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Abstract

Purpose The aim of the study is to investigate presence and role of the gene encoding the maternally contributed nucleotide-
binding oligomerization domain (NOD)-like receptors with a pyrin domain (PYD)—containing protein 9 (NLRP9) in human and
mouse ovaries, respectively, and in preimplantation mouse embryo development by knocking down Nilrp9b.

Methods Expression levels of NLRP9 mRNA in human follicles were extracted from RNA sequencing data from previous
studies. In this study, we performed a qPCR analysis of Nlpr9b mRNA in mouse oocytes and found it present. Intracellular
ovarian distribution of NLRP9B protein was accomplished using immunohistochemistry. The distribution of NLRP9B was
explored using a reporter gene approach, fusing NLRPIB to green fluorescent protein and microinjection of in vitro—
generated mRNA. Nlrp9b mRNA function was knocked down by microinjection of short interference (si) RNA targeting
Nlirp9b, into mouse pronuclear zygotes. Knockdown of the Nlrp9b mRNA transcript was confirmed by qPCR.

Result We found that the human NLRP9 gene and its corresponding protein are highly expressed in human primordial and
primary follicles. The NLRP9B protein is localized to the cytoplasm in the blastomeres of a 2-cell embryo in mice. SIRNA-
mediated knockdown of Nlrp9b caused rapid elimination of endogenous Nirp9h mRNA and premature embryo arrest at the 2- to
4-cell stages compared with that of the siRNA-scrambled control group.

Conclusions These results suggest that mouse N/rp9b, as a maternal effect gene, could contribute to mouse preimplantation
embryo development. It remains to investigate whether NLRP9 have a crucial role in human preimplantation embryo and
infertility.
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Introduction

Several lines of evidence have identified reproductive-related
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NACHT, LRR and PYD domain—containing protein (NLRP)
genes, acknowledged for their roles in innate immunity and
apoptosis [1, 2], to exert their functions through maternal ef-
fects [3]. Maternal effect genes synthesize mRNAs and pro-
teins, which are deposited in the female egg during maturation
and upon fertilization. The products of maternal effect genes
support early embryo development, and mutations in maternal
effect genes can lead to developmental arrest at the earliest
stages of embryo development [4]. Mice and humans have
14 and 20 NLRP-encoding genes [5—7], respectively, with a
subset being expressed in oocytes and early preimplantation
embryos. Of the 14 human NLRP genes, ten NLRPs (2,4,5,7,
8,9, 11, 12, 13, 14) were detected in oocytes and/or early
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embryos [7]. Mutations in NLRP genes are associated with
different disorders, including developmental diseases [3]. In
human, there is only one NLRP9 gene and its corresponding
protein product, NLRP9 (also known as NODO6) [8].

In mice, five Nlrp genes (2,4, 5, 9, 14) have been detected in
reproductive cells [6]. Mice have three isoforms of the Nirp9
gene [2]: Nlrp9a, Nlrp9b and Nilrp9c. Nlrp9a and Nilrp9c are
expressed predominantly in oocytes and early embryos [9]. A
Cyp2a (4/5) bgs-null mouse model was generated, in which a
1.2-megabase pair genomic fragment containing nine Cyp
genes in mouse chromosome 7 (including, sequentially,
Cyp2as, 2gl, 2b19, 2b23, 2a4, 2b9, 2b13, 2b10 and 2s1) was
deleted as well as five non-P450 genes (Vmnlri84, Nalp9c,
Nalp4a, Nalp9a and Vmnliri85) that included Nirp4a
(Nalp4a), Nlrp9a (Nalp9a) and Nirp9c (Nalp9c). The resultant
mouse strain was viable and fertile, without any developmental
deficits or morphologic abnormalities [10]. Since this large ge-
nomic deletion contained other genes as well, including Nlrp9a,
Nirp9c and Nirp4a, the authors concluded that Nirp9a, Nlrp9c
and Nlrp4a have no effect on embryonic development [10].
Moreover, the Nlrp9b transcript was expressed in both mouse
oocytes and embryonic stem cells, while Nlrp9a and Nlrp9c
transcripts were only expressed in oocytes [11-14].

The expression of the Nlrp9b transcript and protein is de-
tected in mouse ovaries, while in bovine, the protein expres-
sion of NLRPY is determined in both ovaries and testis [14,
15]. Moreover, localization of NLRP9B protein is detected in
mouse oocytes, and interestingly, the NLRPIB protein de-
creased and correlated with oocyte ageing [16]. The
NLRPYB protein was detected throughout early mouse em-
bryogenesis, after ovulation and fertilization, but the protein
level gradually decreased during embryonic development
[11-14, 17]. The NLRP9B protein was located in the cyto-
plasm of the blastomeres in mouse 2-cell-stage embryos [13,
14, 17]. However, the pattern of Nlrp9b expression showed
that Nlrp9b is not expressed as the zygotic genome activation
occurs during embryonic development and, thus, has a mater-
nal origin [11-14, 17].

Recently, the role of Nlrp9bh was associated with restric-
tions in rotavirus infection in adult intestinal epithelial cells
[18]. Here, it forms an inflammasome including RNA helicase
DHX9 and preferentially binds siRNAs [18]. Interestingly,
ancient human endogenous retroviruses are linked to regula-
tory roles in human pluripotent stem cells [19]. MERLV-
associated transcripts are already expressed at the 2-cell stage
in mice and are crucial for totipotency [20, 21]. This is impor-
tant in preimplantation development, during which period ex-
tensive reprogramming of the genome occurs and cells pass
through totipotent and pluripotent states. At this embryonic
stage, the main mechanism responsible for retrotransposon
silencing—DNA methylation—is inoperative [22].

In this study, we first extracted the gene expression levels of
the NLRP9 gene in human primordial and primary follicles from
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previously published transcriptome studies [23, 24], to precisely
note the expression pattern of the NLRP9 gene during the pri-
mordial to primary transition. To address the intracellular local-
ization of the NLRP9 protein, we performed immunohistochem-
istry (IHC) on human ovarian tissue. The expression level of
Nirp9b mRNA was confirmed in mouse oocytes and early em-
bryos. To functionally address NLRP9B during early embryo
development, RNA interference (RNAi) was used to specifical-
ly deplete Nlrp9b mRNA from newly formed zygotes. This led
to a complete knockdown of the corresponding endogenous
Nlrp9b mRNA, as confirmed using real-time qPCR.
Knockdown of Nirp9h mRNA function caused premature em-
bryo developmental arrest at the 2- to 4-cell stages compared
with that of the siRNA-scrambled control group. This suggests
that mouse Nlrp9b mRNA acts as a maternal effect gene and is
required for early embryonic development, in line with observa-
tions noted for other reproductive-related Nirp genes [3].

Materials and methods

Immunohistochemistry in human and mouse ovarian
tissues

Normal ovarian cortex tissue was donated from three women
undergoing oophorectomy followed by cryopreservation before
gonadotoxic treatment of non-gynaecological cancer. The pa-
tients were aged 26, 34 and 34 years old, respectively. Written
informed consent was obtained from all patients. The study was
approved by Danish Scientific Ethical Committee (approval
number: KF299017 and J7KF/01/170/99) and the Danish
Data Protection Agency. Immunohistochemistry was per-
formed as previously described [24]. In brief, ovarian cortical
tissues from patients and ovarian tissues from C57BL/6J were
fixed in 4% PFA for 12 h, embedded in paraffin and sectioned
at 5 um (Microtome, Leica Microsystems, Wetzlar, Germany).
Sections were deparaffinized in xylene (2 x 5 min) and
dehydrated through graded alcohols (99%, 96% and 70%).
The slides were subjected to heat-induced antigen retrieval in
sodium citrate buffer (pH 6.0) for 15 min in a standard micro-
wave oven (750 W). After cooling at room temperature, the
sections were washed with PBS (0.15 M NaCl and 0.1 M phos-
phate buffer, pH 7.4) (2 x 5 min). Next, permeability was ob-
tained in 0.5% Triton X-100 in PBS for 10 min, followed by
blocking of non-specific binding of IgG through incubation
with normal donkey serum (Chemicon, Millipore) for 30 min
at RT. Sections were incubated with primary NOD6 polyclonal
antibody (Thermo Fisher, PA5-21019) at 1:100 dilution in PBS
overnight at 4 °C. The antibody has been verified to provide
specificity for NOD6 in EL4 cell lysate (Thermo Fisher
Scientific). On the next day, the slices were washed with PBS
(3 x 10 min) and labelled with Alexa-Fluor-488 (Invitrogen,
R37118) at 1:300 dilution for 1 h at room temperature in
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darkness, to avoid photo bleaching. The sections were rinsed in
PBS (2 % 5 min) prior to adding 1:1000 DAPI D9542 (Sigma)
and incubation for 3 min. The slides were mounted with a
fluorescence mounting medium (Dako) on microscope slides
and analyzed on an ImageXpress® Pico automated cell imaging
system (Molecular Devices) (3 sections per ovary/5 images per
section).

Oocyte and embryo isolation

To isolate fully grown GV antral oocytes, female mice were
intraperitoneally injected with 3.5 IU Folligon (PMSG;
Folligon, Intervet) and were then sacrificed 48 h later. To
obtain ovulated MII oocytes, females were injected with
3.5 TU of pregnant mare’s serum gonadotropin (PMSG;
Folligon, Intervet), followed by 3.5 IU human chorionic go-
nadotropin (hCG; Chorulon, Intervet) 48 h later and were then
sacrificed after 15 h. Embryo recovery and isolation F1
(C57BL/6xCBA) females were injected with 5 TU PMSG
and 5 IU hCG 48 and 24 h later to induce ovulation, respec-
tively, as described previously [25], and they mated with F1
(C57BL/6xCBA) males.

Zygotes and 2-cell and 4-cell embryos were collected from
the oviduct at 26, 46 and 56 h after hCG, respectively. Zygotes
for RNA injections were collected from female mice 25 h after
hCG. All of the procedures were approved by the Ethics
Committee for the Use of Laboratory Animals in Aarhus
University (2015—15-0201-00800 to KLH). Zygotes were col-
lected from the oviducts and treated with hyaluronidase (Sigma-
Aldrich) (50 pl of 3 mg/ml solution in 250 pl M2 medium) to
remove surrounding cumulus cells and were then cultured in M2
media (EmbryoMax® M2 medium with phenol red, Specialty
Media, Millipore MR-015P-5F) at 37 °C. The embryos were
cultured overnight in drops of potassium simplex optimized
medium (KSOM) (EmbryoMax KSOM Powdered Media Kit,
Specialty Media, Millipore MR-020P-5F) supplemented with
amino acids and 4 mg/ml BSA (Millipore), under embryo-
tested paraffin oil in an atmosphere of 5% CO, in air at 37 °C.

RNA isolation

Total RNA extraction was performed using an RNA isolation
kit (KIT0312-1 Arcturus® PicoPure® RNA Isolation Kit,
Applied Biosystems, Life Technologies, Foster City, CA,
USA) according to the manufacturer’s protocol. For each
stage, 10-20 oocytes or embryos were pooled in each tube
(three pools per developmental stage), and RNA was extracted
according to Ovation® PicoSL WTA System V2 (Nugen) pro-
tocol, and RNA elution was performed with elution buffer
(PicoPure® RNA Isolation Kit) (providing 1.5-10 ng
RNAtotal per samples). For all RNA extractions, a DNase
digestion step was performed using the RNase-Free DNase
Set (Qiagen). RNA was subsequently stored at — 80 °C.

NA synthesis

Ovation® PicoSL WTA System V2 (Nugen) protocol was
used to generate cDNA. Quantification of RNA was per-
formed based on determined RNA concentration using
NanoDrop (NanoDrop 1000, Saveen Werner, Life Science,
Sweden). The detection range is +2.0 ng/ul for sample con-
centrations between 2.0 and 100 ng/ul samples. For each
cDNA synthesis reaction, 1.5-10 ng RNA was then used.

qPCR

A gPCR analysis of the Nlrp9b gene expression was conduct-
ed based on GV and MII oocytes and 2-cell and 4-cell embry-
os using the TagMan® Gene Expression Assay (Applied
Biosystems). Reactions were set up for the Nlrp9b gene and
for the reference gene H2afz [26] MmO01312681 g1 [Nirp9b]
and MmO05916395 g1 [H2afz], from Thermo Fisher
Scientific). The reactions were run on a LightCycler® 96
(Roche) using LightCycler® 480 Probes Master (Roche) (pro-
gram 50 °C for 2 s, 95 °C for 10 min, 45 cycles of 95 °C for
15 s followed by 60 °C for 60 s and finally 1 cycle of 40 °C for
30 s). All of the reactions were done in triplicate with 100 ng
of quantified cDNA, as template, in a total volume of 10 ul
containing 2 pul H,O, 0.5 ul TagMan Gene Expression Assays
(Applied Biosystems), 5 ul Probes Master (Roche) and 2.5 pl
template cDNA (40 ng/ul). Triplicate expression values of
each gene were set relative to the reference gene via the
AACT method [27]. The Ct values for the reference gene
H2afz were within 18-26 cycles in the samples. As a negative
control, cDNA from no-template RT-PCR reactions was used.

Cloning of Nirp9b-eGfp

Nlrp9b inserts were generated with a SuperScript I1I One-Step
RT-PCR System with Platinum Taq High Fidelity (Invitrogen)
using RNA extracted from a mouse ovary as the template, and
the following primers: F: 5'-5'-NNNGCCGGCATGGC
GGGCTCATCTGGCTA-3" and R: 5'-NNNGCCGG
CATTCCTGCTGTTCCATACCA-3'". Using Nael restriction
sites, the PCR-amplified Nlrp9b insert was cloned into the
Nael-digested and dephosphorylated pBS RN3P-eGFP vec-
tor [28], in frame with eGfp. The insertion and orientation
were verified by DNA sequencing.

RNA synthesis, microinjections and confocal imaging

The mRNAs encoding NLRP9B-eGFP and GFP were generat-
ed and microinjected into zygotes as described [29]. Embryos
with siRNA (ON-TARGETplus Mouse Nilrp9b, Smartpool, L-
061448-01-0005 and L-066417-01-0005, and ON-
TARGETplus Non-targeting Pool D-001810-10-05, with a final
concentration of 20 uM, together with rthodamine-conjugated
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dextran as an injection marker) or mRNA (Nlpr9b-eGFP or
eGfp, 200400 ng/ul) were microinjected in M2 media
(EmbryoMax® M2 medium with phenol red, Specialty
Media, Millipore MR-015P-5F) covered in oil on a glass de-
pression slide using a FemtoJet microinjection system
(Eppendorf). The embryos were cultured in KSOM
(EmbryoMax KSOM Powdered Media Kit, Specialty Media,
Millipore MR-020P-5F) under paraffin oil at 37.5 °C in air
enriched with 5% CO,. The microinjected zygotes were incu-
bated overnight (37 °C, 5% CO,) in KSOM (EmbryoMax
KSOM Powdered Media Kit, Specialty Media, Millipore MR-
020P-5F). On the next day, 2-cell embryos were incubated for
15 min in a 1:7500 dilution of Hoechst (Sigma) in DPBS (Life
Technologies), washed three times in PBS-T and fixed for
15 min in 2% PFA before mounting (Fluorescent Mounting
Media, Dako S3023). The embryos were analyzed using a fluo-
rescent microscope (Leica DMI400B) and Leica LAS Software.
Confocal images were taken using a LSM800 laser scanning
confocal microscope with % 20, x40 and % 63 C-Apochromat
water/oil immersion objectives with NA of 1.2 (Carl Zeiss, Jena,
Germany). Confocal images were exported to ImageJ for image
processing.

Statistical analysis

All qPCR data were analyzed using one-way ANOVA and
Tukey’s HSD was used for post hoc tests. The statistical anal-
ysis was performed using Prism 6, version 6.0 (GraphPad
Software Inc., CA, USA). The data are represented as mean +
SD. A value of p < 0.05 was defined as statistically significant.

Results

Expression of NLRP9 in human primordial
and primary follicles

As a first assessment to determine whether the NLRP9 gene is
expressed in human ovarian follicles, data on NLRP9 tran-
script expression were extracted from global gene expression

Table 1  Expression of human NLRP9 mRNA in oocytes and granulosa
cells from primordial and primary follicles [23, 24], as noted. FPKM
mean values were calculated based on triplicate expression values of

Fig. 1 Intra-ovarian distribution of NLRP9 in human oocytes and P>
granulosa cells from primordial, primary and secondary follicles.
Immunohistochemical staining of human ovarian tissue with primary
NOD6 antibody and counterstained with DAPI, as indicated. The
images show intense staining of NLRP9 protein in human oocytes and
granulosa cells from primordial (a) and both primary follicles with non-
detectable (b) and detectable nuclei (¢). NLRP9 was localized to the
cytoplasm of both oocytes (yellow arrows) and granulosa cells (white
arrows) in primordial, primary and secondary follicles (d). The DAPI
staining identified the cells’ nuclei. Primary follicle in controls without
the primary antibody revealed no staining (e). Scale bars, 13 pm

studies performed in oocytes [24] and granulosa [23] cells
from primordial and primary follicles. These studies were
based on laser capture microdissection of precisely staged
oocytes and granulosa cells from primordial and primary fol-
licles, and RNA sequencing of total RNA provided insights
into the molecular levels of specific genes. Extracting the
fragments per kilobase of exon model per million reads
mapped (FPKM) values for NLRP9 revealed that the NLRP9
transcript is highly abundant in both oocytes and granulosa
cells from primordial and primary follicles (Table 1). The
FPKM values are a normalized estimation of a gene expres-
sion and are calculated from the number of reads mapped to
each particular gene sequence, taking the gene length into
account [24] [23]. A comprehensive description of this is pro-
vided in the original RNA sequencing data from human pri-
mordial and primary follicles [24] [23]. The gene expression
ofthe NLRP9 gene obtained from published RNA sequencing
data [24] [23] ranged from 4.74 to 8.89 FPKM (mean), which
suggests that NLRP9 is highly expressed in these early folli-
cles (Table 1). This clearly indicates that NLRP9 is expressed
in oocytes and granulosa cells from primordial and primary
follicles.

Next, immunohistochemistry using an antibody against
NLRP9 (NOD6) was performed on human ovarian tissue to
investigate if the NLRP9 protein was likewise present in hu-
man primordial and primary follicles. The immunofluores-
cence revealed strong staining of the NLRP9 protein in human
oocytes and granulosa cells from primordial and primary fol-
licles, using the nuclear counterstain DAPI (blue) to identify

the same transcript using a one-sample # test. The p value indicates the
consistency in expression pattern across triplicates. p values < 0.05 are
considered significant

Primordial Primary

Oocytes Granulosa cells Oocytes Granulosa cells

FPKM (mean) p value FPKM (mean) p value FPKM (mean) p value FPKM (mean) p value
NLRP9Y 5.29 0.05 8.89 0.01 6.95 0.02 4.74 0.04
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<« Fig. 2 Quantitative RT-PCR analysis of Nlrp9b in mouse oocytes and
early preimplantation embryos. Nirp9b expression and its relative abun-
dance in GV and MII oocytes and preimplantation 1-cell, 2-cell and 4-cell
embryos, as indicated (a). The corresponding morphologies of oocytes
and embryos are shown. Nlrp9b expression levels were normalized by
H2afz, and their relative expressions are displayed. Nlrp9b expression
was detected in GV and MII oocytes. There was a significant difference
between the Nlrp9b expression in oocytes and zygotes. Moreover, there
was no Nlrp9b expression at the 2-cell and 4-cell stages. Data are pre-
sented as mean + standard deviation (SD) (bars) of triplicate measure-
ments including SDs. Immunohistochemical staining of mouse ovarian
tissue with primary NOD6 antibody and counterstained with DAPI, as
indicated (b). The images show strong staining of the NLRP9B protein in
oocytes and granulosa cells from primordial (A) and primary follicles (B).
NLRP9B was localized to the cytoplasm of both oocytes (yellow arrows)
and granulosa cells (white arrows) in primordial, primary and secondary
follicles (¢). The DAPI staining identified the cells’ nuclei. Controls with-
out the primary antibody revealed no staining (d). Scale bars, 13 pm

nuclei (Fig. 1). The stained NLRP9 appeared as cytoplasmic
staining in both oocytes and granulosa cells in primordial and
both primary follicles with non-detectable and detectable nu-
clei (Fig. 1), as expected for the NLRP9 receptor (Fig. 1).
These results revealed that the staining intensity was high, in
agreement with the high FKPM values noted for the NLRP9
gene (Table 1). The empty region in the oocyte is the oocyte

a) Non-injected HOECHST

/!

Nucleus

s

c) NLRP9b-eGFP

2-cell embryo

\ Nucleus

Cytoplasm

20pum

Fig. 3 Intracellular distribution of NLRP9B-eGFP in 2-cell mouse em-
bryos revealing cytoplasm localization. Intracellular immunofluorescent
localization and distribution of eGFP in non-injected (a), eGFP control
(b) and NLRP9B-eGFP (c—e) in 2-cell mouse embryos, as indicated,

nucleus. Immunohistochemistry on human ovarian tissue
without the primary antibody was included (Fig. 1) and re-
vealed no specific staining.

Nirp9b transcript expressed in mouse GV and MIl
oocytes as well as zygotes

As the NLRP9 gene and its protein were highly expressed in
human ovarian follicle cells, the next step was to evaluate the
presence of the mouse Nlrp9b gene in oocytes and early pre-
implantation embryos. Toward this aim, germinal vesicle
(GV) and metaphase II (MII) oocytes as well as early preim-
plantation embryos (zygotes, 2-cell and 4-cell) were collected.
Histone H2afz mRNA was used as the most stable internal
reference gene during preimplantation development [29, 30].

The qPCR analysis revealed that Nirp9b expression was
detectable in GV and MII oocytes (Fig. 2a), as expected.
Interestingly, the Nlrp9b transcript was significantly increased
a 2-fold from oocyte to the zygote stage, suggesting that tran-
scription of the Nlrp9b is already initiated in the zygote during
the first wave of zygotic genome activation. Interestingly, no
Nirp9b mRNA was detected at the 2-cell and 4-cell stages,
suggesting that the transcription of Nlrp9b is strictly regulated
during the maternal-to-zygotic transition. Then, IHC using an

HOECHST

Merged

Merged i b) eGFP

2-cell embryo

polar body

2-cell embryo
Cytoplasm

s

20pum

2-cell embryo
2-cell embryo

using confocal imaging. Non-injected and eGFP protein controls showed
no staining and unspecific widespread distributions, respectively. In 2-
cell-stage embryos, the NLRP9B-eGFP fusion protein was distributed in
dot-like structures within the cytoplasm. Scale bars, 20 uM, as indicated
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<« Fig. 4 SiRNA-mediated knockdown of Nlrp9b in mouse zygotes causes
developmental arrest. Scheme of Nirp9b knockdown experiment (a).
Zygote stage embryos were injected with Nlrp9b siRNA or control
siRNA together with the rhodamine-conjugated dextran (injection con-
trol). Embryos were cultured in vitro, for qPCR analysis and develop-
mental assessment. PCR analysis was performed on siRNA control and
Nirp9b siRNA embryos, revealing complete knockdown of the endoge-
nous Nirp9b at the 2-cell stage (b). Standard deviations are indicated by
bars (V=12 female, n =20-40 embryos; three independent experiments
(dots)). After an overnight in vitro culture, both the siRNA control and
Nirp9b siRNA—injected embryos developed into 2-cell embryos (c).
After 3 days of in vitro culture, siRNA-control-injected embryos (RNAi
scrambled) developed into blastocysts, in contrast to Nirp9b siRNA—
injected embryos, whose development was arrested at the 2-cell stage
(d). The corresponding survival rate for injected embryos shows that
while 58% of siRNA control embryos developed to blastocysts (n=19
[three independent experiments]), Nlrp9b siRNA—injected embryos were
severely affected, and only 14% developed into blastocysts (n =28) (e).
Data provided as percentage of developed embryos. Experiments were
performed at least three times for each group. Data were reported as mean
+ SEM. Scale bars, 25 uM, as indicated

and granulosa cells in primordial and primary follicles (Fig.
2b), as also noted in human follicles (Fig. 1), using DAPI for
nuclear staining. These results revealed that NIRP9B is al-
ready present during early follicle development and that this
reserve of maternally loaded NLRP9B might support egg mat-
uration. Immunohistochemistry on mouse ovarian tissue with-
out the primary antibody was included (Fig. 2) and revealed
no specific staining.

NLRP9B fused to enhanced green fluorescent protein
localized to the cytoplasm in mouse 2-cell embryos

In order to test how the NLRP9B would be distributed intra-
cellularly post-fertilization, NLRP9B was fused to enhanced
green fluorescent protein (eGFP), to enable us to follow its
dynamics and distribution after the first cell division after
fertilization. Non-injected and eGFP protein controls were
included and revealed no staining and unspecific widespread
distributions, respectively (Fig. 3a, b). In 2-cell-stage embry-
os, the NLRP9B-eGFP fusion protein is distributed in the
cytoplasm (Fig. 3c—e). The cytosolic staining resembles the
immunohistochemistry staining observed in the ovarian folli-
cles (Fig. 2); thus, NLRP9B appears to be a cytoplasmic re-
ceptor in the early follicles and preimplantation embryos.

SiRNA-mediated knockdown of Nirp9 caused 2-cell
developmental arrest

In order to reveal if maternal and zygotic Nlrp9b transcripts
are necessary to support early development (alongside the
maternally contributed NLRPYB protein), the RNAi approach
was used to knock down Nirp9b transcript.

We depleted Nilpr9b in the zygote by injecting siRNAs
targeting Nlrp9b, together with rhodamine-conjugated dex-
tran to mark the injected cells by microinjection into mouse
pronuclear zygotes (Fig. 4a). The siRNA probes targeting
NIlrp9b or scrambled (non-targeting) RNA together with
rhodamine-conjugated dextran to identify injected cells that
received siRNA were microinjected into zygotes at the pronu-
clear stage (in three independent experiments).

After 6 h and an overnight in vitro incubation, zygotes and
2-cell-stage embryos were collected for qPCR analysis, which
revealed that the Nlrp9b transcript was effectively reduced in
NIrp9b siRNA-microinjected embryos (Fig. 4b). In 2-cell-
stage embryos, the level of Nlrp9b mRNA was higher (Fig.
4b) compared with that of injected zygotes and 2-cell embryos
with Nlrp9b siRNA (Fig. 4b). Already 6 h after Nlrp9b siRNA
was injected, the endogenous Nirp9b mRNA was efficiently
knocked down, and by the 2-cell stage, the Nlrp9b mRNA was
no longer detectable (Fig. 4b). At this stage, the embryos
appeared as healthy 2-cell-stage embryos in both the control
siRNA and Nlrp9b siRNA groups (Fig. 4c). The co-injection
of rhodamine was included to ensure the selection of embryos
receiving siRNA for analysis of both qPCR and their devel-
opmental potential. The embryos were subsequently moni-
tored for their ability to develop into blastocysts. In the group
of embryos injected with siRNA-scrambled control, the ma-
jority of the 2-cell-stage embryos developed into blastocysts
(Fig. 4d), whereas in the group that received siRNA targeting
Nirp9b, only a small fraction developed into blastocysts (Fig.
4d). The developmental arrest was noted between the 2- and
8-cell stages, and in line with what has been reported for other
Nirp maternal effect genes in mice (Nlrp2 [17], Nirp4e [31,
32] or Nirpi4 [6]). The survival rate of 2-cell embryos that
developed into blastocysts showed that almost 60% of zygotes
that received siRNA-scrambled control formed blastocysts,
whereas less than 18% of zygotes microinjected with Nlrp9b
siRNA managed to develop to the blastocyst stage (Fig. 4e),
likely to be a dose-dependent phenotype, as also observed for
Nirp4 [31].

Discussion

The increasing evidence that NLRPs are emerging as maternal
effect genes provides new insights into the functions of these
genes during early embryo development. Moreover, it strong-
ly suggests that while some maternal effect genes have already
been studied, many new genes are most likely acting as ma-
ternal effect genes, and our advances in this area are likely to
increase. The NLRPs are an interesting gene family, with roles
in both immunology and reproduction. Several of the genes
are conserved in human and mice [2]. NLRP9 is one of the
NLRP genes duplicated and functionally diversified in
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mammalian reproductive systems, particularly for reproduc-
tive function, such as the specific expansion of Nlrp9 in mice
[2].

Surprisingly, recent studies showed that the expression pro-
file of Nlrp9 in mammalian preimplantation development was
different from primates [14, 33, 34]. In agreement with mouse,
Nlirp9 transcript was lowly expressed in the ovary and testis
and highly expressed in oocytes and preimplantation embryos
in bovine [15, 28]. Moreover, the expression of the Nirp9
transcript declined from immature bovine oocytes to 8-cell-
stage embryos, which showed there was no reactivation from
bovine maternal-to-embryonic genome transition [15, 34].
However, limited expression of the Nirp9 gene in gonad cells,
germ line cells and preimplantation embryonic stages in bo-
vine confirmed the role of this gene in preimplantation devel-
opment [34]. In addition, the Nlrp9 transcript was, temporally,
expressed during early embryogenesis at the same time with
genomic transition from oocyte to embryo, in primates which
confirmed maternal source of NLRP9 [33].

Human NLRP9 protein appears to be widely expressed
throughout the body. In our previous studies, we found the
NLRP9 gene highly expressed in human primordial and pri-
mary follicles, in agreement with previous data observing
NLRP9 in human GV and MII oocytes [7]. In this study, we
investigated the intracellular presence and distribution of the
human NLRP9 protein using immunohistochemistry on hu-
man ovarian tissue, which revealed a high presence of it in
primary and secondary follicles. Our observation that both the
NLRPY9 gene and the NLRP9 protein are loaded into the ear-
liest follicle stages suggests that this gene must be important
and most likely required for early development.

Attempts have been made to functionally address the re-
quirement of NLRP9 in early mouse development [10]. The
function of maternal Nlrp9b has been partially explored, using
electroporation of siRNA probes to target endogenous Nlrp9b
in oocytes [14], which included parthenogenetic activation of
oocytes after electroporation, and the study concluded that
Nirp9b was not required for early development of partheno-
genetically activated 2-cell and 4-cell embryos.

Therefore, to investigate if Nlrp9b is indeed a maternal
effect gene, as expected from its high abundance in early re-
productive cells, we delivered Nlrp9b siRNA probes by mi-
croinjections into newly formed zygotes, to knock down the
maternally supplied Nlirp9b mRNA.

We found that the siRNA probe mixture efficiently deleted
all endogenous Nlrp9b mRNA, and we observed significantly
reduced developmental capacity among the Nlrp9b siRNA—
injected embryos, compared with the siRNA-scrambled con-
trols. It should be noted here that we do observe a small ex-
pression of Nlrp9b mRNA in early 2-cell stages, as we detect-
ed in our siRNA experiments; however, during late 2-cell
embryo stages, the Nlrp9b mRNA appears to be completed
eliminated, as we detected during our expression assay. The
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phenotype is similar to that of other reproductive Nirp genes,
which have shown specific and complete elimination of Nlrp5
[5], Nirp2 [17,35], Nlrp4e [31, 32], Nlrp4f[36] or Nlrp14 [6],
causing early developmental arrest at the 2- to 8-cell stages
and indicating these Nlrp genes as maternal effect genes.

In conclusion, we find that the NLRP9 gene and the
NLRP9 protein are highly present in human primordial and
primary follicles, indicating a requirement for NLRP9. In
mice, by using a gene-reporter approach, we found that
eGFP-NLRP9B fusion protein is localized to the cytoplasm
in 2-cell-stage embryos, in agreement with the intracellular
localization noted on human ovarian tissue. Finally, we
knocked down endogenous Nirp9b mRNA in mouse zygotes
and observed that this caused a developmental arrest at the 2-
to 4-cell stages, indicating that Nlrp9b acts as a maternal effect
gene in early mouse development.
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