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Abstract

Background NLRP2 is a subcortical maternal complex (SCMC) protein of mammalian oocytes and preimplantation
embryos. SCMC proteins are encoded by maternal effect genes and play a pivotal role in the maternal-to-zygotic tran-
sition (MZT), early embryogenesis, and epigenetic (re)programming. Maternal inactivation of genes encoding SCMC
proteins has been linked to infertility and subfertility in mice and humans, but the underlying molecular mechanisms
for the diverse functions of SCMC proteins, and specifically the role of NLRP2, are incompletely understood.

Results We profiled the DNA methylome of pre-ovulatory germinal-vesicle (GV) oocytes from Nirp2-null, heterozygous
(Het), and wild-type (WT) female mice and assessed the transcriptome of GV oocytes and 2-cell embryos from WT

and Nirp2-null females. The absence or reduction of NLRP2 did not alter the distinctive global DNA methylation land-
scape of GV oocytes, including their unique bimodal methylome patterns and methylation at the germline differen-
tially methylated regions (gDMRs) of imprinted genes. However, altered methylation was observed in a small subset

of oocyte-characteristic hyper- and hypomethylated domains and within a minor fraction of genomic regions, particu-
larly in Nirp2-null oocytes. Transcriptome profiling revealed substantial differences between the Nirp2-null and WT GV
oocytes, including deregulation of many crucial factors involved in oocyte transcriptome modulation and epigenetic
reprogramming. Moreover, maternal absence of NLRP2 significantly altered the transcriptome of heterozygous embryos
from Nirp2-null females compared to WT embryos, whereas the transcriptome of heterozygous embryos from Nirp2-null
males was not significantly different from that of WT embryos. Maternal absence of NLRP2 also negatively impacted MZT,
as evidenced by the deregulation of a large subset of zygotic genome activation (ZGA)-related genes.

Conclusions This study demonstrates that NLRP2 is essential for shaping the transcriptome of GV oocytes and pre-
implantation embryos. Maternal loss of Nirp2 negatively impacts ZGA. Our findings that the DNA methylome of Het
and Nirp2-null oocytes was subtly changed, and that gene-body DNA methylation differences did not correlate
with gene expression differences, suggest that posttranscriptional changes in transcript stability, rather than altered
transcription itself, are primarily responsible for the changed transcriptome of Nirp2-null cocytes.
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Background

The processes of transcription, translation, mRNA and
protein stability and degradation, and epigenetic repro-
gramming are highly regulated during oogenesis and
early embryo development. In mice, previously quies-
cent oocytes in primordial follicles resume transcription
in the early postnatal period, and transcription contin-
ues during oocyte growth until it is globally repressed in
fully grown germinal-vesicle (GV) stage oocytes [1], but
oocytes retain cytoplasmic stores of transcripts and pro-
teins encoded by maternal effect genes (MEGs) that are
essential for further oocyte maturation, progression and
completion of meiosis, fertilization, and the earliest stages
of embryo development. The newly fertilized embryo is
also initially transcriptionally quiescent and relies only
on maternal products provided by the oocyte. During the
maternal-to-zygotic transition (MZT), required for the
acquisition of developmental competence by the embryo,
maternal products are progressively degraded through
a maternal pathway (M-decay) and a zygotic pathway
(Z-decay), which requires zygotic genome activation
(ZGA) [2, 3]. ZGA is a massive transcription event that
occurs in two waves: minor ZGA at the mid-1-cell stage
with the activation of a handful of genes through pro-
miscuous transcription and major ZGA at the late 2-cell
stage with the activation of thousands of genes. Once
ZGA is complete, the embryo begins transcribing its own
biparentally inherited genome [4, 5].

In mouse oocytes, transcription drives de novo DNA
methylation [6-8]. Approximately 10 days after birth,
DNA methylation establishment is initiated by the
DNMT3 A/L complex in mouse growing oocytes and
is largely completed by the GV stage [9], at around day
21 when oocytes have about 40% global DNA methyla-
tion [10-13]. The global DNA methylation landscape of
oocytes is unique and differs profoundly from that of
somatic cells. In oocytes, which are non-replicative cells,
DNA methylation is primarily targeted to actively tran-
scribed units, resulting in a bimodal methylome, con-
sisting of broad hypomethylated domains (HypoDs)
and hypermethylated domains (HyperDs). The latter
are mostly associated with gene bodies and encompass
intragenic CpQG islands (CGI) [7, 8, 14]. Other genomic
features that acquire methylation in oocytes are mater-
nal germline differentially methylated regions (gDMRs)
of imprinted genes [15]. The monoallelic methylation of
these gDMRSs is necessary for their parent-of-origin mon-
oallelic expression after fertilization and throughout the
lifespan [8, 16]. Genetic or epigenetic disturbances in the
expression of imprinted genes cause imprinting disorders
[17]. Therefore, the necessity for epigenetic marking of
gDMRs is an important reason why oocyte DNA meth-
ylation is essential for successful development [18].
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In mammals, a subset of MEGs code for subcorti-
cal maternal complex (SCMC) proteins. The SCMC is
a multiprotein complex essential to cytoplasmic lattices
(CPLs) of oocytes and cells of preimplantation embryos
[19]. This complex plays a vital role in various essential
cellular processes during the MZT [20-22]. In mice,
NLRP5, TLE6, and OOEP are proteins that constitute
the core of the SCMC. KHDC3 integrates into this struc-
ture by binding to OOEP. PADI6, NLRP2, and NLRP7 are
additional components of the SCMC (the latter only in
humans) [23]. NLRP5, OOEP, TLE6, and PADI6 are cru-
cial for development beyond the two-cell stage because
their absence from oocytes and embryos before MZT
leads to female sterility [24—27], whereas the absence of
other SCMC proteins, like NLRP2 and KHDC3, causes
milder and variable effects, including delayed preim-
plantation development and decreased fecundity [28,
29]. Other proteins associated with the complex have
since been found, and other components are probably
still to be discovered, consistent with estimates of the
SCMC’s high molecular weight (between 669 and 2000
kDa) [30-35]. A human SCMC has also been identified
[36] and maternal loss of function of some of the genes
that encode SCMC proteins results in embryonic lethal-
ity, biparental complete hydatidiform mole (BiCHM)—a
recurring form of hydatidiform mole (HM) characterized
by trophoblast overgrowth and the absence of embryo
development—and recurrent pregnancy loss [37—41].

Maternal loss of NLRP2 has been associated with a
wide array of reproductive and offspring phenotypes in
both humans and mice. Nilrp2 knockdown in mouse GVs
causes embryonic arrest between the two-cell and eight-
cell stages [32]. We previously showed that female mice
lacking Nilrp2 are subfertile and have adverse reproduc-
tive outcomes. Their offspring have variable phenotypes
that can include early embryonic loss, growth restriction,
delayed development, and congenital anomalies [28]. The
embryonic phenotype was exacerbated during in vitro
culture, where embryos from Nirp2-null females failed to
form blastocysts [42]. We also showed that loss of NLRP2
alters the transcript abundance of hundreds of genes in
superovulated metaphase-II (MII) oocytes, potentially
contributing to the abnormal reproductive phenotypes
and reduced viability of embryos [43]. Although we
found abnormal DNA methylation at a few imprinted
loci in affected offspring of Nirp2-null females [28], we
did not yet examine if the transcriptome changes in MII
oocytes were also associated with locus-specific or glob-
ally altered DNA methylation. It has also been shown that
maternal loss-of-function variants of NLRP2 in humans
cause pregnancy loss and loss of methylation at mater-
nally methylated imprinted gDMRs. This can manifest
in a range of imprinting disorders, including multilocus
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imprinting disturbance (MLID), transient neonatal dia-
betes mellitus (TNDM), Beckwith—Wiedemann syn-
drome (BWS), Silver—Russell syndrome (SRS), as well as
signs of growth restrictions and developmental delays in
probands that were not consistent with any specific diag-
nosis [44, 45]. These combined mouse and human data
indicate that NLRP2, directly or indirectly, plays a role
in epigenetic regulation, supporting a potential broader
role for the SCMC in this process. How loss of cytoplas-
mic NLRP2 and other SCMC proteins impacts epigenetic
programming and reprogramming, particularly DNA
methylation, remains poorly documented. Our previ-
ous work in human showed a genome-wide loss of DNA
methylation in oocytes and preimplantation embryos
caused by maternal loss of function of KHDC3L [46].
Giaccari and colleagues recently found that maternal loss
of Padi6 in mouse oocytes causes genomic hypermethyl-
ation, decreased transcript abundance of ZGA genes, and
increased transcript abundance of maternal decay genes
in 2-cell embryos. In addition, superovulated MII oocytes
from Padi6-null females had significant transcriptome
changes. They also found disrupted intracellular locali-
zation of the maintenance DNA methyltransferase 1
(DNMT1), and its cofactor UHRF1 in GV oocytes,
zygotes, and 2-cell embryos from superovulated Padi6-
null females [47].

In the present study, by applying a method of combined
profiling of gene expression and DNA methylation, we
investigated the molecular changes occurring in Nirp2-
null oocytes during early mouse development. We found
that gene expression was severely impaired in 2-cell
embryos and in GV oocytes at the developmental stage
immediately after the completion of oocyte transcrip-
tion and DNA methylation establishment. Compared to
wild-type (WT), the DNA methylation profile of Nirp2-
null and Nirp2-heterozygous (Het) GV oocytes exhibited
minor changes, which did not correlate with gene expres-
sion differences. Collectively, maternal loss of function
of Nirp2 led to impairments in DNA methylation, gene
expression profile, and ZGA in mice.

Results

Absent or reduced Nirp2 alters ovarian follicle maturation
We collected GV oocytes from 26- to 28-day-old WT,
Het, and Nirp2-null female mice to study their DNA
methylome and transcriptome. Oocytes were collected
in pools of 60-80 oocytes per animal from both ovaries
combined, with each pool from a single mouse serv-
ing as one biological replicate (Fig. 1a and Supplemen-
tary Fig. 1). To avoid potential reproductive effects of
maternally inherited null alleles in Het females, we only
included oocytes from Het females who carry a pater-
nally inherited null allele. There was no difference in
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the number of retrieved oocytes between the three
genotypes (one-way ANOVA: p= 0.66) (Supplemen-
tary Table 1). However, we noted that isolated GVs from
Nirp2-null females tended to degenerate faster compared
to the other two genotypes, indicating that total absence
of NLRP2 reduces oocyte viability. We also counted fol-
licle distribution of both ovaries of five females each
per genotype at postnatal day 24 (P24). Compared to
WT, Nlrp2-null ovaries contained fewer secondary (p=
0.003), antral (p= 0.04) and ovulatory follicles (p < 0.001),
but more atretic follicles (p< 0.001), and Het ovaries
contained fewer antral (p= 0.016), ovulatory (p< 0.001)
but more atretic (p < 0.001) follicles (Fig. 1b, ¢) (multiple
comparisons with Bonferroni, Supplementary Table 2).
We found by locus-specific qRT-PCR that Nirp2 RNA
expression was reduced by about 50% in GV oocytes
from Het females compared to WT and absent in those
of Nirp2-null females (Fig. 1d). Together, these results
indicate that the absence or reduction of NLRP2 impairs
follicle maturation dynamics.

Genome-wide oocyte-specific DNA methylation patterns

are preserved in oocytes from Nirp2-null, Het, and WT mice
We profiled the DNA methylome of seventeen GV
oocyte pools, derived from seven WT, five Het, and five
Nilrp2-null females. We used the post-bisulfite adap-
tor tagging (PBAT) method with slight modifications
[48, 49] to profile genome-wide DNA methylation. After
alignment and removal of duplicate sequence reads, we
retained between 2,084,314 and 27,718,913 uniquely
mapped reads per library for further analysis (Supple-
mentary Table 3). We first observed that the CpG meth-
ylation profiles of all PBAT libraries are highly similar,
with most of the pairwise correlations greater than 0.8.
Moreover, the Nlrp2-null libraries and Het libraries clus-
ter closer to each other than to WT libraries (Supple-
mentary Fig. 2A). Sequencing yielded 2,054,114 CpGs as
the mean number of CpGs covered by at least 3 reads (3X
depth) in each PBAT library (Supplementary Table 3).
However, to do a more rigorous analysis we wanted to
exclude methylomes from oocyte pools with possible
granulosa cell contamination and low read counts. As a
proxy for granulosa cell contamination, we used methyla-
tion levels at X chromosome CpG islands, which is very
low in oocytes, compared to granulosa cells [50], and only
included methylomes from pools with an average X chro-
mosome CpG island methylation level of <13.5%. Addi-
tionally, we set up a cutoff for read counts (> 5,000,000
uniquely mapped reads). Applying these exclusion crite-
ria resulted in a total of 11 oocyte methylomes for fur-
ther analysis: three WT (WT#2, WT#44, and WT#49),
four Het (Het#9, Het#10, Het#27, and Het#30), and four
Nirp2-null (Nlrp2-null#26, Nirp2-null#29, Nirp2-null#33,
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Fig. 1 a Experimental design. GV oocytes were isolated from WT, Het, and Nirp2-null females. Each library (biological replicate) was prepared

from a pool of 60-80 GV oocytes isolated from both ovaries of one female. b Follicle distribution in ovaries from WT, Het, and NIrp2-null mice at P24.
We counted five biological replicates of follicles in both ovaries per genotype. Follicle distributions are represented as percentages of total follicular
counts (**=p< 0.001,** =p< 0.01, *=p < 0.05). c Hematoxylin and eosin (H&E) staining of ovarian sections from wild-type (WT), heterozygous
(Het), and Nirp2-null mice. Ovaries from Het and Nirp2-null mice exhibit a significant reduction in secondary, antral, and ovulatory follicles compared
to WT. Additionally, Het and Nirp2-null ovaries show an increase in atretic follicles relative to WT (P: Primary, S: Secondary, An: Antral, O: Ovulatory,
Ar: Atretic). d Expression levels of Nirp2 in GV oocytes by locus-specific gRT-PCR. Gene expression was normalized to oocyte housekeeping gene

Rpl19.(* =p < 0.05,*** =p < 0.0001)

and Nlrp2-null#34) (see also supplementary method and
Supplementary Fig. 2B-E).

The percentage of genome-wide CpG methylation
was 35.1-47.5%, and for non CpG methylation, CHG
was 4.1-5.4% and CHH methylation was 4-5.8% across
all libraries (Supplementary Table 3). The median CpG
methylation was 42.3% in WT oocyte pools, 41.4% in Het
oocyte pools, and 42.7% in Nirp2-null oocyte pools, with
no statistically significant differences between the geno-
types (WT versus Het; T test: p=0.63, WT versus Nlrp2-
null; T test: p= 1) (Fig. 2a).

(See figure on next page.)

We also examined DNA methylation levels at all pro-
moters and gene bodies. We found that the median meth-
ylation at promoters was significantly lower in Het (1.6%)
and Nirp2-null oocytes (2.1%) compared to WT oocytes
(3.6%) (Tukey multiple comparisons, p< 0.001 for both)
(Fig. 2b). Of the 14,089 promoters with desired 3X depth,
only 274 had different DNA methylation levels between
genotypes (Supplementary Table 4). GO analysis of genes
associated with these promoters showed that the most
enriched biological processes were mRNA processing
(GO: 0006397), blastocyst development (GO: 0001824),
and blastocyst hatching (GO: 0001835).

Fig. 2 a Box plot of overall CpG methylation levels for each genotype. The mean CpG methylation levels for each oocyte pool (represented by dots)
and the median for each group are indicated. b, c Violin plots of methylation levels of promoters (b) and gene bodies (c). Analysis was performed
on 3WT, 4 Het, and 4 Nlrp2-null oocyte pools. d Heatmap of methylation levels of maternal and paternal gDMRs in 3 WT, 4 Het, and 4 Nirp2-nulll
oocyte pools (0-100 represents % methylation). e Methylation levels of oocyte-specific CGls in WT, Het, and Nirp2-null oocyte pools. Box plots show
median (center line), upper and lower quartiles (box limits), 1.5X interquartile range (whiskers), and outliers (points). f Violin plot of genome-wide
DNA methylation in 100-CpG tiles on selected pools of 3 WT, 4 Het, and 4 Nirp2-null oocytes. These libraries exhibit the expected highly bimodal

pattern, but with more variability in Het and Nlrp2-null oocyte pools
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When we quantified methylation levels over gene bod-
ies, we saw no differences between Nilrp2-null (41.9%)
and WT (41.8%) oocytes, but slightly higher methylation
in Het oocytes (43.5%) compared to WT oocytes (Tukey
test for multiple comparisons, p= 0.003) (Fig. 2c).

We next sought to comprehensively investigate the
properties of various characteristic CpG methylation fea-
tures of oocytes, including the methylation patterns and
levels of gDMRs, CpG islands (CGls), oocyte-specific
CGlIs, and the presence of a bimodal DNA methylome,
which can serve as indicators of fidelity of oocyte CpG
methylation pattern.

We evaluated CpG methylation levels of gDMRs
because of their importance in early development and
genomic imprinting. We found that maternal gDMRs
are highly methylated and paternal gDMRs are unmeth-
ylated in oocyte pools, with no difference between the
three genotypes (Fig. 2d). Then, we investigated the
methylation levels of CGIs in the oocyte pools. We had
sufficient coverage to analyze DNA methylation of a
subset of 11,720 CGIs of the total ~23,000 present in
the mouse genome [8, 51]. Applying a threshold of q<
0.05 and methylation difference of 10%, we found that
only six CGIs had differential methylation between W'T
and Het oocytes and only nine between WT and Nirp2-
null oocytes (Supplementary Table 5). We then assessed
CpG methylation levels at the 2,140 highly methylated
oocyte-specific CGIs [8, 51] as an additional indicator
of the expected methylation pattern of normal oocytes
and found that all were highly methylated, irrespective
of oocyte genotypes (Fig. 2e). Hence, even though Het
and Nlrp2-null oocytes had more variable overall meth-
ylation patterns compared to WT oocytes, methylation
at gDMRs and CGIs was not significantly impacted by
reduced or absent NLRP2. This is not unexpected given
the nature of these genomic elements, as any impact on
their methylation is expected to cause a pronounced
embryonic phenotype, which is inconsistent with out-
comes in embryos conceived from Nilrp2-null females
[28].

Next, to ascertain the bimodal DNA methylome of
mouse oocytes, we employed an unbiased 100-CpG til-
ing approach, with each tile containing 100 consecutive
CpGs. As shown in Fig. 2f, the analyzed 11 methylomes
exhibit the expected bimodal DNA methylation pattern
of oocytes, with the lower bump on the violin plot corre-
sponding to regions with low methylation levels (perhaps
HypoDs), and the upper bump corresponding to regions
with high methylation levels (perhaps HyperDs). These
results indicate similar global DNA methylation land-
scapes in oocytes of the three genotypes.
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Distinct changes in DNA methylation at discrete loci in GV
oocytes lacking Nirp2

The above quantitative analysis of 100-CpG tiles (Fig. 2f)
indicates that the bimodal DNA methylation pattern rep-
resentative of the presence of HyperDs/HypoDs is con-
sistently observed in all 11 tested oocyte methylomes.
However, this does not provide details on the number,
distribution, and actual methylation levels of HyperDs/
HypoDs. To address this, we examined the methylation
levels of each individual HyperD or HypoD. We retained
71,941 HyperDs/HypoDs in our WT oocyte methylomes
(out of originally reported 94,513 by Veselovska and
colleagues [7]). The methylation levels of each of these
domains were then measured (Fig. 3a). This analysis
showed that all oocyte pools—irrespective of their geno-
types—contain characteristic oocyte-specific HyperDs
and HypoDs (Fig. 3a). To further confirm the specificity
of this analysis, we also aligned methylation profiles from
granulosa cells (which are not expected to be enriched
for HyperDs and HypoDs) and confirmed the absence
of HyperDs and HypoDs in those cells (left three lanes
in Fig. 3a). (See also supplementary method and Supple-
mentary Fig. 2B—E). To further examine the distribution
of HyperDs/HypoDs, assess whether specific location
of HyperDs/HypoDs is maintained or lost, and if new
ones emerged in Het and Nirp2-null oocytes, we set up
a cutoff for HyperDs as average methylation > 75% and
for HypoDs as average methylation of < 25%. We found
that of the known HyperDs and HypoDs, 63,189 domains
(27,800 hyper and 35,389 hypo) were collectively main-
tained in both the Het and the Nirp2-null oocytes (Fig. 3b
common between the both blue donut graphs). We also
found that 835 HyperDs and 781 HypoDs did not reach
these thresholds in Het oocytes (Fig. 3b left) and that
1,172 HyperDs and 1,239 HypoDs did not reach these
thresholds in Nirp2-null oocytes (Fig. 3b right), which we
interpreted those as lost HyperDs and HypoDs. This indi-
cates that even though only a small fraction of HyperDs
and HypoDs are lost from Het and Nlrp2-null oocytes,
the overall structure and distribution of HyperDs and
HypoDs—a signature feature of oocytes—are sensitive to
maternal loss and haploinsufficiency of NLRP2.

We next sought to identify any generally differentially
methylated regions (DMR) between Het and W'T oocytes
and between Nilrp2-null and WT oocytes. For this anal-
ysis, we employed the adjacent 10-kb tiling approach,
which yielded 252,972 informative tiles with 3X depth in
all 11 samples. A methylation difference of a tile was con-
sidered statistically significant by a chi-square test cor-
rected for multiple comparisons using the SLIM method
(g< 0.01) and when the difference between two geno-
types was > 20%. Applying these criteria, we identified
378 hypomethylated and 599 hypermethylated DMRs in
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11 lanes) compared to granulosa cells (three left lanes) are shown. (0-100 scale represents relative methylation levels.) b Doughnut graphs
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green) in Het (left) and NIrp2-null (right) cocytes
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Het compared to WT oocyte pools (Fig. 4a) (Supplemen-
tary Table 6) and 907 hypomethylated and 1393 hyper-
methylated DMRs in Nlrp2-null oocytes compared to
WT oocytes (Fig. 4b, c) (Supplementary Table 7). These
DMRs were evenly distributed across all chromosomes
(Fig. 4c), but we noted that Nlrp2-null and Het DMRs
were more abundant in intergenic regions than in pro-
moters, exons, or introns (one-way ANOVA, p= 0.01)
(Supplementary Fig. 3). There were 87 DMRs in common
between Het versus WT and Nirp2-null versus WT com-
parisons, which were equally distributed across chromo-
somes (Fig. 4c, d). Although a gene may be much larger
than a DMR, which spans a 10 kb tile, we have identified
interesting genes or clusters associated with these com-
mon DMRs. The first is the maternally imprinted Gnas
gene, residing in a locus with a highly complex imprinted
expression pattern. The second gene is Jarid2, encoding
a cofactor of polycomb complex PRC2, which methylates
histone mark H3 K27 and is essential for embryonic stem
cell differentiation and preimplantation development
[52]. The third are the OboxI and Obox3 genes, which are
required for oocyte maturation, ZGA, and early embry-
ogenesis [53]. These methylation changes, which are
more pronounced in Nlrp2-null oocytes, underscore the
importance of profiling the transcriptome.

Maternal loss of Nirp2 alters the transcriptome of GV
oocytes

We next profiled the transcriptome of twelve GV
oocyte pools, derived from seven WT and five Nirp2-
null females. Upon running the standard analysis pipe-
lines, we observed some overexpressed unannotated
genes that appeared as novel splices between genes
that share a high degree of similarity. These could
result from the presence of variable amounts of unpro-
cessed RNA, DNA contamination in the cDNA librar-
ies or library over-amplification. To ensure a rigorous
analysis, we excluded the approximately 10% of reads
associated with these splices and retained only those
aligning entirely across known splice junctions. The
detailed metrics of the RNA sequencing (RNA-seq)
experiments are in Supplementary Table 8. An Euclid-
ean distance-based correlation matrix of gene counts

(See figure on next page.)
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showed a correlation between samples (Fig. 5a) and
principal component analysis indicated a clear sepa-
ration of oocyte transcriptomes by genotype (Fig. 5b).
After selecting only those genes that were covered by at
least one read in at least one sample, we retained 15,487
genes, with an average of 13,022 per library. Of these,
10,861 were in common between all libraries. Of note,
fewer expressed genes were detected in Nirp2-null
oocytes compared to WT oocyte (Fig. 5¢) (Wilcoxon
test: p= 0.03), which indicates a shift in oocyte matu-
ration. This coupled with impaired follicle maturation
suggests that the overall reproductive maturation in
these animals is delayed.

Differential gene expression was determined by
DESeq2 analysis on the combined oocyte pools from
each genotype followed by filtering for genes with |Log2
FC|> 1 and adjusted p value <0.05. It is important to
recognize for this analysis that fully mature GV oocytes
at the surrounded nucleolus (SN) stage are transcrip-
tionally quiescent cells that store previously transcribed
RNAs. Therefore, the identification of differentially
expressed genes (DEGs) is not solely indicative of dif-
ferences in transcriptional activity between genotypes
but could also reflect altered RNA abundance that arose
from differences in posttranscriptional processes that
influence RNA stability and degradation. Thus, for this
analysis the term “overexpressed DEGs” refers to more
abundant transcripts, while “underexpressed DEGs”
refers to less abundant transcripts. We found 858 DEGs
between Nirp2-null and WT oocyte pools (Supplemen-
tary Table 9). Of these, 418 were overexpressed and 440
were underexpressed in Nlrp2-null oocytes (Fig. 6a and
Supplementary Fig. 4A). Strikingly, the overexpressed
DEGs contain many genes that encode important epi-
genetic regulators, including ZFP57, DNMT1, UHRFI,
and KDM1B, and genes that encode other proteins of the
SCMC, including TLE6, ZBED3, and PADI6. This high-
lights the involvement of NLRP2 in early development
through these factors.

We validated the accuracy of our RNA-seq data by
locus-specific qRT-PCR. Supplementary Fig. 4B reports
the significant difference between RNA expression
between WT and Nilrp2-null of 3 different genes Nirp2,

Fig. 4 Scatterplots of average methylation values of 10 Kb tiles: (@) Comparison between Het (n= 4) and WT oocyte pools (n= 3), and (b) Nirp2-null
(n=4) and WT oocyte pools (n= 3). Each dot is one tile. Red is hypermethylated in Het or Nirp2-null and blue is hypomethylated in Het or Nirp2-null
compared to WT oocytes. ¢ Circos graph comparing genome-wide methylation levels in Nirp2-null versus WT and Het versus WT oocytes

by chromosome. From outer to inner circle: Chromosomes number and size, G-banding pattern, 87 common DMRs, all informative tiles in Nirp2-null
versus WT in light blue, a brush indicating occupancy of DMRs out of all informative tiles in black, the 2300 DMRs identified in Nirp2-null versus WT
in brown to green, a brush indicating the occupancy of DMRs out of all informative tiles in black, the 977 DMRs identified in Het versus WT in brown
to green, all informative tiles in Het versus WT in light blue (Brown to green represents low to high methylation differences). d Venn diagram

of the number of unique and common DMRs between Nirp2-null versus WT (green) and Het versus WT (pink) comparison
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Trim28, and Obox3, which supports the reliability of our
transcriptome data.

We then conducted Gene Ontology (GO) enrichment
analysis to find the most enriched biological processes
among the identified DEGs. Overexpressed DEGs were
enriched for regulation of gene expression (GO:0010468),
prevention of polyspermy (GO:0060468), embryo devel-
opment (GO:0009790), and nervous system devel-
opment (GO:0007399). Underexpressed DEGs were
enriched for aerobic respiration (GO:0009060), gamete
generation (GO:0007276), mitochondrion organiza-
tion (GO:0007005), RNA processing (GO:0006396), and
apoptotic process (0006915). All these biological pro-
cesses align with the recognized role of the SCMC in
early development.

We next inspected MA plots which visualize DEGs
between Nlrp2-null and WT oocytes (Fig. 6b) while also

factoring in the average overall expression levels for each
gene across both genotypes. We found that DEGs in the
Nirp2-null to WT comparison are distributed across the
entire range of expression levels (Fig. 6b). However, we
noted that highly abundant genes are enriched for over-
expressed DEGs and lowly abundant genes are enriched
for underexpressed DEGs. This observation, coupled with
the identification of lower overall expressed gene counts
in oocytes of Nirp2-null mice, along with the impaired
follicle maturation in those mice, implies that Nlrp2-null
oocytes are distinctly different from WT oocytes.

No correlation between GV oocyte DNA methylation

and transcription

Given that transcription drives DNA methylation estab-
lishment within gene bodies in oocytes, we aimed to
explore the relationship between gene expression and



Anvar et al. Clinical Epigenetics (2025) 17:92

Page 11 of 22

20 ! :
| | Gtf2a
15 1 e a
Q i |
e ! i Sodl
g | 5p110
| 10 4 Bel6 Znrf2 i : S;MI.Fam46c Obox3
Ankrd49 | (114° -
i al ]
. Nsg2
Sle22a18 -Sle &
Riiad1 ;
O —
1 ] 1 ] 1
6 -3 0 3 6
Log, fold change
® 0
& ; >
b= (4 ®
() : E A ° ®
ko] . °
L
g
-10 .
1 100 10000

Mean of normalized counts
Fig. 6 a\olcano plot of DEGs between Nirp2-null and WT oocyte pools. Note: we removed Nirp2 for better visualization of the other DEGs
but refer to Supplementary Fig. 5A for volcano plot that includes Nirp2 (Red: overexpressed genes; blue: underexpressed genes; gray: genes
without significant expression difference; vertical dashed lines: Log2 FC cutoff; horizontal dashed lines: significance level). b MA plots of Log? fold
changes (y-axis) over mean expression levels (x-axis) in Nirp2-null versus WT oocyte pools (with same colors for DEGs)

DNA methylation using integrative scatter plots that
contrast the expression differences of DEGs with their
corresponding gene-body DNA methylation differences.
We analyzed the 230 DEGs from the Nirp2-null versus
WT comparison that also had available methylation data
(Supplementary Table 10). There was no correlation for
Nilrp2-null to WT comparison (Spearman correlation
coefficient of 0.056, p= 0.4; Supplementary Fig. 5A). To
further investigate the correlation between gene expres-
sion and DNA methylation, we selected the top 25% of
DEGs and plotted them against the top 25% of genes with

the highest gene-body methylation differences (Supple-
mentary Fig. 5B). This analysis yielded 19 DEGs (Sup-
plementary Table 10) containing intriguing targets for
potential future detailed analysis including UhrfI, encod-
ing a DNMT1 cofactor, and Obox3, which is required for
oocyte maturation, ZGA and early embryogenesis [53].
The absence of a strong correlation between gene
expression and DNA methylation differences suggests
that the methylation differences between Nirp2-null and
WT oocytes are likely not driven by altered transcription.
This may be because identified DEGs predominantly
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of the number of unique and common DEGs between Het maternal effect versus WT and Het maternal effect versus Het paternal effect

comparisons

result from posttranscriptional changes in transcript
abundance from altered RNA stability and RNA degrada-
tion, rather than from changes in active transcription.

Maternal loss of Nirp2 alters the transcriptome of embryos
and negatively impacts maternal-to-zygotic transition
We profiled the transcriptome of 11 WT, 10 Het pater-
nal effect, and 10 Het maternal effect single late 2-cell-
stage embryos. Embryos were isolated at embryonic day
1.5 (E1.5) from the matings mentioned in Supplementary
Fig. 6A. There was no statistically significant difference
in the number of embryos retrieved from each genotype
(Supplementary Fig. 6B) and no morphological differ-
ences among embryos of the three genotypes (Supple-
mentary Fig. 6C).

Detailed metrics for the RNA-seq experiments are pro-
vided in Supplementary Table 11. Each RNA-seq library

had an average read count aligned to genes of 14,794,747
(range 11,644,940—20,093,305). After filtering for genes
covered by at least one read in at least one sample, we
retained an average of 18,123 genes (with no statistically
significant difference between genotypes), which were
taken into consideration for further analysis.

We identified 17 DEGs between Het paternal effect
and WT embryo pools, 867 DEGs between Het maternal
effect and WT embryo pools, and 1,142 DEGs between
Het maternal and Het paternal effect embryos (Supple-
mentary Table 12). Of the 17 DEGs between Het pater-
nal effect and WT embryos, 11 were overexpressed and
6 were underexpressed in Het paternal effect embryos.
Among the 867 DEGs between Het maternal effect and
WT embryos, 614 were overexpressed and 253 were
underexpressed in Het maternal effect embryos. Of the
1,142 DEGs between Het maternal and Het paternal
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effect embryos, 652 were overexpressed and 490 were
underexpressed in Het maternal compared to Het pater-
nal effect embryos (Fig. 7a—c). Interestingly, key regula-
tors of mouse ZGA including genes in the Zscan family,
the Tcstv family, the Obox family, and Trim43 were dereg-
ulated with maternal absence of NLRP2.

There are 489 DEGs in common between Het mater-
nal effect versus WT and Het maternal effect versus Het
paternal effect comparisons (Fig. 7d) (Supplementary
Table 12). Of these, 129 were underexpressed and 360
DEGs were overexpressed in both comparisons. Nota-
bly, genes encoding important epigenetic regulators such
as Zfp57 and other genes encoding for SCMC proteins,
including Nirp5, Ooep, Nirp9, and Nirp4 F, were among
the commonly overexpressed DEGs. The most enriched
biological processes among the commonly overexpressed
DEGs include DNA damage response (GO: 0006974),
regulation of defense response (GO: 0031347), regulation
of programmed cell death (GO: 0043067), and regulation
of transcription by RNA polymerase II (GO: 0006357).

To investigate how the identified DEGs in Het mater-
nal effect embryos relate to genes that are altered dur-
ing MZT, we compared the transcriptome data from
GV oocytes of WT females with WT 2-cell embryo data
(Fig. 8 middle panel). There were 8,819 DEGs (5,064
overexpressed and 3,755 underexpressed) between WT
GV oocytes and WT 2-cell embryos. These represent

[207 Underexpressed in J EQI Overexpressed in Heﬂ
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genes whose expression or abundance changes during
the transition from the GV state to the early embryonic
state in WT and are thus used as the reference set (Sup-
plementary Table 13). We next investigated if a subset of
the overexpressed DEGs in the WT GV to embryo tran-
sition are directly involved in ZGA and found that 50%
of a published list of major ZGA genes [54] were among
the 5064 overexpressed DEGs. Similarly, we checked if
a subset of the underexpressed DEGs between WT GV
and embryos are among the maternal pathway (M-decay)
genes and again found that 48% of the published M-decay
genes were among the 3,755 underexpressed DEGs in
this reference list.

We then compared the identified DEGs in Het mater-
nal effect 2-cell embryos versus WT 2-cell embryos with
the above 8,819-gene reference list (Fig. 8 left panel). This
yielded 598 common DEGs, with 207 underexpressed
and 391 overexpressed in the Het maternal effect com-
pared to the reference list (Supplementary Table 14).
Interestingly, 73% of these 207 underexpressed genes in
the Het maternal effect embryos follow an opposite trend
in the reference list, indicating that genes expected to be
overexpressed during the transition from the GV to 2-cell
embryo were underexpressed as a result of maternal
absence of NLRP2. Additionally, 95% of the 391 overex-
pressed genes in Het maternal effect follow the opposite
trend in the reference list, suggesting that genes normally

[333 Underexpressed in } [t(ﬂ Overexpressed in Hej

Hetmaternal matamsl Het maternal maternal
Reference
598 common DEGs 740 common DEGs
'd N\
WT GV
(
Het maternal vs. WT Het maternal vs. paternal
( ) ( )
WT embryo Het maternal Het paternal ~ Het maternal
embryo embryo embryo
o - (<)o) D -
WT embryo
614 Overexpressed 5064 Overexpressed 652 Overexpressed
253 Underexpressed ) \3755 Underexpressed) L 490 Underexpressed

Fig. 8 Schematic showing the strategy to investigate the role of DEGs during MZT. The reference list was obtained by comparing RNA-seq data
from WT GV oocytes and WT 2-cell embryos (middle panel). Left and right panels represent the DEGs identified in Het maternal effect versus WT
embryos and in Het maternal effect versus Het paternal effect embryos, respectively. Curved arrows on the left and right represent the comparison

between these lists of DEGs and the reference list
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silenced during the transition from GV to 2-cell embryo
were instead overexpressed with maternal absence of
NLRP2. Genes that code for many important epigenetic
regulators including ZFP57, KDM1B, SETD1 A and for
other SCMC proteins, including NLRP5, NLRP14, NLR-
P9abc, PADI6, TLE6, and OOEP, were among the DEGs
that exhibited opposite expression patterns.

Additionally, we compared the identified DEGs
between Het maternal effect embryos versus Het pater-
nal effect embryos with genes of the reference list (Fig. 8
right panel). This yielded 740 common DEGs, with 333
underexpressed in Het maternal effect and 407 overex-
pressed in Het maternal effect embryos (Supplementary
Table 15). Again, 81% of the 333 underexpressed genes in
the Het maternal and 83% of the 407 overexpressed genes
in the Het maternal effect embryos exhibit an opposite
trend compared to the reference list. This corroborates
the expectation that the transcriptome of Het paternal
effect embryos closely resembles that of WT embryos,
indirectly suggesting that Het paternal effect embryos are
similar to WT embryos.

Finally, we overlapped the 598 genes from the reference
list that were differentially expressed in Het maternal
effect embryos compared WT embryos with published
minor ZGA and major ZGA gene lists [54]. We found
that of the 207 overexpressed DEGs, only 17 (8%) over-
lapped with the minor ZGA published list, but as many
as 99 (48%) overlapped with the major ZGA gene list.
Additionally, 279 (71%s) of the 391 underexpressed DEGs
overlapped with the published M-decay gene list. Taken
together these results demonstrate that the absence of
maternal NLRP2 impaired ZGA in 2-cell embryos.

Discussion

NLRP2 is a protein of the SCMC of oocytes and pre-
implantation embryos. Maternal NLRP2 function in
oocytes is important for methylation and expression of
imprinted genes in placentas and embryos or offspring in
both humans and mice [28, 55-57]. Our previous stud-
ies in Nilrp2-null mice have shown that maternal com-
plete loss of NLRP2 causes reduced fecundity, embryonic
and placental defects, and offspring with birth defects
and growth abnormalities, with evidence of methylation
and expression changes at selected imprinted loci. These
defects cannot be rescued by embryo transfer into the
uterus of WT females [42], implying that they originate
in oocytes. This is further supported by our observa-
tion that ovaries of Nlrp2-null females have altered fol-
licle distribution [28], itself a feature that had not been
previously reported for inactivation of other similar
SCMC protein coding genes, such as TLE6, KHDC3, and
NLRP5, but investigations of oocyte and follicle mor-
phology in those reports were more limited [25, 26, 29].
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This supports that NLRP2 has a broader role in epige-
netic reprogramming during early development, with
important consequences for pregnancy and offspring
development. Although altered oocyte and early embryo
epigenetic reprogramming has been shown in mouse
oocytes and embryos lacking another SCMC protein,
NLRP14 [58], this has not yet been examined for NLRP2.
Although the reproductive phenotypes of maternal loss
of NLRP2 are variable, there are currently no studies that
have examined if these phenotypes are only observed
with complete loss of maternally expressed SCMC pro-
teins like NLRP2, or whether their dosage is important.

To this end, we characterized how loss of NLRP2 in
oocytes and 2-cell embryos impacts their development,
transcriptome, and methylome. We performed, to our
knowledge, the first detailed morphological characteri-
zation of ovarian follicles of Nirp2-null, Nirp2-Het, and
WT females, followed by parallel transcriptome and
methylome profiling using the G&T-seq protocol on iso-
lated GV-stage oocytes from 26- to 28-day-old female
mice. Confirming our previous data [28], we found
altered follicle distribution in the ovaries of Nlrp2-null
mice, with fewer secondary, antral and ovulatory folli-
cles and more atretic follicles, and we also noted that GV
oocytes from Nlrp2-null mice tend to degenerate faster
during isolation. Both observations indicate that the
GV oocytes from the Nirp2-null mice are developmen-
tally compromised, even though all current data indi-
cate that they are fertilization-competent in both human
and mice, although with variable embryo development
and pregnancy outcomes. We found that ovaries from
Het females also have altered follicle distribution, with
fewer antral and ovulatory follicles and more atretic fol-
licles compared to WT. This was unexpected since these
mice are fertile and have no known adverse reproductive
outcomes [28], but is the first indication that not only
loss, but also reduced NLRP2 dosage negatively impacts
oocyte development. The reduction in antral and ovula-
tory follicles in Het mice, despite their fertility, suggests
that NLRP2 plays a critical role in follicle maturation and
that even partial loss of function can disrupt this process.
While Het mice are fertile, the reduction in follicles may
not necessarily translate to a reduction in the number
of ovulated oocytes but could instead affect the qual-
ity of the oocytes. To our knowledge, this has not been
reported for any other mouse model with inactivation of
genes encoding proteins of the SCMC. Interestingly, this
observation may be relevant to data from some human
studies showing that heterozygous maternal loss of
NLRP2 and other SCMC proteins is associated with early
pregnancy loss and other adverse reproductive outcomes
[40, 45, 59-61].
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This prompted us to perform comprehensive epige-
netic profiling of GV oocytes and 2-cell embryos. We
selected the GV oocyte stage because it is the closest to
the time that transcription and methylation establish-
ment in oocytes is complete, making it less likely that
any observed changes result from altered oocyte growth
or maturation beyond this stage. Furthermore, this pre-
ovulatory stage also allowed us to collect enough oocytes
from ovaries without needing superovulation, which is
required for collecting larger numbers of post-ovula-
tory oocytes. This is important because superovulation
recruits oocytes that are not primed for ovulation and
therefore may not have completed epigenetic maturation,
and effects of superovulation on oocyte gene expression
have been demonstrated in some studies [62]. Another
reason we wanted to avoid superovulation is because it
has been reported that hormonal treatments used in
superovulation protocols can reduce DNMT1 protein
expression in mouse GV oocytes [62]. Moreover, our
previous study showed that superovulation of Nilrp2-
null female mice results in more severe embryo pheno-
types [28]. We found that GV oocytes of null females
have altered transcript abundance and methylation pat-
terns compared to WT oocytes. This indicates that there
is a mismatch between the significant morphological
and molecular phenotypes of GV oocytes and the repro-
ductive outcomes, since oocytes of both Nirp2-null and
Het mice are fertilization-competent, with fertilized Het
oocytes, yielding pregnancies with comparable outcomes
to WT.

There were several interesting findings in the meth-
ylation profile data. First, genome-wide DNA methyla-
tion levels of Het and Null oocytes were not significantly
different from those of WT oocytes. Second, when we
examined imprinted gDMRs, we confirmed high meth-
ylation of maternal gDMRs and low methylation of
paternal gDMRs, with no difference between genotypes.
Similarly, only very few CGIs (~ 0.1%) and none of the
oocyte-specific CGIs had different methylation between
genotypes. These observations are consistent with those
in oocytes of Padi6 and Nlrp14 knockout mouse mod-
els [47, 58]. The few genes under control of CGIs that
had altered methylation include Fzd5 (essential for yolk
sac and placental angiogenesis [63]), Hfml (mutations
of which are linked to decreased embryo development
capacity and increased number of cell division times
[64]), Parp8 (required for spindle positioning to oocyte
cortex and mediating asymmetric divisions [65]), Fgfr2
(crucial for trophectoderm development and blastocyst
implantation [66]), and Tcf3 (required for proper axial
mesoderm structures in the early embryo [67]). Third,
when we examined the larger hyper- and hypomethyl-
ated domains (HyperDs and HypoDs) characteristic of
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oocytes, we found that quantitatively, the overall bimodal
methylation patterns were well conserved across geno-
types. However, a deeper analysis of distinct domains
indicates that a subset of the HyperDs lost methylation
in Het and Null oocytes and conversely, a subset of the
HypoDs gained methylation in Het and Null oocytes.
When we agnostically examined regions with differential
methylation between the genotypes using a 10-kb tiling
approach, we found 977 DMRs in Het compared to WT
oocyte pools and 2300 DMRs in Nirp2-null oocytes com-
pared to WT oocytes. We noted that compared to WT,
Nirp2-null and Het gained DMRs in intergenic regions
than in promoters, exons, or introns. None of these
observed methylation changes favored any specific chro-
mosomes, indicating that there are genome-wide imbal-
ances in DNA methylation in both Het and Nlrp2-null
oocytes. It remains to be determined whether this is caus-
ally related to the mislocalization of DNMT1 or other
epigenetic regulators that influence DNA methylation.
Transcriptome profiling of GV oocytes and 2-cell
embryos revealed interesting findings as well. First, the
number of expressed genes was significantly lower in
the Nlrp2-null GV oocytes but this difference was not
observed in the transcriptome of 2-cell embryos which
suggests that NLRP2 plays a critical role in maintaining
the maternal transcriptome during oocyte maturation.
However, the embryo may have mechanisms to partially
compensate for the loss of NLRP2 by the 2-cell stage,
possibly through the activation of zygotic transcription or
other compensatory pathways. This highlights the impor-
tance of NLRP2 in the early stages of oocyte development
and suggests that its role may be less critical once ZGA
is underway. Second, many important epigenetic regu-
lators were found among DEGs in Nlrp2-null oocytes
and Het maternal effect embryos, including ZFP57,
TRIM28, UHRF1, and KDM1B. We also identified some
of the factors involved in oocyte transcriptome shaping
among overexpressed DEGs such as CPEB1. We further
found that other proteins of the SCMC, including TLE6,
ZBED3, and PADI6 among the overexpressed genes.
Third, with respect to overall transcriptome profiling
results, we propose that altered RNA abundance could
either reflect overexpression at an earlier stage, increased
abundance due to increased transcript stability, delayed
clearance of maternal transcriptome, or a combination of
these. This could be related to changes in cytoplasmic lat-
tices (CPLs) in Nirp2-null oocytes. It is well established
that oocytes store mRNAs and proteins that are essen-
tial for embryonic development. These include regula-
tors of the epigenetic reprogramming that takes place in
the early preimplantation embryo after fertilization and
before the embryo activates its own biparental genome.
These proteins localize to CPLs, which are twisted fibers
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of individually stacked filaments, and of which the SCMC
is a component [19]. The presence of an intact SCMC is
vital to the integrity of the CPLs and for preventing pre-
mature degradation or premature nuclear localization
of stored proteins and consequent early embryo arrest
[24, 30, 33, 34]. If the disrupted CPLs cause altered pro-
tein abundance in the cell, the expression changes could
be to compensate for lost or mislocalized proteins, for
example, increased shuttling into the nucleus. We have
shown that loss of maternal NLRP2 alters cytoplasmic
localization of DNMT1 [28]. Knockout models of Padi6,
Nirp14, and Stella [47, 58, 68, 69] also have mislocalized
DNMT1 along with its cofactor UHRF1, with aberrant
nuclear localization of the DNMT1/UHRF1 complex,
coupled with global hypermethylation and impeded ZGA
[58, 68, 69]. DNMT1 is a known maintenance meth-
yltransferase [70], but it can also function as a de novo
methyltransferase [13, 68]. This may in part explain the
altered methylation seen in Nlrp2-null and Het oocytes
in this study, as well as our previous report of abnor-
mal DNA methylation in embryos [28]. Additionally,
we observed overexpression of UHRF1 in Het mater-
nal effect embryos, which could represent a mechanism
employed by the embryo to counteract the effects of the
absence of NLRP2 and CPLs on DNMTT1 localization.
Fourth, transcriptome profiling of embryos revealed
underexpression of many ZGA genes in Het maternal
effect 2-cell embryos compared to both WT and Het
paternal effect embryos. Although both minor ZGA and
major ZGA were repressed, we observed that early 2-cell
marker genes, specifically Dux family members, were
normally expressed. In contrast, DUX target genes such
as Zscandc, Zscan4 d, and Trim43 [71, 72] were underex-
pressed in Het maternal effect embryos, suggesting that
maternal loss of NLRP2 mostly affects major ZGA dur-
ing the late 2-cell stage. This finding aligns with previous
studies on maternal NirpI4-null and Padi6-null mod-
els, where major ZGA impairment was accompanied by
developmental delay [47, 58]. Fifth, during MZT, mater-
nal mRNA clearance occurs through two pathways: the
maternal pathway (M-decay) before ZGA and the zygotic
pathway (Z-decay), which requires ZGA and is regulated
by polyA-binding protein genes, PABPN1 and PABPC1
[73]. In our study, Pabpcl was underexpressed, which
may explain why M-decay genes were compensatorily
overexpressed.

The final important step was the integrative analysis
of transcriptome and methylome, to begin to shed light
on whether altered transcription was at the origin of the
methylation changes in the Het and Null oocytes. The
lack of correlation indicates that this is likely not the case
and that the methylome and transcriptome are disrupted
through different mechanisms in these mutant oocytes.
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Conclusion

Our study reveals a significant role for the maternal effect
gene Nirp2 in shaping the transcriptome of GV oocytes,
likely through a mechanism unrelated to DNA meth-
ylation establishment. We also showed that not only its
absence in Nirp2-null animals but also its reduced dosage
in Het animals result in morphological and methylation
differences in GV oocytes. Furthermore, extensive tran-
scriptome changes in Het maternal effect embryos high-
light the role of NLRP2 in early embryogenesis. These
alteration affects regulators of the ZGA process, which
may explain, at least in part, the adverse developmental
outcomes observed in Nlrp2-null female mice.

Materials and methods

Oocytes and embryos collection and biological replicates
All experiments were approved by the Institutional Ani-
mal Care and Use Committee (IACUC) at Baylor College
of Medicine (BCM) under study protocol (AN-2035) and
conducted according to institutional and governmental
regulations concerning the ethical use of animals. Ani-
mals were housed in facilities approved by the Associa-
tion for Assessment and Accreditation for Laboratory
Animal Care International (AAALAC).

We collected fully grown germinal-vesicle (GV)
oocytes from the ovaries of our previously generated
Nirp2imia/imla (Nlrp2-null), Nirp2"#* heterozygous
(Het), and Nirp2** (WT) virgin females at 26-28 days
of age [28]. To avoid any transgenerational reproductive
effects in Het females from a maternally inherited null
allele, we only studied Het females that were offspring of
crosses between Nlrp2™%+ females and Nlrp2imie/imla
males. We mechanically released oocytes from ovaries
using a fine needle [74] and denuded recovered oocytes
from granulosa cells by gentle pipetting with 75 um strip-
per tips (CooperSurgical, Inc., USA) in M2 medium
(Sigma, Japan). We then washed clean oocytes twice in
PBS and collected 60—80 oocytes from both ovaries com-
bined from each female, which served as one biological
replicate oocyte pool. We lysed oocyte pools in 5 pl RLT
Plus buffer (Qiagen, Germany) and stored them at —80
°C until further use.

2-cell embryos were collected following a superovula-
tion treatment. Superovulation was induced in 4-week-
old WT and Nirp2-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 gonadotropin (hCG; EMD Mil-
lipore, USA) 48 h (h) later. Immediately after hCG injec-
tion, females were mated with males. To collect the 2-cell
embryos, we set up the following matings: (a.) The 11
WT embryos, which served as controls, were isolated
from three WT females mated with three WT males.
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Two matings yielded four embryos, and one mating
yielded three embryos. (b.) The ten “Het paternal effect”
embryos were isolated from three WT females mated
with three Nilrp2-null males, with the null allele trans-
mitted by the male. Two matings yielded three embryos,
and one mating yielded four embryos. (c.) The ten “Het
maternal effect” embryos were isolated from three Nirp2-
null females mated with three WT males, with the null
allele transmitted by the female. Two matings yielded
three embryos and one mating yielded four embryos
(Supplementary Fig. 6A). Vaginal plug checks were per-
formed the following morning, with midday of that day
considered as EO0.5. Two-cell embryos were collected
at midday on E1.5. Embryos that had extruded the sec-
ond polar body and formed two pronuclei were isolated
in M2 medium (Sigma, Japan) by rupturing the oviduct
ampullae. We lysed 2-cell embryos individually in 5 pl
RLT Plus buffer (Qiagen, Germany) and stored them at
— 80 °C until further use.

Histological studies

Ovaries were collected from 3-week-old mice, dissected
from surrounding fat in 1X PBS and fixed in Formalde-
Fresh (Fisher Scientific, Pittsburg, PA) overnight at 4 °C.
Fixed tissues were washed twice for 30 min in 1X PBS
and subsequently dehydrated in 50%, 70% ethanol, and
3% in 100% ethanol, for an hour each at room tempera-
ture (RT). The tissues were then treated 3X for 30 min
each with xylene, followed by 2% 1 h in paraffin at 55 °C
before embedding tissues in paraffin. Paraffin-embedded
tissues were then serially sectioned at 5-8 uM thick-
nesses and used for hematoxylin and eosin staining
(H&E) and microscopy to assess oocyte and follicle mor-
phology. Every 10th section was photographed, and the
number and developmental stages of follicles containing
oocytes within each section were recorded. Five females
from each genotype (Nirp2-null, Het, and WT) were
used for the analysis.

Parallel bisulfite and RNA sequencing by genomes

and transcriptomes sequencing (G&T-seq)

To perform parallel bisulfite and RNA sequencing from
the same thawed oocyte-pool lysate, we completed the
initial 53 steps of the published G&T-seq protocol with
minor changes to obtain gDNA and RNA from each
oocyte pool [75]. Purified gDNA was then used for BS
conversion and PBAT library preparation according to
the described protocol [76] with minor changes. We first
prepared MyOne Streptavidin C1 Dynabeads (Fisher
Scientific, USA) according to manufacturer’s instruc-
tions, labeled them with biotinylated oligo-dT30 VN
(100 uM) to make the RNA libraries. We then resus-
pended the oligo-dT30 VN labeled Dynabeads into bead
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resuspension buffer before adding them to the tubes con-
taining the cell lysates. We placed the tubes on a magnet
to physically separate polyadenylated mRNA attached to
the beads and gDNA in the supernatant. We transferred
the supernatant containing the gDNA to a new tube and
washed the Dynabeads three more times in wash buffer
to maximize the gDNA recovery. To make the RNA-
Seq libraries, we reverse-transcribed the polyadenylated
mRNA attached to the Dynabeads and PCR-amplified
the obtained cDNA before tagmentation-based cDNA
library preparation with Illumina’s Nextera XT Index
Kit v2 Set C per the manufacturer’s instructions. Briefly,
we subjected 200 picograms of amplified cDNA under-
went tagmentation at 55 °C for 5 min and mixed them
with 1 pl of index 1 (one of S513, S515, to S518, S520 to
§522) and 1 pl of index 2 (one of N701 to N707, N710 to
N712, N714, N715). We then PCR-amplified and purified
these products on Agencourt AMPure XP beads (Beck-
man Coulter, USA) in a 0.7:1 volumetric ratio and eluted
them in nuclease-free water. To make the PBAT librar-
ies, we purified the gDNA with Agencourt AMPure XP
beads in a 0.9:1 volumetric ratio to capture gDNA frag-
ments of >200 bp. We then bisulfite-converted the recov-
ered gDNA using the EZ Methylation Direct Kit (Zymo
Research, USA) per manufacturer’s instructions and dou-
ble-tagged the converted DNA with Illumina adapters.
To add the 6 NF oligo or Preamp Oligo (IDT, USA) which
acts as Illumina adaptor one to the bisulfite-converted
DNA, we eluted the gDNA fragments in 40 pl of first-
strand synthesis master mix purified this first-strand syn-
thesis product in a 0.8:1 volumetric ratio of Agencourt
AMPure XP beads (Beckman Coulter, USA). We then
added 40U of exonuclease I (New England Biolabs, USA)
to the reactions for exonuclease digestion and eluted this
product in 50 pl of second-strand synthesis master mix
to add the 6 NR oligo or Adaptor 2 Oligo (IDT, USA)
(which acts as Illumina adaptor two) by second-strand
synthesis. We purified this product in a 0.8:1 volumetric
ratio of Agencourt AMPure XP beads (Beckman Coulter,
USA). Both amplifications were mediated by 50U of Kle-
now exo- (Enzymatics, USA). We next added a 50 pul PCR
master mix with the Illumina forward PE1.0 primer and
[llumina reverse indexed primer (iPCRTag) to the beads
to amplify the libraries using 1U of KAPA Hifi Hotstart
DNA polymerase (Roche, Switzerland). We then purified
the libraries with a 0.8:1 volumetric ratio of Agencourt
AMPure XP beads (Beckman Coulter, USA) and eluted
them in EB buffer for storage at —20 °C until sequencing.

Construction of libraries from 2-cell embryos

To make the RNA libraries from individual 2-cell
embryos, we followed the SMART-Seq2 protocol [77].
The protocol incorporates the initial steps of G&T-seq
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protocol, including labeling MyOne Streptavidin C1
Dynabeads with biotinylated oligo-dT30 VN, reverse
transcription, PCR amplification, and tagmentation-
based cDNA library preparation.

For all library preparations the composition of mas-
ter mixes, programs used for amplifications and primer
sequences are shown in Supplementary Table 16.

Validations by qRT-PCR

Total RNA from four pools of 50-80 GV oocytes from
each experimental group was reverse-transcribed using
the qScript c¢cDNA SuperMix (Quanta Biosciences
#95048). Quantitative RT-PCR of reverse-transcribed
cDNAs was done with PerfeCTa® SYBR® Green FastMix
ROX (Quanta Biosciences #95073) using the following
primers: NIrp2RTFor: 5'-AACACTGAGCCTGAAACA
CTTGGA-3’, NIrp2RTRev: 5'-CAGTTCAGTGGAGTG
ATGGAGCA-3’, Trim28RTFor: 5 -GCACTGGACCAT
GACCAAAATT-3’, Trim28RTRev: 5-CAGAGCCCA
AGAGGCAAAAC-3’, Obox3RTFor: 5 -TCCTGGTTC
CATACCTGTTGTT-3’, Obox3RTRev: 5'-GCAGGT
ATTCTTGGTATTCTTGG-3'. Gene expression analysis
was performed using the AACt method and normalized
to the expression of Rpl19 mRNA.

Data processing

RNA-seq data processing and differential expression analysis
We conducted analysis on a total of 12 GV oocytes and
31 2-cell embryo libraries. Quality control (QC) of the
raw reads was performed using FastQC [78], followed
by Read Processing of adapters and quality trimming
using Trim Galore [79]. Trimmed sequences were aligned
to the Genome Reference Consortium mouse genome
build 38 (GRCm38) with HiSat2 version 2.1.0 [80] in
single-end mode. The GV oocyte data were quantified
in SeqMonk and analyzed in Rstudio. We excluded reads
aligning within unknown non-canonical splice junctions
and quantitated RNA-seq data by counting reads cross-
ing known and annotated splice junctions in the gene
by building a canonical_splice_count.py tool. To run the
program, we provided BAM files from a spliced align-
ment program (HiSat2) and a GTF file of gene annota-
tions (GRCm38). As the program necessitates an exact
match between observed splice and the position of the
intron, we provided the same GTF file to the aligner
when running the alignment. The program generates
two output files: a Stats file, the details of which are pre-
sented in Supplementary Table 8, and a raw count matrix
file suitable for input into DESeq2. The 2-cell embryo
data were quantified in STAR Salmon and analyzed in
Rstudio. The program generates two output files: a Stats
file, the details of which are presented in Supplementary
Table 8, and a raw count matrix file suitable for input
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into DESeq2. For both GV oocytes and 2-cell embryo
data, differential expression analysis was conducted using
DESeq2 version 1.42.0 [81]. Genes were considered dif-
ferentially expressed using a Wald test and based on
a threshold of an adjusted p value <0.05 and |log*Fold-
Change|> 1. We additionally utilized the plotMA func-
tion to showcase the log? fold changes associated with
the mean of normalized counts for all the genotypes in
the dataset.

To compare the transcriptome of WT GV oocytes
and WT 2-cell embryos, we utilized the count matrix
of WT GV oocytes and compared it to the count matrix
of 2-cell embryos. To investigate the role of DEGs in
ZGA, we compared our reference list with the list pub-
lished by Wang and colleagues [54]. In that paper,
authors defined zygote minor ZGA genes by comparing
the transcriptome between DRB-treated zygote (DRB:
5,6-dichloro-1-B-D-ribofuranosyl-benzimidazol is a
reversible inhibitor of RNA polymerase II) and control
zygote. Early 2-cell minor ZGA was obtained by com-
paring the transcriptome between DRB-treated early
2-cell and control early 2-cell. Major ZGA was defined
as overexpressed genes between late 2-cell and zygotes.
Maternal decay genes were defined by combining the
underexpressed genes of zygote versus MII oocyte, early
2-cell versus MII oocyte, late 2-cell versus MII oocyte,
and 4-cell versus MII oocyte.

PBAT data processing and differential methylation analysis

Methylation sequencing data were processed using the
standardized and reproducible processing pipeline nf-
core/methylseq version 1.6.1 [82, 83] inside of Docker
containers orchestrated by the workflow manager Nex-
tflow version 23.11.0 [84]. Briefly, the processing pipe-
line consisted of sequencing Read QC using FastQC
[78] followed by adapter sequence trimming using Trim
Galore [79]. Trimmed reads were then aligned to the pre-
indexed reference genome mml0 using bowtie2 [85].
Read alignments were then deduplicated, and methyla-
tion calls were extracted, reported, and converted into
coverage2cytosine reports using Bismark [86] with the
—pbat flag parameter, followed by Alignment QC using
Qualimap [87]. All logs, summary tables, and quality
control reports were agglomerated into a final report
using MultiQC [88]. Coverage2cytosine reports were
then imported into R version 4.3.0, converted into a
methylRawList object using a 1 Xminimum coverage
threshold cutoff using methylkit [89]. Downstream analy-
ses were conducted using methylkit and consisted of fil-
tering by Coverage (lo.count =1, lo.perc =0.1, hi.perc
=99.9), Pearson correlation comparisons within treat-
ment groups, ascertaining percent methylation for PCA
analysis, and calculating differential methylation statistics
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between groups using either logistic regression test or
Fisher’s exact test with McCullagh and Nelder correction
for overdispersion and adjustment of p value significance
using Benjamini—-Hochberg multiple test correction.
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