate that the defects caused by the siRNA knockdown are specific. siRNAs and the 

relevant primer sequences are listed in Table S4.

Overexpression analysis.—In vitro synthesis of cRNA was conducted as we described 

previously (Hou et al., 2015). In brief, total RNA was extracted from 100 oocytes using 

Arcturus PicoPure RNA Isolation Kit (Applied Biosystems, CA, USA), and cDNA was 

generated using Quantitect Reverse Transcription Kit (Qiagen, Germany). Full length PCR 

products were cloned into the pCS2+ vector with six Myc tags. Capped cRNAs were made 

via in vitro transcription using SP6 mMESSAGE mMACHINE (Ambion, CA, USA). For 

overexpression experiments, approximately 5–10 pl of cRNA (1,000 ng/μl) was 

microinjected into fully grown oocytes. The primer sequences are listed in Table S4.

Western blotting.—A pool of denuded oocytes was lysed in Laemmli sample buffer 

containing protease inhibitor and then subjected to SDS-PAGE. The separated proteins were 

transferred to a polyvinylidene fluoride (PVDF) membrane. The membranes were blocked in 

TBS containing 0.1% Tween 20 and 5% low fat dry milk for one hour and then incubated 

with primary antibodies. Following incubation with HRP-conjugated secondary antibodies, 

the protein bands were visualized via Pierce ECL western blotting substrate (Thermo Fisher 

Scientific, Rockford, IL) according to the manufacturer’s instructions.

Immunofluorescence.—Oocytes/embryos were fixed with 4% paraformaldehyde for 30 

minutes and permeabilizedwith 0.5% Triton X-100 for 20 minutes. Following blocking in 

1% BSA-supplemented PBS for 1 hour, samples were incubated overnight at 4°C with 

primary antibodies as follows: anti-NKAP antibody, anti-H3K4me3 antibody, anti-BubR1 

antibody, and FITC-conjugated anti-tubulin antibody. To detect kinetochores, oocytes were 

co-labeled with CREST according to our previous protocol (Ma et al., 2014). Chromosomes 

were stained with propidium iodide (red) or Hoechst 33342 (blue) for 15 minutes. After 

several washes, samples were mounted on anti-fade medium (Vectashield, Burlingame, CA, 
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USA) and examined under a Laser Scanning Confocal Microscope (LSM 710, Zeiss, 

Germany). The intensity of fluorescence was measured and quantified using Image J 

software (NIH), as we described previously (Han et al., 2018; Ma et al., 2014).

ROS evaluation.—Intracellular ROS levels were determined by CM-H2DCFDA (Life 

Technologies, Invitrogen TM, Cat#: C6827) according to our protocol (Wang et al., 2018). 

CM-H2DCFDA was prepared in DMSO prior to loading. Oocytes were incubated in culture 

medium containing 5 mM CM-H2DCFDA for 30 minutes at 37°C. Following three washes, 

5–10 oocytes were transferred to a live cell-imaging dish, and then immediately observed 

using Laser Scanning Confocal Microscope (LSM 710, Zeiss, Germany).

Quantitative real-time PCR.—mRNA level was analyzed by quantitative real-time PCR 

(qRT-PCR) as we reported previously (Hou et al., 2015). Total RNA was isolated from 50 

oocytes using Arcturus PicoPure RNA Isolation Kit (Applied Biosystems, CA, USA) and 

first-strand cDNA was generated using a cDNA Synthesis Kit (Qiagen, Germany). Real-time 

PCR was performed with SYBR Green using an ABI StepOnePlus Real-time PCR system 

(Applied Biosystems, CA, USA). Glyceraldehydes-3-phosphate dehydrogenase (Gapdh) was 

used as an internal control. Experiments were performed at least in triplicate. Primer 

sequences are listed in Table S4.

Poly (A) tail assay.—Poly (A) tail (PAT) assay was conducted according to the published 

protocol (Yu et al., 2016) with minor modifications. In brief, total RNA was isolated from 

200 oocytes at the indicated time points using Arcturus PicoPure RNA Isolation Kit 

(Applied Biosystems, CA, USA). Primer P1 (5’-P-GGTCACCTTGATCTGAAGC-NH2–3’) 

was anchored to RNA by T4 RNA ligase. Reverse transcription was performed using a 

SuperScript III First-Strand Synthesis SuperMix (Life Technologies, Invitrogen TM, Cat#: 

18080–400) with the P1-antisense primer P2 (5’-GCTTCAGATCAAGGTGACCTTTTT-3’), 

and then products were amplified by PCR with gene-specific primers and primer P2. The 

PCR conditions were as follows: 30 s at 94 °C, 30 s at 50 °C, and 50 s at 72 °C for 35 

cycles, and products were analyzed on a 2.5% agarose gel. Primer sequences are listed in 

Table S4.

Metabolomics.—GV, GVBD, and MII oocytes were harvested separately from ~3,200 

mice (2,000 oocytes per sample, 9 samples for each stage). Samples were transferred to 

Eppendorf tubes, immediately flash frozen in liquid nitrogen, and then stored at −80 °C. For 

metabolite extraction, samples were resuspended in 300 μL of 80% methanol/water (vol/vol) 

and homogenized using an Ultra-Turrax homogenizer. After cooling on ice for 10 min, 

samples were spun at 16,000g for 15 min at 4 °C. Supernatant (250 μL per sample) was 

transferred to a new tube, and dried samples were stored at −80 °C until instrumental 

analysis. The metabolomics data were collected using a standard metabolic profiling method 

we previously described (Huang et al., 2019; Zhang et al., 2020). Briefly, experiments were 

performed on an UPLC Ultimate 3000 system (Dionex, Germering, Germany) coupled to a 

Q-Exactive mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). Each sample 

was injected for analysis in a randomized fashion to avoid complications related to the 

injection order. The chromatographic separation was conducted using Hypersil GOLD C18 

Li et al. Page 16

Mol Cell. Author manuscript; available in PMC 2021 November 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



column (100 mm × 2.1 mm, 1.9 μm) (Thermo Fisher Scientific) with temperature set at 40 

°C. The mobile phase consists of phase A (0.1% formic acid in ultra-pure water) and B 

(0.1% formic acid in pure ACN), which was run at a flow rate of 0.4 mL/min. After the 

initial 3-min elution of 99% (vol/vol) A, the percentage of solvent A gradually decreased to 

1% (vol/vol) at t = 10 min. The composition of solvent A was maintained at 1% (vol/vol) for 

3 min (t = 13 min), and then immediately increased to 99% (vol/vol) lasting for 2 min (t = 15 

min). The mass spectrometer was performed in a full-scan mode ranging from 70 m/z to 

1050 m/z, running at a 70,000 resolution in both positive and negative modes 

simultaneously.

Raw data acquired by the mass spectrometer were submitted to TraceFinder (v3.1). The 

metabolite identification was conducted by the comparison of accurate mass and retention 

time with the commercial standard compounds using the author-constructed library. Similar 

procedure was used to detect specific metabolites (ARA, DHA, EPA, serine, glycine, and 

SAM). All statistical analyses were performed using “R” (V2.15). Student’s t test was used 

to compare continuous variables between two groups (Kim, 2015). SIMCA-P software 

(V14.0; Umetrics AB, Umea, Sweden) was employed for OPLS-DA. The variable 

importance in projection (VIP) value > 1.00 and P value < 0.05 of each metabolite were used 

as the combined cut-offs of the statistical significance. The integration and visualization of 

metabolomics and proteomics data were conducted with the KEGG Mapper (V4.1) (https://

www.genome.jp/kegg/).

Proteomics.—GV, GVBD, and MII oocytes collected from normal mice were lysed in 

urea lysis buffer (8 M urea, 75 mM NaCl, 50 mM Tris, pH 8.2, 1% (v/v) EDTA-free 

protease inhibitor, 1 mM NaF, 1 mM β-glycerophosphate, 1 mM sodiumorthovanadate, 10 

mM sodium pyrophosphate, 1 mM PMSF) and subjected to centrifugation at 40,000 g for 

1h. Proteins were prepared and trypsin digested as we described before (Liu et al., 2019). 

Following digestion, the purified peptides were subjected to the 6-plex tandem mass tag 

(TMT) labeling according to previously published methods (Liu et al., 2019). Peptides from 

two replicates of three stages of oocytes (375 oocytes for one replicate of each stage of 

oocytes) were labeled with respective isobaric tags and mixed together. Two labeling 

experiments were performed for the total four replicates of each stage of oocytes. To 

improve the coverage of protein identification and quantification, the mixed TMT-labeled 

peptides were separated by the high-pH reversed phase (HP-RP) fractionation technology 

based on the ACQUITY® UPLC M-class system (Waters) with an BEH C18 Column (300 

μm×150 mm, 1.7 μm; Waters), and a total of 30 fractions were collected and lyophilized for 

each experiment. Arachidonic acid (ARA) treated and control oocytes in 3 replicates were 

subjected to the 6-plex TMT labeling using the similar method described above, except that 

a total of 20 fractions were collected in HP-RP fractionation. All fractions were analyzed by 

LC-MS/MS using an UltiMateTM 3000 RSLCnano HPLC system coupled through a 

nanoelectrospray source to LTQ Orbitrap Velos mass spectrometer (Thermo Fisher 

Scientific, San Jose, CA). Peptides were separated with a trap column (75 μm×2 cm, 

Acclaim® PepMap100 C18 column, 3 μm, 100 Å; Thermo Fisher Scientific) and an 

analytical column (75 μm×25 cm, Acclaim® PepMap RSLC C18 column, 2 μm, 100 Å; 

Thermo Fisher Scientific) at 300 nl/min using a 194-min gradient (3% to 5% buffer B for 3 
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min, 5% to 30% buffer B for 167min, 30% to 45% buffer B for 15 min, 45% to 99% buffer 

B for 1 min, 99% buffer B for 8 min). The parameter settings for mass spectrometer were 

referred to our published reports (Castaneda et al., 2017; Wang et al., 2017).

The MaxQuant software (V1.2.2.5) was used for searching the raw files against UniProt 

mouse proteome database (Cox and Mann, 2008). The FDR of identified peptides and 

proteins was set to 1%. Precursor mass tolerance was set to 20 ppm and product ions were 

searched with a mass tolerance 0.5 Da. Searches were performed using Trypsin/P enzyme 

specificity while allowing up to two missed cleavages. TMT tags on lysine residues and 

peptide N-termini (+229.1629 Da) and carbamidomethylation of cysteine residues 

(+57.0215 Da) were set as fixed modifications. Variable modifications included oxidation of 

methionines and acetylation of protein N termini. Peptides and proteins with FDR ≤ 1% 

were considered confident, and proteins with at least one unique peptide were subjected to 

quantitative analysis. Relative expression values for each protein were calculated by 

combining MaxQuant identification results with a local modified Libra algorithm (Guo et 

al., 2018; Wang et al., 2017; Wen et al., 2016). The labeling efficiency was evaluated using 

the first HP-RP fraction of each TMT experiment with MaxQuant software except that TMT 

tags on lysine residues and peptide N-termini (+229.1629 Da) were set as optional 

modifications (Zecha et al., 2019). The efficiency is 98.2% and 98.5% for the two labeling 

replicates of GV/GVBD/MII oocytes, and 99.1% for ARA/control oocytes, respectively.

For GV, GVBD, and MII oocytes, Student’s t test adjusted by FDR was performed using 

Perseus (Tyanova et al., 2016) to calculate significant differences in abundances between 

groups. A volcano plot was constructed to better visualize and identify the differentially 

expressed proteins between groups. Heat map was produced accompanied by a dendrogram 

depicting the extent of similarity of protein expression among the samples. For the 

convenience of gene annotation, corresponding Ensembl gene IDs of the differentially 

expressed proteins were used for further bioinformatics analysis. To characterize these 

genes, enrichment of Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways was 

analyzed by using DAVIDs Functional Annotation Chart tool (V6.8) (Huang da et al., 2009). 

A FDR-q value less than 0.05 was controlled for significant enrichment. Pathway Studio 

(V6.00) software (Ariadne Genomics, MD, USA) (Nikitin et al., 2003) was used to identify 

the cellular processes regulated by the differential proteins confirmed via the PubMed/

Medline hyperlink embedded in each node. The network between proteins and cellular 

processes was constructed using Cytoscape (Shannon et al., 2003).

Oocyte methylome profiling.—The DNA methylome for MII oocytes were analysed, as 

we described before (Han et al., 2018). In brief, denuded oocytes (30 oocytes for each 

sample) were lysed in lysis buffer (10 mM Tris-Cl pH 7.4 and 2% SDS) with 0.5 μl protease 

K for 1 h at 37 °C. Bisulfite conversion was performed on cell lysates using the EZ DNA 

Methylation-Gold Kit (Zymo Research), and then the converted DNA was processed for 

library construction. The quality and quantity of the purified library were evaluated by 

employing Agilent Bioanalyzer and StepOnePlus Real-Time PCR System (Applied 

Biosystems). Libraries were prepared for 125-bp paired-end sequencing on a HiSeq2500.
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Cleaned data was obtained by removing poor-quality bases and adapter sequences of raw 

sequencing reads using Trim Galore. Bismark (Krueger and Andrews, 2011) was used to 

map cleaned data to the mouse genome assembly (GRCm38) with parameters ‘paired mode, 
options –non-directional,-bam,--bowtie2’. CG methylation calls from uniquely mapped 

reads were analyzed using probes designed across genomic features that were defined as 

follows. CpG islands (CGIs) were extracted from the CpG islands track of the UCSC 

Genome Browser (Speir et al., 2016), and CGI shores were defined as the regions 2kb 

around from the CGI. Promoters were defined as the region 2kb upstream from TSSs 

(transcriptional start sites) annotated by UCSC RefSeq (O’Leary et al., 2016). Exons, 

introns, UTRs, and intergenic regions were defined according to annotation of UCSC 

RefSeq. All repeat elements were extracted from the Repeatmasker track of the UCSC 

Genome Browser. To test whether low complexity regions (LCRs) CEL were differentially 

methylated between two groups, metilene was used with default parameters. The distribution 

of LCRs across the whole genome was determined by overlapping with the RefSeq 

annotation using BEDOPS with default parameters. The enrichment of differentially 

methylated LCRs in whole genome was calculated with Fisher exact test.

Quantification and statistical analysis.—All experiments were repeated three times 

with similar results, and data from one representative experiment are shown unless otherwise 

stated. All analyses were performed using GraphPad Prism (V7.0) for Windows. Statistical 

comparisons were made with Student’s t test, Fisher exact test, and Bootstrap test when 

appropriate. Data are presented as mean value ± SD. Changes were considered statistically 

significant when P < 0.05.
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Figure 1. Metabolomic profiling of mouse oocyte maturation.
(A) Illustration of in vivo isolation of mouse oocytes at GV, GVBD, and MII stage. (B) 

Schematic overview of the workflow for metabolome profiling in oocytes. (C-E) OPLS-DA 

score plot separating GV, GVBD, and MII oocyte samples (Ellipse: Hotelling’s T2 99%; C: 

R2X(cum)=0.607, Q2X(cum)=0.832; D: R2X(cum)=0.52, Q2X(cum)=0.848; E: 

R2X(cum)=0.584, Q2X(cum)=0.943). (F) Heat map showing the dynamics of 57 differential 

metabolites during oocyte maturation, classified by metabolic pathways. (G) Z-score plot of 

20 representative metabolites from (F) compared between GV and GVBD oocytes (meiotic 
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resumption). (H) Z-score plot of 20 representative metabolites from (F) compared between 

GV and MII oocytes (meiotic maturation). Each point represents one metabolite in one 

sample, colored by stage type. See also Table S1.
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Figure 2. Metabolic features of lipid during oocyte maturation.
(A-H) Relative levels of metabolites related to lipid metabolism in oocytes at different 

stages. (I) Schematic diagram of carnitine transport system and fatty acid oxidation in the 

mitochondria. Metabolites increased in maturing oocytes are indicated by red filled 

triangles, and metabolic enzymes upregulated during maturation are denoted by blue filled 

triangles. Relative abundance of CPTII protein in oocytes at different stages is shown. (J) 

Schematic presentation of the experimental protocol to examine the effects of ARA 

supplementation on oocyte maturation. (K) Bright-field images of control and ARA-treated 
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oocytes. Arrowheads point to oocytes that fail to extrude a polar body. Scale bars, 50 μm. (L) 

Quantitative analysis of Pb1 extrusion in control and ARA-treated oocytes. (M) Quantitative 

analysis of Pb1 extrusion in oocytes after ARA washout. (N) Representative confocal 

images of control and ARA-treated oocytes stained with α-tubulin antibody to visualize the 

spindle (green) and with propidium iodide to visualize chromosomes (red). Spindle 

disorganization and chromosome misalignment are indicated by arrowheads and arrows, 

respectively. Scale bars, 25 μm. (O) Quantification of control and ARA-treated oocytes with 

abnormal spindle/chromosomes. (P) Relative ARA levels in control and ARA-treated 

oocytes. Data are expressed as mean percentage ± SD from three independent experiments 

in which at least 100 oocytes were analyzed for each group. Student’s t test was used for 

statistical analysis in all panels, comparing to GV or control. n.s., not significant. See also 

Figures S3-S7.
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Figure 3. Identification of factors mediating the effects of ARA on oocyte maturation.
(A) Overview of the proteomic workflow for identifying differential protein accumulation. 

(B) Volcano plot showing the relative abundance of proteins. (C) Heat map of the 

differentially accumulated proteins between control and ARA-treated oocytes. (D) Gene 

ontology network enrichment analysis of the proteins with differential accumulation. (E) 

Western blot analysis of NKAP expression validated the proteomic results (200 oocytes per 

lane). (F) Cellular distribution of NKAP in oocytes at GV, GVBD and MI stages. 

Arrowheads point to NKAP signals. Scale bars, 25 μm. (G) Schematic presentation of the 
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experimental protocol to check whether NKAP overexpression could suppress the defective 

phenotypes of ARA-treated oocytes. (H) Immunoblotting showing the overexpression (OE) 

of exogenous NKAP protein in oocytes. (I) Incidence of Pb1 extrusion in indicated oocytes. 

(J) Representative examples of meiotic spindle and chromosomes in indicated oocytes. 

Spindle disorganization and chromosome misalignment are indicated by arrowheads and 

arrows, respectively. Scale bars, 25 μm. (K) Quantitative analysis of meiotic defects in 

indicated oocytes. At least 100 oocytes for each group were analyzed, and the experiments 

were conducted three times. (L) Western blot analysis of BTG4 expression validated the 

proteomic results (200 oocytes per lane). (M) Diagram showing the strategy of the mRNA 

poly(A) tail (PAT) assay. P1, anchor primer; P2, P1-antisense primer; Pn, gene-specific 

primer. (N-R) PAT assay showing changes in the poly(A)-tail length for the indicated 

transcripts in control and ARA-treated oocytes. (S) Relative abundance of the indicated 

transcripts in control and ARA-treated oocytes, determined by real-time RT-PCR. Error bars, 

SD. Student’s t test was used for statistical analysis in all panels. n.s., not significant. See 

also Figure S8 and Table S3.
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Figure 4. Metabolic changes in amino acids during oocyte maturation.
Relative levels of metabolites related to amino acid metabolism in oocytes at different 

stages. (K) Schematic diagram of SGOC network during oocyte maturation, derived from 

metabolomics and proteomics. Metabolites increased and decreased in maturing oocytes are 

indicated by red filled and empty triangles, respectively. The blue filled and empty triangles 

denote the metabolic enzymes that were upregulated and downregulated, respectively. (L-N) 

Relative abundance of the representative enzymes (MTHFD2L, GGCT and MAT2B) 

involved in the folate/methionine cycle and the transsulfuration pathway. Error bars, SD. 
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Student’s t test was used for statistical analysis in all panels, comparing to GV. n.s., not 

significant. See also Figure S9.
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Figure 5. SHMT2 depletion impairs the epigenetic landscape in oocytes.
(A) Schematic presentation of the Shmt2 knockdown experiments. (B) Depletion of 

endogenous SHMT2 protein was verified by western blot analysis (200 oocytes per lane). 

(C) Serine-to-Glycine ratio in control (n=300) and siShmt2 (n=300) oocytes. (D) Relative 

levels of SAM in control (n=300) and siShmt2 (n=300) oocytes. (E) Quantitative analysis of 

Pb1 extrusion in control (n=102) and siShmt2 (n=105) oocytes. (F) Percentages of control 

(n=85) and siShmt2 (n=92) oocytes-derived embryos that develop to 2-cell stage during in 
vitro culture. (G) Bright-field images of E1.5 embryos derived from control and siShmt2 
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oocytes. Scale bars, 100 μm. (H) Flow chart illustrating the BS-Seq procedure for genome-

wide methylation analysis. MII oocytes were collected and the DNA was bisulfite converted, 

followed by library preparation and high-throughput sequencing. (I) Graphical 

representation of the methylation pattern at Slc16a8 in control and siShmt2 oocytes. The 

highlighted region by purple box was chosen to show the significant hypomethylation in this 

locus following Shmt2 ablation. (J-M) Violin plots showing the methylation levels for 

distinct genomic features in control and siShmt2 oocytes. Mean methylation levels are 

indicated by the numerical value and green cross. (N) Images of control and siShmt2 

zygotes co-stained with anti-H3K4me3 antibody (red) and Hoechst 33342 (blue). 

♂and♀indicate paternal (PN) and maternal (MN) pronucleus, respectively. PB, polar body. 

(O) Quantification of H3K4me3 fluorescence shown in (N). Each data point represents a 

zygote (n = 15 for each group). Error bars, SD. Student’s t test was used for statistical 

analysis in all panels except for J-M, comparing to control. n.s., not significant. See also 

Figure S10.
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Figure 6. Carbohydrate metabolism during oocyte maturation.
(A-I) Relative levels of metabolites related to carbohydrate metabolism in oocytes at 

different stages. (J) Schematic diagram of TCA cycle and pyruvate oxidation during oocyte 

maturation, derived from metabolomics and proteomics. Metabolites increased in maturing 

oocytes are indicated by red filled triangles. The blue filled and empty triangles denote 

metabolic enzymes that were upregulated and downregulated, respectively. (K-O) Relative 

abundance of the representative enzymes (IDH3A, OGDH, SDHB, MDH2, and PDHA1) 

involved in TCA cycle and pyruvate oxidation. Error bars, SD. Student’s t test was used for 
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statistical analysis in all panels, comparing to GV. n.s., not significant. See also Figures S11-

S12.
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Figure 7. Nucleotide metabolism during oocyte maturation.
Relative levels of metabolites related to nucleotide metabolism in oocytes at different stages. 

(K) Schematic diagram of purine and pyrimidine metabolism during oocyte maturation, 

derived from metabolomics and proteomics. Metabolites increased and decreased in 

maturing oocytes are indicated by red filled and empty triangles, respectively. The blue filled 

and empty triangles denote metabolic enzymes that were upregulated and downregulated, 

respectively. (L-P) Relative abundance of the representative enzymes (PNP, PRM2, DUT, 

DHODH and CMPK2) involved in purine and pyrimidine metabolism. Error bars, SD. 
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Student’s t test was used for statistical analysis in all panels, comparing to GV. n.s., not 

significant. See also Figures S14-S16.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-SHMT2 Abcam Cat# ab224428; RRID:AB_2861139

Rabbit monoclonal anti-BTG4 Abcam Cat# ab206914; RRID:AB_2861140

Sheep polyclonal anti-BubR1 Abcam Cat# ab28193; RRID:AB_444307

Mouse monoclonal anti-Myc Abcam Cat# ab18185; RRID:AB_444307

Rabbit polyclonal anti-H3K4me3 Abcam Cat# ab8580; RRID:AB_306649

Human anti-Centromere CREST Fitzgerald Industries International Cat# 09C-CS1058;

Rabbit polyclonal anti-NKAP GeneTex Cat# GTX120929; RRID:AB_2861141

Mouse monoclonal anti-β-actin Sigma Cat# A5441; RRID:AB_476744

Mouse monoclonal anti-GAPDH Proteintech Cat# HRP-60004; RRID:AB_2737588

Mouse monoclonal anti-α-tubulin-FITC Sigma Cat# F2168; RRID:AB_476967

Goat anti-rabbit IgG-FITC Thermo Fisher Cat# 65–6111; RRID:AB_2533966

Goat anti-rabbit IgG-HRP Thermo Fisher Cat# 81–1620, RRID:AB_2534006

Bacterial and Virus Strains

TOP10 Competent E. coli TIANGEN Cat# CB104

Biological Samples

Oocyte This Study N/A

Sperm This Study N/A

Embryo This Study N/A

Chemicals, Peptides, and Recombinant Proteins

3’-AMP Sigma-Aldrich Cat# A9272

3-Methylxanthine Adamas Cat# 13392B

5’-Methylthioadenosine Sigma-Aldrich Cat# D5011

Adenine Aladdin Cat# A108804

Adenosine Adamas Cat# 67712A

Arachidonic acid Sigma-Aldrich Cat# A3611

Beta-Alanine Sigma-Aldrich Cat# 146064

Cholesterol Aladdin Cat# C104029

Cholic acid Adamas Cat# 84576A

cis-Aconitic acid Aladdin Cat# A111230

Citric acid Aladdin Cat# C108872

Cytidine Adamas Cat# 74476A

Deoxycytidine Sigma-Aldrich Cat# D3897

D-Glucuronic acid Sigma-Aldrich Cat# G5269

D-Glucurono-6,3-lactone Adamas Cat# 48251A

D-Glutamic acid Sigma-Aldrich Cat# V900450

Dihydrotestosterone Dr.E Cat# DRE-C10255010
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REAGENT or RESOURCE SOURCE IDENTIFIER

Docosahexaenoic acid Sigma-Aldrich Cat# D2534

Dodecanoic acid Adamas Cat# 23651A

Eicosapentaenoic acid Aladdin Cat# E100927

Fumaric acid Adamas Cat#14061B

Gluconolactone Adamas Cat# 89621A

Glucose 6-phosphate TRC Cat# G595338

Glyceraldehyde Sigma-Aldrich Cat# G5001

Glycine Adamas Cat# 65953A

Glycocholic acid hydrate Sigma-Aldrich Cat# G2878

Hypotaurine Sigma-Aldrich Cat# H1384

Inosine Adamas Cat# 67731A

Inosinic acid Sigma-Aldrich Cat# I2879

L-Aspartyl-L-phenylalanine Sigma-Aldrich Cat# 421669

L-Carnitine Adamas Cat# 64024A

L-Cystine Aladdin Cat# C108225

L-Dihydroorotic acid Sigma-Aldrich Cat# D7128

Levulinic acid Adamas Cat# 18284A

L-Histidine Aladdin Cat# H108260

L-Leucine Adamas Cat# 70880A

L-Palmitoylcarnitine chloride Sigma-Aldrich Cat# P4509

L-Serine Adamas Cat# 65987B

L-Tryptophan Adamas Cat# 79767B

Myristic acid Adamas Cat# 64434B

N-Acetyl-L-methionine Adamas Cat# 74718A

N-Acetylneuraminic acid Aladdin Cat# A100555

Niacinamide Adamas Cat# 92273A

Norvaline Sigma-Aldrich Cat# N7627

Octadecanamide Sigma-Aldrich Cat# O601

Oxidized glutathione Aladdin Cat# G105428

Pantothenol Sigma-Aldrich Cat# 76200

Putrescine Aladdin Cat# D110948

Pyridoxal 5’-phosphate hydrate Sigma-Aldrich Cat# P9255

Pyroglutamic acid Adamas Cat# 92246A

Retinal Sigma-Aldrich Cat# R2500

S-adenosylmethionine Sigma-Aldrich Cat# A2408

Sorbitol Adamas Cat# 60805A

Spermine Aladdin Cat# S109704

Taurocholic Acid sodium salt hydrate Sigma-Aldrich Cat# T4009

Uridine Aladdin Cat# U108810
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REAGENT or RESOURCE SOURCE IDENTIFIER

Xanthosine dihydrate Sigma-Aldrich Cat# X0750

(−)-Matairesinol Supelco Cat# 04157

1-Palmitoyl-Palmitoyl Sigma-Aldrich Cat# L5254

2-Furoic acid Adamas Cat# 87865A

2-Hydroxypalmitic Acid Sigma-Aldrich Cat# H7021

3,4,5-Trimethoxycinnamic acid Adamas Cat# 89485A

3-Phenylbutyric Acid Sigma-Aldrich Cat# 116807

4-Methylcatechol Adamas Cat# 58208B

5-Aminolevulinic acid hydrochloride Sigma-Aldrich Cat# A3785

5-Hydroxylysine hydrochloride Sigma-Aldrich Cat# H0377

5-Hydroxymethyl-2-Deoxyuridine Sigma-Aldrich Cat# H8631

Agmatine Sulfate Sigma-Aldrich Cat# A7127

Allantoin Adamas Cat# 91922A

Aminocaproic acid Adamas Cat# 69197A

Argininosuccinic acid Sigma-Aldrich Cat# 73097

Biotin Adamas Cat# 67896A

Capric acid Adamas Cat# 49153A

Cortisol Adamas Cat# 60344A

Cortisone Aladdin Cat# C119445

Cyclic AMP Adamas Cat# 69704A

Cytosine Adamas Cat# 78600A

Dehydroepiandrosterone Supelco Cat# D-063

Deoxycholic acid Adamas Cat# 85460B

Deoxycholic acid glycine conjugate Aladdin Cat# G113438

D-Glucaric acid potassium salt Sigma-Aldrich Cat# S4140

Dihydroxyacetone phosphate Sigma-Aldrich Cat# 51269

Dodecanedioic acid Adamas Cat# 77196A

Estriol Adamas Cat# 60385A

Estrone Adamas Cat# 63010A

Glycerophosphocholine Adamas Cat# 44657A

Glycolic acid Adamas Cat# 83663A

Guanine Aladdin Cat# G104274

Hexadecanedioic acid Adamas Cat# 60631A

Histamine dihydrochloride Sigma-Aldrich Cat# 53300

Hyodeoxycholic acid Aladdin Cat# H106315

Isocitric acid trisodium salt hydrate Sigma-Aldrich Cat# I1252

L-3-Phenyllactic acid Adamas Cat# 35411B

L-Cysteine Adamas Cat# 62776B

L-Dopa Adamas Cat# 68867A
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REAGENT or RESOURCE SOURCE IDENTIFIER

L-Lysine Adamas Cat# 66313B

L-Malic acid Adamas Cat# 91942A

L-Phenylalanine Adamas Cat# 73340B

Melatonin Adamas Cat# 79824B

N-Acetylethylenediamine Sigma-Aldrich Cat# 397261

N-Acetylglutamic acid Adamas Cat# 16378A

N-Alpha-acetyllysine Sigma-Aldrich Cat# A2010

Neopterin Sigma-Aldrich Cat# N3386

N-Formyl-L-methionine Sigma-Aldrich Cat# F3377

Orotic acid Adamas Cat# 74736A

Pentadecanoic acid Supelco Cat# 91446

Petroselinic acid Sigma-Aldrich Cat# P8750

Prostaglandin E2 Sigma-Aldrich Cat# P5640

Prostaglandin F2a TCI Cat# P1885

Quinic acid Sigma-Aldrich Cat# 138622

Rhamnose Adamas Cat# 51662A

Riboflavin Adamas Cat# 85641A

Succinic acid Adamas Cat# 14056B

Syringic acid Adamas Cat# 62915A

Taurine Adamas Cat# 13304A

Testosterone Aladdin Cat# T102169

Tetradecanedioic acid Sigma-Aldrich Cat# D221201

Thyroxine Aladdin Cat# T106193

Trizma Acetate Sigma-Aldrich Cat# V900448

Tryptophanol Sigma-Aldrich Cat# 469971

Xanthurenic acid Sigma-Aldrich Cat# D120804

M16 medium Sigma-Aldrich Cat# M7292

HTF medium Merck Millipore Cat# MR-070

KSOM medium Merck Millipore Cat# MR-106-D

Milrinone Sigma-Aldrich Cat# M4659

Bovine serum albumin Sigma-Aldrich Cat# A1470

Mineral oil Sigma-Aldrich Cat# M8410

INDO Selleck Chemicals Cat# S5010

Sesamin Selleck Chemicals Cat# S2392

Curcumin Selleck Chemicals Cat# S1848

BWA4C Sigma-Aldrich Cat# B7559

propidium iodide Thermo Fisher Cat# P3566

Hoechst 33342 Thermo Fisher Cat# H3570

Anti-fade medium Vectashield Cat# H1000
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REAGENT or RESOURCE SOURCE IDENTIFIER

CM-H2DCFDA Thermo Fisher Cat# C6827

Proteinase K Thermo Fisher Cat# EO0492

T4 RNA Ligase Thermo Fisher Cat# AM2141

AscI endonuclease New England Biolabs Cat# R0558S

FseI endonuclease New England Biolabs Cat# R0588S

T4 DNA ligase New England Biolabs Cat# M0202S

NotI endonuclease New England Biolabs Cat# R0189S

DpnI endonuclease New England Biolabs Cat# R0176S

Phusion high-fidelity DNA polymerase New England Biolabs Cat# M0530L

Critical Commercial Assays

Arcturus PicoPure RNA Isolation Kit Thermo Fisher Cat# KIT0204

Quantitect Reverse Transcription Kit Qiagen Cat# 205311

QIAquick PCR Purification Kit Qiagen Cat# 28104

SP6 mMESSAGE mMACHINE Kit Thermo Fisher Cat# AM1340

Pierce ECL Western Blotting Substrate Thermo Fisher Cat# 32106

SuperScript™ III First-Strand Synthesis 
SuperMix

Thermo Fisher Cat# 18080–400

TMTsixplex™ Isobaric Label Reagent 
Set

Thermo Fisher Cat# 90066

EZ DNA Methylation-Gold Kit Zymo Research Cat# D5005

Deposited Data

Oocytes proteomics data I This Study
Project accession: PXD018777;
username: reviewer55684@ebi.ac.uk; 
password: mYMGRG0w.

Oocytes proteomics data II This Study
Project accession: PXD018753;
username: reviewer43455@ebi.ac.uk;
password: Uz92GHI2.

Oocyte metabolomics data This Study See Table S1

Oocyte Bisulfite-seq data. This Study GEO: GSE149053

Original/source data This Study
https://data.mendeley.com/datasets/
8tftw77m4z/draft?a=f27e269e-9b60–
43f2–9ccb-09c720c7a3bb

Experimental Models: Cell Lines

N/A N/A N/A

Experimental Models: Organisms/Strains

C57BL/6 mice Charles River Laboratories N/A

Oligonucleotides

siRNA sequences for knockdown 
experiments This Study see Table S4

Primer sequences for overexpression 
analysis This Study see Table S4

Primer sequences for Poly(A) tail assay This Study see Table S4

Primer sequences for qRT-PCR This Study see Table S4

Recombinant DNA
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REAGENT or RESOURCE SOURCE IDENTIFIER

Plasmid: Myc tags in pCS2+ This Study N/A

Plasmid: Myc tags-Nkap in pCS2+ This Study N/A

Plasmid: Myc tags-Nkap mutation in 
pCS2+ This Study N/A

Plasmid: Myc tags-Shmt2 mutation in 
pCS2+ This Study N/A

Plasmid: Myc tags-G6pdx in pCS2+ This Study N/A

Software and Algorithms

ImageJ NIH https://imagej.nih.gov/ij/

Prism (V7.0) GraphPad https://www.graphpad.com/scientific-
software/prism/

R (V2.15.0) (Davey et al., 1997) http://cran.r-project.org/

ZEN ZEISS https://www.zeiss.com/microscopy/int/
downloads.html

TraceFinder (V3.1) Thermo Fisher

https://www.thermofisher.com/us/en/
home/industrial/mass-spectrometry/
liquid-chromatography-mass-
spectrometry-lc-ms/lc-ms-software/lc-
ms-data-acquisition-software/
tracefinder-software.html

SIMCA-P (V14.0) Umetrics https://umetrics.com/products/simca

KEGG Mapper (V4.1) Kanehisa et al., 2020 https://www.genome.jp/kegg/
mapper.html

MaxQuant (V1.2.2.5) Cox and Mann, 2008 https://maxquant.net/maxquant/

DAVID Huang et al., 2009 https://david.ncifcrssf.gov/

Perseus software platform (V1.6.2.3) Tyanova et al., 2016 https://maxquant.net/perseus/

Pathway Studio (V 6.00) Nikitin et al., 2003 https://www.pathwaystudio.com/

Cytoscape (V3.7.2) Shannon et al., 2003 https://cytoscape.org/

Trim galore https://github.com/FelixKrueger/
TrimGalore

https://
www.bioinformatics.babraham.ac.uk/
projects/trim_galore/

Bismark Krueger et al., 2011
https://
www.bioinformatics.babraham.ac.uk/
projects/bismark/

Metilene Jühling et al., 2015 https://www.bioinf.uni-leipzig.de/
Software/metilene/

IGV Robinson et al., 2011 https://igv.org/

UCSC Genome Browser University of California Santa 
Cruz http://genome.ucsc.edu/

BEDOPS Neph et al., 2012 https://bedops.readthedocs.io/en/latest/
index.html

Other

N/A N/A N/A
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