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Abstract
The subcortical maternal complex (SCMC) is a multiprotein complex in oocytes and preimplantation embryos that is 
encoded by maternal effect genes. The SCMC is essential for zygote-to-embryo transition, early embryogenesis, and critical 
zygotic cellular processes, including spindle positioning and symmetric division. Maternal deletion of Nlrp2, which encodes 
an SCMC protein, results in increased early embryonic loss and abnormal DNA methylation in embryos. We performed 
RNA sequencing on pools of meiosis II (MII) oocytes from wild-type and Nlrp2-null female mice that were isolated from 
cumulus-oocyte complexes (COCs) after ovarian stimulation. Using a mouse reference genome-based analysis, we found 
231 differentially expressed genes (DEGs) in Nlrp2-null compared to WT oocytes (123 up- and 108 downregulated; adjusted 
p < 0.05). The upregulated genes include Kdm1b, a H3K4 histone demethylase required during oocyte development for 
the establishment of DNA methylation marks at CpG islands, including those at imprinted genes. The identified DEGs are 
enriched for processes involved in neurogenesis, gland morphogenesis, and protein metabolism and for post-translationally 
methylated proteins. When we compared our RNA sequencing data to an oocyte-specific reference transcriptome that con-
tains many previously unannotated transcripts, we found 228 DEGs, including genes not identified with the first analysis. 
Interestingly, 68% and 56% of DEGs from the first and second analyses, respectively, overlap with oocyte-specific hyper- and 
hypomethylated domains. This study shows that there are substantial changes in the transcriptome of mouse MII oocytes 
from female mice with loss of function of Nlrp2, a maternal effect gene that encodes a member of the SCMC.
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Introduction

During the earliest divisions of preimplantation embry-
onic development, before the zygotic genome is activated, 
transcription is quiescent and depends on the action of 
stored RNAs and proteins expressed from maternal effect 
genes during oocyte development. The proteins that mater-
nal effect genes encode abound in oocytes and early pre-
implantation embryos and play essential roles in early 
embryo development [1]. The subcortical maternal com-
plex (SCMC) is a multiprotein complex localized below 
the cortex of oocytes that contains proteins encoded by 
maternal effect genes. The SCMC remains present at the 
periphery of the preimplantation embryo during the earli-
est cell divisions, but its expression gradually decreases 
after fertilization. In mice, it is no longer visible by the 
blastocyst stage [2, 3]. Nine SCMC proteins have been 
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identified so far: OOEP (known as FLOPED), NLRP5, 
TLE6, KHDC3 (known as FILIA), ZBED3, NLRP2, 
PADI6, NLRP9, and NLRP4F [2, 4–10]. The SCMC is 
involved in multiple cellular processes, including control 
of spindle position, symmetric zygote division, organelle 
distribution, and cytoplasmic lattice formation [6, 11–13].

Studies in mice have shown that maternal loss of func-
tion of genes that encode SCMC proteins causes steril-
ity or subfertility. Targeted disruption of maternal Ooep, 
Nlrp5, Padi6, or Tle6 results in complete embryonic arrest 
at the two-cell or early cleavage stages [2, 7, 11, 13, 14]. 
Although the maternal loss of Khdc3, Zbed3, or Nlrp2 also 
leads to delayed preimplantation development and reduced 
fertility, it can be compatible with later embryo develop-
ment, and even with survival after birth in a small number 
of offspring [6, 15, 16]. SCMC genes and proteins are 
highly conserved in mammals. In humans, women with 
biallelic inactivating mutations in NLRP7 (which is not 
present in rodent genomes, but highly homologous with 
rodent Nlrp2), KHDC3L, and PADI6 develop biparental 
complete hydatidiform mole (BiCHM), which manifests 
in an abnormal pregnancy characterized by chorionic 
villi overproliferation and lack of embryonic/fetal tissue 
[17–19].

Molar trophoblast tissues lack methylation at mater-
nally imprinted loci, including those with placenta-specific 
imprinted differentially methylated regions (DMRs) [20]. 
Imprinted loci contain genes that are expressed from only 
the maternally inherited or the paternally inherited allele. 
Their allele-specific expression is controlled by parent-of-
origin dependent allele-specific DNA methylation at the 
DMRs that control their expression. When the methylation 
at imprinted DMRs is disrupted, lack of expression from 
the active allele or overexpression from the silenced allele 
of an imprinted gene can cause imprinting disorders; exam-
ples of imprinting disorders include Beckwith-Wiedemann 
syndrome or Angelman syndrome [21]. The recent finding 
that oocytes from a BiCHM patient with a homozygous 
inactivating mutation in maternal KHDC3L had a genome-
wide loss of DNA methylation that persisted at several 
imprinted loci until post-implantation confirmed that the 
origin of the methylation defect is in the female germline 
[22]. Loss of several other SCMC genes (NLRP5, NLRP2, 
NLRP7, PADI6, OOEP, and KHDC3L) in humans also 
causes multi-locus imprinting disturbance, in which DNA 
methylation is lost at several multiple maternally imprinted 
loci, resulting in recurrent pregnancy loss and offspring with 
complex multi-locus imprinting disorders (MLID). These 
present with features of more than one imprinted disease 
in the affected individuals [23–27]. We previously reported 
that maternal loss of Nlrp2 in mice causes subfertility with 
variable reproductive outcomes ranging from early embry-
onic loss to stillborn pups to, rarely, liveborn offspring with 

myriad developmental defects. We also found altered meth-
ylation at the DMRs of selected imprinted genes [15].

The mechanism by which disruption of the SCMC, a 
cytoplasmic structure, affects DNA methylation, a nuclear 
process, remains poorly understood. The above-described 
observations in mice and humans suggest that the SCMC 
may have an epigenetic regulatory role. It may directly affect 
the epigenetic machinery or disrupt different oocyte func-
tions which could in turn globally alter the transcriptome.

In human and mouse oocytes, transcription drives the 
establishment of DNA methylation [28, 29], and in mice, 
transcriptional aberrations disrupt oocyte-derived meth-
ylation [30]. We were interested in detecting the origin of 
decreased viability of embryos from Nlrp2-null females and 
understanding the possible connection to aberrant transcrip-
tome in the oocytes. We hypothesized that transcriptional 
changes should occur in Nlrp2-null female oocytes and 
that these might underlie methylation defects in oocytes, 
embryos, or offspring. We began investigating this by per-
forming RNA sequencing (RNA-Seq) on pooled oocytes 
isolated from cumulus-oocyte complexes (COCs) collected 
after superovulation of Nlrp2 females. Our results show that 
maternal Nlrp2 loss globally alters the oocyte transcriptome.

Materials and Methods

All experiments were approved by the Baylor College of 
Medicine (BCM) Institutional Animal Care and Use Com-
mittee (protocol AN-2035). Experiments were conducted 
according to institutional and governmental regulations 
concerning the ethical use of animals and the American 
Veterinary Medical Association (AVMA) and ARRIVE 
Guidelines were followed. All animal facilities are approved 
by the Association for Assessment and Accreditation for 
Laboratory Animal Care International (AAALAC).

Animals, Superovulation, and Sample Collection

Experiments were performed on the previously described 
Nlrp2-null (Nlrp2tm1a/tm1a) mouse model on a C57BL6/J 
background [15]. Superovulation was induced in 4-week-old 
wild-type (WT) (strain of origin: C57BL/6N) and Nlrp2-null 
mice by intraperitoneal injection of 5 units (U) of pregnant 
mare’s serum gonadotropin (PMSG; Fisher Scientific, USA) 
followed by injection of 5 U of human chorionic gonadotro-
pin (hCG; EMD Millipore, USA) 48 h (h) later. The follow-
ing day at midday, COCs were collected from the ampulla of 
the oviduct. The same timing was respected for all animals. 
Denuded oocytes were prepared by treating COCs with 
3 mg/ml hyaluronidase (Sigma-Aldrich, USA) for 2 min at 
room temperature. Oocytes from 3 to 4 mice of the same 
genotype were pooled to obtain pools of approximately 150 
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oocytes in each sequenced RNA sample. RNA was isolated 
from four Nlrp2-null and three WT oocyte pools using the 
Qiagen miRNeasy kit (QIAGEN, US) and used for the prep-
aration of RNA-Seq libraries.

Library Preparation and RNA Sequencing

Library preparation and sequencing were done at the 
genomic and RNA profiling core at BCM. Libraries were 
prepared with the NuGEN RNA-Seq library preparation pro-
tocol. Briefly, purified double-stranded (ds) cDNA was gen-
erated from approximately 20 ng of total RNA and amplified 
using both oligo d(T) and random primers. Five hundred 
nanograms of each sample’s ds-cDNA were sheared using 
the Covaris S2 focused ultrasonicator (Covaris, USA) to a 
target size of 400 bp. A double-stranded DNA library was 
then generated from 1 μg of sheared, double-stranded cDNA 
to prepare the fragments for hybridization to the flow cell. 
Using the concentration from the ViiA7™ qPCR machine, 
14 pM of the equimolarly pooled library was loaded onto 
an Illumina HiSeq 2500 sequencing instrument (Illumina, 
USA). PhiX Control v3 adapter-ligated library was spiked-in 
at 2% to ensure balanced diversity and to monitor clustering 
and sequencing performance. A paired-end 100 cycle run 
is used to sequence the flow cell on a HiSeq Sequencing 
System in Rapid Mode with v2 chemistry. Bcls (Illumina 
sequencer’s base call files) were demultiplexed, and FASTQ 
files were generated. The average depth of sequencing per 
sample was 125 million read pairs.

RNA‑Seq Data Analyses

For each sample, about 100 million pairs of 100-bp paired-
end reads were generated. Following the standard approach, 
10 bp were from the 5’ end of the raw reads to remove biases 
on certain nucleotides resulting from poor priming during 
library preparation. For the first analysis strategy (Fig. 1), 
which aimed to determine the abundance of transcripts 
expressed from annotated genes in the reference mouse 
genome, trimmed reads were aligned to the Mus musculus 
genome (GRcm38, p6.VM24) using TopHat v2.0.9 [31] with 
default parameters. The average mappability for the seven 
samples was 71.16% (70.40–71.90%). HTSeq [32, 33] was 
used to obtain read counts. Differential expression analy-
sis between Nlrp2-null and WT superovulated oocytes was 
carried out based on the read counts using the DESeq pack-
age in the R environment [33]. The genes with adjusted p 
value < 0.05 were considered differentially expressed genes 
(DEGs).

For the second analysis strategy (Fig. 1), which aimed 
to determine transcript abundance compared to a recently 

published oocyte reference transcriptome, raw reads were 
mapped to the oocyte-specific transcriptome reported by 
Veselovska et al. [28] using STAR (version 2.5.0a) with 
default parameters [34]. The average mappability of this 
reference oocyte transcriptome for the seven samples was 
79.5% (79.01–80.1%). Next, featureCounts (version 1.5.0-
p1) [35] was used to quantify the reads for oocyte-specific 
transcripts based on the annotation gene transfer format 
(GTF) file provided by Veselovska et al. [28]. Based on 
the read counts, differential transcript analysis between 
Nlrp2-null and WT superovulated oocytes was performed 
using DESeq2 (version 1.22.2) in R [36]. We annotated 
the transcripts to their closest genes using HOMER [37], 
and a gene is considered for the following analyses if the 
transcript is within 10 kb upstream of the gene’s transcrip-
tion start site. For both strategies, principal component 
analysis (PCA) was carried out using the normalized read 
counts for all genes or all transcripts in the R environment.

Fig. 1   Experimental design. Four-week-old WT and Nlrp2-null 
females were superovulated. The next day cumulus oocyte complexes 
(COCs) were collected from the ampulla of the oviduct. Total RNA 
sequencing was performed on RNA from pooled denuded oocytes. 
Left route: first strategy in which reads are mapped to the mouse 
reference genome. Right route: second strategy, in which reads are 
mapped to the mouse oocyte-specific transcriptome
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Gene Ontology and Pathway Enrichment

Function and pathway enrichment analysis was performed 
using three online tools to analyze the biological process, 
cell component, and molecular function of the DEGs; 
Database for Annotation, Visualization and Integrated Dis-
covery (DAVID) (https://​david.​ncifc​rf.​gov/​home.​jsp), and 
the WEB-based Gene SeT AnaLysis Toolkit (WebGestalt 
Toolkit) (http://​www.​webge​stalt.​org/) [38, 39]. The STRING 
(https://​string-​db.​org/) online database was applied to obtain 
a description of know protein–protein interaction (PPI). 
Cytoscape software platform (https://​cytos​cape.​org/) was 
used to visualize the network.

Validations by RT‑qPCR

RNA samples used for validation were isolated from inde-
pendent pools of superovulated oocytes, and 500 ng of RNA 
was reverse transcribed into cDNA using the qScript cDNA 
SuperMix (Quanta Biosciences #95,048). Quantitative 
RT-PCR of reverse-transcribed cDNAs was done with Per-
feCTa® SYBR® Green FastMix ROX (Quanta Biosciences 
#95,073) using the primers listed in Supplementary Table 2. 
Gene expression analysis was performed using the ΔΔCt 
method and normalized to the expression of Rpl19 mRNA.

Overlap of Identified Transcripts with Oocyte Hyper‑ 
and Hypomethylated Domains

Hypermethylated domains (HyperDs) and hypomethylated 
domains (HypoDs) identified by Veselovska, et al. [28] were 
used as references. For the first strategy, a gene was consid-
ered to be into a HyperD or HypoD domain if at least 50% of 
the gene body (from transcription start to transcription end) 
overlaps with the region. Similarly, for the second strategy, 
a transcript is considered in the domain if at least 50% of the 

transcript overlaps with the region. Intersect function from 
bedtools (v2.25.0) was used to identify the overlaps.

Results

Differentially Expressed Genes in Nlrp2‑null 
Compared to WT Oocytes

We isolated meiosis II (MII) oocytes from the COCs of 
superovulated wild-type (WT) and Nlrp2-null female mice. 
To profile the oocyte transcriptomes for both genotypes and 
examine changes in transcript abundance caused by mater-
nal loss of Nlrp2, we performed RNA-Seq on three pools 
of ~ 150 oocytes from WT females and four pools of ~ 150 
oocytes from Nlrp2-null females (Fig. 1). We first analyzed 
the RNA-Seq data by aligning obtained sequences to the 
mouse reference genome. After filtering out genes that were 
covered by fewer than 10 average read counts, we retained 
18,951 genes for further analysis. We performed principal 
component analysis (PCA) to characterize the internal group 
separation, detect any outliers, and determine the degree of 
variation between WT and Nlrp2-null samples and between 
replicates for each. This showed that transcriptome data from 
the four Nlrp2-null pools clustered with each other and sepa-
rated from the WT pool data (Fig. 2a). We then used DESeq 
to find differentially expressed genes (DEGs) between the 
WT and Nlrp2-null oocyte pools, which yielded 231 DEGs 
(adjusted p value < 0.05) (Supplementary Table  1). Of 
these, 123 were upregulated, and 108 were downregulated 
in Nlrp2-null oocyte pools (Fig. 2b).

Altered Biological Processes and Pathways 
in Nlrp2‑null Oocytes

We next analyzed the biological functions of the 231 genes 
that are differentially expressed between Nlrp2-null and WT 

Fig. 2   Principal component 
analysis and MA plot. a Prin-
cipal component analysis of 
normalized transcript counts 
from WT oocyte pools (red) 
and Nlrp2-null oocyte pools 
(blue) cluster separately. b MA 
plot representing the Log2 fold 
change (Y-axis) versus normal-
ized mean expression (X-axis) 
between WT and Nlrp2-null. 
Unchanged genes are in 
grey; differentially expressed 
genes are in red, adjusted p 
value < 0.05

https://david.ncifcrf.gov/home.jsp
http://www.webgestalt.org/
https://string-db.org/
https://cytoscape.org/
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oocyte pools. Based on Database for Annotation, Visualiza-
tion, and Integrated Discovery (DAVID) analysis [40–42] 
(Table  1), both neurogenesis and differentiation were 
enriched among genes with altered expression in Nlrp2-null 
oocytes. Within the neurogenesis category, the main signifi-
cant enriched terms were axon guidance and axon midline 
choice point recognition. Within the differentiation category, 
the main enriched terms were multicellular organism devel-
opment, nervous system development, and axon guidance. 
There were two significantly enriched molecular function 
categories: (1) developmental protein, which included 
significant multicellular organism development and nerv-
ous system development subcategories, and (2) chaperone, 
which included significant enrichment of four subcatego-
ries (ATPase activity, protein processing in the endoplas-
mic reticulum, positive regulation of telomerase activity, and 
COP9 signalosome). Enriched cellular components included 
cytoplasm and tight junction. Enriched tight junctions 
included cell adhesion molecules, bicellular tight junction, 
cell junction, and cell–cell adhesion. We performed func-
tional analysis using the WEB-based Gene SeT AnaLysis 
Toolkit (WebGestalt) [43] (Table 2) for enriched biological 
processes (with p value < 0.05 and FDR < 0.05) and found 
the following enriched processes: protein metabolism, gland 
morphogenesis, post-translational protein modification, cell 
morphogenesis that occurs during neuron differentiation, 
axonogenesis, plasma membrane–bounded cell projection 

organization, cellular protein localization, cellular macro-
molecule localization, cell projection organization, and neu-
ron projection morphogenesis pathways. The Search Tool for 
the Retrieval of Interacting Genes/Proteins (STRING) [44] 
(Table 3) revealed the following top 10 enriched pathways: 
gland morphogenesis, biological regulation, cellular process 
regulation, axonogenesis, neuron projection morphogene-
sis, biological process regulation, cell morphogenesis that 
occurs during neuron differentiation, regulation of cellular 
response to growth factor stimulus, multicellular organism 
development, and neuron differentiation. Enrichments that 
were identified by all three tools (DAVID, WebGestalt, and 
STRING analysis) (Tables 1, 2, and 3) include processes and 
pathways involved in neurogenesis, nervous system develop-
ment, axonogenesis, axon guidance, cell morphogenesis that 
occurs during neuron differentiation, and neuron projection 
morphogenesis. Interestingly, scientists observed neurogen-
esis enrichment in another study that evaluated DNA meth-
ylation in meiosis II (MII) stage oocytes exposed to different 
ovarian stimulation protocols used in assisted reproductive 
technologies [45].

Both WebGestalt and STRING analysis revealed that 
gland morphogenesis had the highest enrichment ratio 
with a false discovery rate (FDR) of 0.01. Among the 
genes annotated to gland morphogenesis were Notch2, 
Ctnnd1, and Tet2, which have higher expression in Nlrp2-
null oocyte pools. These genes are of interest because of 

Table 1   Biological processes, molecular functions, and cellular components identified by functional analysis using DAVID on the genes that are 
differentially expressed between superovulated oocyte pools from Nlrp2-null mice and WT mice

%, Percentage of identified differentially expressed genes out of the total number of genes in a pathway; FDR false discovery rate

Category ID Term ID and description Count % P value

Biological process Neurogenesis (GO:0,007,399) Axon guidance (GO:0,007,411) 9 4.5 8.1E-05
Axon midline choice point recognition (GO:0,016,199) 2 0.9 4.7E-02

Differentiation (GO:0,030,154) Multicellular organism development (GO:0,007,275) 22 9.9 3.20E-03
Nervous system development (GO: 0,007,399) 12 5.4 3.60E-03
Axon guidance (GO:0,007,411) 9 4.5 8.1E-05

Molecular function Developmental protein (GO:0,007,275) Multicellular organism development (GO:0,007,275) 22 9.9 3.20E-03
Nervous system development (GO: 0,007,399) 12 5.4 3.60E-03

Chaperone (KW-9992) ATPase activity (GO:0,016,887) 9 4.1 6.70E-03
Protein processing in endoplasmic reticulum 

(mmu04141)
7 3.2 1.20E-02

Positive regulation of telomerase activity 
(GO:0,051,973)

3 1.4 4.30E-02

COP9 signalosome (GO:0,008,180) 3 1.4 4.30E-02
Cellular component Cytoplasm (KW-0963) Cytoplasm (KW-0963) 92 41.4 1.30E-03

Cytosol (GO:0,005,829) 57 25.7 3.40E-03
Tight junction (KW-0796) Cell adhesion molecules (mmu04514) 8 3.6 3.10E-03

Tight junction (KW-0796) 7 3.2 1.00E-02
Bicellular tight junction (GO:0,005,923) 6 2.7 1.30E-02
Cell junction (GO:0,030,054) 16 7.2 3.50E-02
Cell–cell adhesion (GO:0,098,609) 6 2.7 4.50E-02
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their known function and involvement in mouse oocyte 
growth and embryonic development [46–52]. Quantita-
tive RT-PCR with primers listed in Supplementary Table 2 
confirmed their upregulation in independently collected 
oocyte pools from Nlrp2-null (Fig. 3a–c). TET2 is essen-
tial for survival during the early postnatal period [53]. Tet2 
deficiency decreases oocyte development and quality and 
accelerates age-associated infertility [47]. Tet1-3 deficient 
embryos arrest at the two-cell stage; the most severe phe-
notype is linked to Tet2 deficiency [54]. NOTCH2 regu-
lates ovarian follicle formation and coordinates follicular 
growth [54], and Notch2 deficiency results in embryonic 
death by E11.5, which is related to placental defects [48]. 
CTNND1 plays a crucial role in the developing mouse 
brain such that its ablation results in aberrant embryonic 
morphology and defective neurogenesis and neural tube 
formation in mid-gestation embryos [49, 55].

Network Analysis Shows Enrichment for Proteins 
that Contribute to Post‑Translational Methylation

We then used the STRING online database [44] to identify pro-
teins that interact with or are functionally associated with pro-
teins that upregulated DEGs encode. When we used the highest 
confidence setting in STRING, one “Annotated Keyword” from 
the UniProt database, methylation (KW-0488, gene count = 16, 
FDR = 0.026), a subcategory of post-translational modification 
(PTM; KW-9991), was enriched. We then used Cytoscape [56] 
to extract and visualize the gene network based on this STRING 
protein interaction enrichment (Fig. 4a). We further expanded 
this network to include adjacent genes, which yielded 75 upreg-
ulated genes (Fig. 4b). This expanded network also contains 
Notch2, Ctnnd1, and Tet2, which we found annotated to the 
gland morphogenesis GO term. The expanded network further 
contains Kdm1b, which had higher expression in Nlrp2-null 

Table 2   Biological processes revealed by gene ontology enrichment analysis using WebGestalt of differentially expressed genes

Size, Number of genes present in a pathway; Enrichment Ratio, number of observed over number of expected genes from each GO category in 
the gene list; FDR, false discovery rate

Term ID Term description Size Enrichment ratio P value FDR

R-MMU-392499 Metabolism of proteins 1619 2.287850342 1.65E-06 0.012488707
GO:0,022,612 Gland morphogenesis 143 7.000623139 1.79E-06 0.012488707
R-MMU-597592 Post-translational protein modification 1321 2.425045533 2.80E-06 0.012970274
GO:0,048,667 Cell morphogenesis involved in neuron differentiation 560 3.396552334 3.71E-06 0.012970274
GO:0,007,409 Axonogenesis 418 3.831920034 5.00E-06 0.013338677
GO:0,120,036 Plasma membrane bounded cell projection organization 1434 2.303761548 5.72E-06 0.013338677
GO:0,034,613 Cellular protein localization 1587 2.207820971 7.27E-06 0.014521052
GO:0,070,727 Cellular macromolecule localization 1597 2.193996169 8.33E-06 0.014562697
GO:0,030,030 Cell projection organization 1473 2.242765824 1.00E-05 0.01556247
GO:0,048,812 Neuron projection morphogenesis 610 3.118146405 1.25E-05 0.016021539

Table 3   Differentially expressed genes involved in critical biological processes revealed by gene ontology enrichment analysis using STRING

Strength, The probability of finding the linked proteins within the same KEGG pathway; FDR, false discovery rate

Term ID Term description Observed gene 
count

Background 
gene count

Strength FDR

GO:0,022,612 Gland morphogenesis 11 123 0.94 0.0016
GO:0,065,007 Biological regulation 147 10,591 0.13 0.0016
GO:0,050,794 Regulation of cellular process 135 9541 0.14 0.0023
GO:0,007,409 Axonogenesis 16 351 0.65 0.0024
GO:0,048,812 Neuron projection morphogenesis 19 479 0.59 0.0024
GO:0,050,789 Regulation of biological process 139 9973 0.13 0.0024
GO:0,048,667 Cell morphogenesis involved in neuron differentiation 17 440 0.58 0.0055
GO:0,090,287 Regulation of cellular response to growth factor stimulus 13 277 0.66 0.0097
GO:0,007,275 Multicellular organism development 79 4921 0.19 0.0112
GO:0,030,182 Neuron differentiation 27 1056 0.4 0.0136
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oocytes and was confirmed by qRT-PCR (Fig. 3d). Kdm1b is 
also the highest differentially expressed gene in the enriched 
“metabolism of proteins” pathway. The KDM1B enrichment 
is of interest because it is a H3K4 histone demethylase that is 
required during oocyte development for the establishment of 
DNA methylation marks at CpG islands, including at imprinted 
genes [57]. Oocytes from Kdm1b-null females have increased 
H3K4 methylation and fail to set up proper DNA methylation 
marks at some imprinted genes. Kdm1b-null mice pregnancies 

show severe placental defects and embryos with myriad devel-
opmental abnormalities [57].

Data Analysis According to the Reference 
Oocyte‑Specific Transcriptome Identified Many New 
Transcripts

We next aligned our sequence reads to a previ-
ously reported de novo assembled reference mouse 

Fig. 3   qRT-PCR confirmation 
of selected upregulated genes. 
a. Notch2; b. Ctnnd1; c. Tet2; 
d. Kdm1b. Gene expression was 
normalized to oocyte house-
keeping gene Rpl19. p values 
are indicated for each gene

Fig. 4   Gene network analysis. a 
STRING protein–protein inter-
action and pathway enrichment 
analysis of upregulated differ-
entially expressed genes result 
in one “Annotated Keyword” 
from the UniProt database, 
methylation (KW-0488, gene 
count = 16, FDR = 0.026). b 
Direct interaction between the 
genes implicated in oocyte 
growth and embryonic develop-
ment (selected for qRT-PCR) 
and methylation (KW-0488)
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oocyte-specific transcriptome. This mouse oocyte-spe-
cific transcriptome was obtained using strand-specific 
deep RNA-seq with de novo transcriptome assembly at 
different follicular growth stages. It contains 82,939 tran-
scripts corresponding to 39,099 expressed genes, more 
than half of which were not known prior to that study 
[28]. We mapped the reads to the oocyte-specific tran-
scriptome and, by including a minimum average read 
count of 10 in our samples, identified and further studied 
18,430 transcripts. PCA analysis using these transcripts 
revealed larger variations among samples and showed 
that one Nlrp2-null sample did not cluster with the other 
Nlrp2-null samples (Fig. 5a–b). We therefore removed 
this sample, which resulted in three WT and three Nlrp2-
null samples available for differential expression analy-
sis. There were 228 transcripts with differential expres-
sion at FDR < 0.05 between oocyte pools from WT and 
Nlrp2-null females (Supplementary Table 3). Of these, 90 
had lower expression, and 138 had higher expression in 
Nlrp2-null mice oocytes (Fig. 5c). Since only 47.7% of the 
oocyte transcriptome corresponded to the mouse reference 
annotation [28], we did not expect all 228 differentially 
expressed transcripts to correspond to known genes in the 
reference genome. To further understand these transcripts’ 
characteristics as to known canonical functions, we next 
inspected the genomic alignment of the 228 differentially 
expressed transcripts for known reference genes that have 
a transcription start site (TSS) located within 10 kb of 
the aligned oocyte-specific transcripts. This identified 159 
known reference genes (Supplementary Table 4). WebGe-
stalt GO enrichment analysis of these 159 genes showed 
that most of them are involved in the TGF-beta signaling 
pathway and negative regulation of the hydrogen peroxide 
metabolic process.

DEGs Overlap with Hypermethylated 
and Hypomethylated Domains

The average oocyte methylation level is ∼ 40% with a 
bimodal distribution of CpG methylation, and hypermeth-
ylated CpGs are primarily located within the transcribed 
regions of some genes [58, 59]. In addition to defining 
the mouse oocyte transcriptome, Veselovska, et al. also 
demonstrated that transcription drives DNA methylation 
establishment in female germ cells. They further discov-
ered that methylated CpGs are not randomly distributed in 
oocytes but instead tend to cluster together. They defined 
21,044 hypermethylated domains (HyperDs) and 25,165 
hypomethylated domains (HypoDs) within the oocyte 
DNA methylome [28]. A HyperD is a region that, due 
to active transcription, acquires methylation on the gene 
body, while a HypoD is depleted of methylation because 
it lacks transcription [28].

We first examined the overlap between HyperDs and 
HypoDs of genes with altered expression from RNA-Seq 
data alignment to the reference mouse genome (Fig. 6a, 
Supplementary Table 5). Of the 231 DEGs, 156 (68%) 
overlapped with HyperDs or HypoDs. Given the known 
correlation between gene transcription and DNA meth-
ylation at HyperDs, we next examined the relationship 
between transcript levels in Nlrp2-null versus WT oocytes 
and mapping to HyperDs. We found that 83 of 108 (77%) 
underexpressed genes and 55 of 123 (45%) overexpressed 
genes in Nlrp2-null oocytes overlap with HyperDs. It 
is significantly more likely for underexpressed genes 
to overlap with HyperDs than for overexpressed genes 
(p = 0.0043, Fisher’s Exact test). In contrast, only 4 of the 
108 (4%) underexpressed genes and 14 of the 123 (11%) 
overexpressed genes overlap with HypoDs.

Fig. 5   Principal component analysis. a Principal component analy-
sis of normalized transcript counts from WT oocyte pools (red) and 
Nlrp2-null oocyte pools (blue). b PCA after removal of sample 2820. 
c MA plot representing the Log2 fold change (Y-axis) versus normal-

ized mean expression (X-axis) between WT and Nlrp2-null samples 
compared to reference oocyte transcriptome [28]. Unchanged genes 
are in grey; differentially expressed genes are in red, adjusted p 
value < 0.05
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Next, we analyzed HyperDs and HypoD overlap with 
DEGs identified from alignment to the oocyte reference tran-
scriptome. Of the 228 DEGS, 127 (56%) overlapped with 
either HyperDs (89 transcripts) or HypoDs (38 transcripts) 
(Fig. 6b, Supplementary Table 6). We found that 51 of 90 
(57%) underexpressed genes mapped to HyperDs compared 
to only 38 of 138 (28%) overexpressed genes. Again, it is 
much more likely for underexpressed genes to overlap with 
HyperDs than overexpressed genes (p = 0.0018, Fisher’s 
exact test). When we examined overlap with HypoDs, we 
found that 10 of 90 (11%) underexpressed genes and 28 
of 138 (20%) overexpressed genes in Nlrp2-null oocytes 
overlapped with HypoDs. We do not have genome-wide 
methylation profiling data on these oocytes, but consider-
ing that transcription drives methylation in oocytes, it will 
be interesting to see if methylation levels at the HyperDs 
and HypoDs correlate with over- and underexpression of 
their overlapping transcripts. This could provide mechanis-
tic insight into the consequences of maternal Nlrp2 loss on 
oocytes and, consequently, offspring DNA methylation pat-
terns at specific loci.

Discussion

In this study, we found that maternal loss of Nlrp2, a gene 
that encodes an oocyte SCMC protein, causes altered lev-
els of hundreds of transcripts in superovulated MII-stage 
oocytes. Considering that the zygote and early preimplan-
tation embryo depend on the actions of stored transcripts 
and proteins expressed during oocyte development (until 
the zygotic genome is activated) for all their functions [60], 
these results could elucidate mechanisms by which disrupt-
ing the SCMC (through loss of a component protein) can 
affect the earliest stages of embryonic development. The 
SCMC is conserved among mammals and is essential for 

mammalian preimplantation development. In addition to 
described roles in several important biological processes 
during oocyte-to-embryo transition, the SCMC affects epi-
genetic reprogramming and regulation of mRNAs [13]. Yet, 
despite extensive research, its function remains incompletely 
understood.

Women who carry biallelic pathogenic variants in one 
of several genes encoding SCMC proteins are healthy but 
have an increased risk of embryonic lethality and repro-
ductive failure. This failure is often due to early develop-
mental arrest. Early embryonic arrest is one of the major 
causes of recurrent assisted reproduction failure. It was first 
reported in 2015 that most TLE6-mutant oocytes failed to 
fertilize and that embryos resulting from those that did fer-
tilize arrested at the zygote, two or four cells stage [61]. In 
addition to causing female infertility, maternal inactivating 
variants in these genes can also cause imprinting disorders 
in offspring. Mutations in some genes that encode SCMC 
proteins have been associated with multi-locus imprinting 
disturbance (MLID) and biparental complete hydatidiform 
mole (BiCHM) [17, 18, 23, 27]. This suggests that SCMC 
proteins play a role in establishing and possibly maintaining 
differential DNA methylation at maternally imprinted loci.

Maternal knockouts of different genes that encode SCMC 
proteins in mice most frequently result in early embryo arrest 
but no observed alterations in oogenesis [13]. Female mice 
lacking Nlrp2 experience preimplantation or later embry-
onic loss and produce fewer offspring that have wide-ranging 
developmental phenotypes and abnormal DNA methylation 
at imprinted loci. Nlrp2-null females also produced more 
unhealthy and degenerating follicles compared to WT 
females. [15]. Kuchmiy and colleagues found that oocytes 
from 22 to 25 weeks old Nlrp2-mutant mice that underwent 
parthenogenetic activation progressed asynchronously and 
with significantly reduced rates of early embryonic develop-
ment compared to WT [62]. To our knowledge, at the time 

Fig. 6   Overlap of differentially expressed genes with HyperDs and 
HypoDs. a Overlap of differentially expressed genes from RNA-Seq 
data that were aligned to the mouse reference genome. b Overlap of 
differentially expressed genes from RNA-Seq data were aligned to 
the reference oocyte transcriptome. The top Venn diagrams for each 

panel represents the overlap of overexpressed differentially expressed 
genes with HyperDs and HypoDs and the bottom panel represents 
the overlap of underexpressed differentially expressed genes with 
HyperDs and HypoDs; hypergeometric test; p < 0.05
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of submission, no studies assessing the oocyte transcriptome 
in any mouse model knockout for genes encoding the SCMC 
exist. In a recent study, DNA methylation and gene expres-
sion were assessed in 2-cell embryos and MII oocytes from 
Nlrp14-knockout (KO) and WT female mice. Nlrp14 is a 
maternal effect gene with similar reproductive roles as all 
reproduction-related NLRP genes present in both mouse and 
human genome. Authors reported infertility in Nlrp14-KO 
female mice. These mice had normal oogenesis and oocyte 
ovulation, but embryos from Nlrp14-KO females arrested 
at the two-cell stage. DNA methylation and gene expression 
were impaired in embryos from Nlrp14-KO compared to 
WT. However, DNA methylation levels were comparable 
between MII oocytes from Nlrp14-KO and WT. Further-
more, 163 genes were up-regulated, and 172 were down-
regulated in MII oocytes from Nlrp14-KO compared to WT. 
These data highlight the importance of further investigation 
of the epigenetic regulatory role of all NLRP genes [63].

One study on oocytes from a human patient with loss of 
KHDC3L, an SCMC protein associated with hydatidiform 
moles and MLID, revealed genome-wide DNA methylation 
deficit in the KHDC3L-deficient oocytes. This supported the 
conclusion that KHDC3L is indispensable for establishing de 
novo DNA methylation in the growing human oocyte [22].

We performed functional analysis to gain deeper insight 
into the biological functions of the DEGs and construct that 
transcript networks that are dysregulated in the absence 
of Nlrp2. Functional annotation using DAVID analysis 
revealed that neurogenesis (GO:0,007,399) and differentia-
tion (GO:0,030,154) are the two most enriched biological 
processes. Interestingly, NLRP2 is expressed in the central 
nervous system and its inactivation affects the transcrip-
tion of genes implicated in nervous system development 
[64, 65]. Chaperone (KW-9992) is the most significantly 
enriched molecular function among DEGs. This function 
includes protein processing in the endoplasmic reticulum 
(mmu04141), a process that has been implicated in the 
oocyte-to-embryo transition upon the change of endoplasmic 
reticulum architecture [66]. The SCMC proteins NLRP5, 
OOEP, and PADI6 are required for the formation of oocyte 
cytoplasmic lattices (CPL), with which they colocalize. 
CPL regulates organelle distribution including endoplasmic 
reticulum, oocyte maturation, and microtubule dynamics, 
and stores components of the maternal protein synthesis 
machinery, including ribosomes, to contribute to the early 
embryo [4, 12, 14, 67]. Since NLRP2 is an SCMC protein 
that interacts with OOEP and NLRP5 [15], its absence may 
disrupt CPL function.

In our study, KDM1B was upregulated in Nlrp2-null 
oocytes. KDM1B is the major factor that removes meth-
ylated H3K4 in mouse oocytes and is essential to most 
imprinted genes and CpG islands (CGIs) that acquire meth-
ylation in oocytes [68]. In female germ cells, transcription 

drives most of the de novo DNA methylation establishment 
[29, 30]. Therefore, changes in gene expression that occur 
during oocyte maturation could alter the DNA methylation 
pattern. Another important event that occurs in a growing 
oocyte during de novo DNA methylation establishment is 
the exclusion of H3K4me2/me3 by KDM1B from regions 
that are destined to become methylated. The methylated 
H3K4 histone mark must be removed to recruit DNA 
methyltransferases 3A/3L [68]. The failure to set up DNA 
methylation marks at multiple maternally imprinted loci in 
KDM1B-deficient female oocytes confirms KDM1B’s role 
in this process [57].

Next, to better understand the significance of KDM1B 
upregulation in Nlrp2-null cells and investigate its possible 
connection to altered DNA methylation, we examined the 
expression changes of genes that map to annotated oocyte 
HyperDs and HypoDs. Because active transcription drives 
DNA methylation in oocytes, we hypothesize that altered 
transcription of genes that localize to annotated HyperDs 
and HypoDs can change the methylation status of those 
domains and alter the distribution of HyperDs and HypoDs 
in Nlrp2-null female oocytes. Specifically, less transcription 
of genes that map to HyperDs could cause those HyperDs to 
acquire less or no methylation, turning them into HypoDs. 
Conversely, more transcription of genes that map to HypoDs 
could cause those HypoDs to acquire more methylation, 
turning them into HyperDs (Fig.  7). We observed that 
among the four possible overlaps (1) underexpressed DEGs 
with HyperDs, (2) overexpressed DEGs with HyperDs, (3) 
underexpressed DEGs with HypoDs, and (4) overexpressed 
DEGs with HypoDs the most significant was underexpressed 
DEGs and HyperDs in both analyses (83 for the reference 
genome and 51 for the oocyte reference transcriptome). 
We, therefore, propose that less expression of transcripts 
that map to annotated HyperDs in Nlrp2-null oocytes could 
result in loss of methylation in those HyperDs. Although we 
do not have DNA methylation or histone profiling data for 
these oocytes, recent methylation profiling data from human 
oocytes deficient in KHDC3L revealed a genome-wide DNA 
methylation deficit [22]. It is therefore plausible that deleting 
NLRP2 and other SCMC members causes the same defi-
ciency, but this requires further investigation.

We generated transcriptome data from Nlrp2-null and 
WT oocytes at MII stage. Transcription is globally silenced 
in the final stages of oocyte growth and does not signifi-
cantly resume until the 2-cell embryo stage in mice. There-
fore, oocytes store large numbers of transcripts and proteins 
to support the processes of fertilization and early develop-
ment before zygotic/embryonic genome activation. Thus, at 
the MII stage, when WT oocytes are transcriptionally silent, 
RNA-seq data reflect the abundance of stored transcripts. We 
do not currently know what exactly drives the changes in the 
Nlrp2-null MII oocyte transcriptome, but one or more of the 
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following could be involved. There may be higher or lower 
transcription activity at earlier stages of oocyte maturation, 
the stored transcripts may be more stable or more prone 
to degradation or the programmed silencing of transcrip-
tion before the MII oocyte stage may be disrupted such that 
genes continue to be transcribed longer or are silenced ear-
lier. Which one of these is the culprit and whether different 
mechanisms are involved depending on the genomic features 
of interest is currently unknown. We note that NLRP2 is a 
protein of the SCMC and that its loss disrupts the SCMC, 
and may consequently disrupt structures in the cytoplasm, 
such as the cytoplasmic lattices that are involved in binding 
subsets of mRNAs.

In our study, MII oocytes were collected from supero-
vulated mice, and there is increasing evidence that supero-
vulation alters DNA methylation and gene expression [45, 
69]. Ovarian stimulation also impairs oocyte/embryo quality, 
decreases the implantation rate, and increases embryo ane-
uploidy and fetal malformation rates [70–72]. Although a 
recent study showed very little difference in the DNA meth-
ylation profile between oocytes from superovulated adult 
females and naturally ovulated oocytes [45], we do not know 
if oocytes from Nlrp2 females could be more sensitive to 
the effects of ovarian stimulation. To address this, similar 
studies on oocytes collected without prior superovulation 
and closer to the timing of methylation establishment will 
be needed.

In conclusion, this study shows that the loss of maternal 
Nlrp2 has widespread consequences on the transcriptome 

of mature oocytes. This may in part underlie adverse 
reproductive outcomes and abnormal embryo development 
observed in Nlrp2-null females.
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