














Figure 2 Locations and conservation of mutations in the NLRP2 and NLRP5 proteins. (A) Locations and conservation of mutations in NLRP2. The positions
of all mutations are indicated in the gene structure of NLRP2. The affected amino acids were compared among eight mammalian species in a conservation
analysis. (B) Locations and conservation of mutations in NLRP5. The positions of all mutations are indicated in the gene structure of NLRP5. The affected
amino acids were compared among eight mammalian species in a conservation analysis. (C) The relative expression of NLRP2 mRNA in different stages of
human oocytes, embryos and several somatic tissues as measured by quantitative RT-PCR (qRT-PCR) and normalised to the expression of GAPDH mRNA
(control). (D) The relative expression of NLRP5 mRNA in different stages of human oocytes, embryos and several somatic tissues as measured by qRT-PCR
and normalised to the expression of GAPDH mRNA (control). NLRP2, NLR family pyrin domain containing 2; NLRP5, NLR family pyrin domain containing 5
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Figure 3  Expression levels of mutant NLRP2 and NLRP5 proteins in vitro. (A) The effects of the mutations on NLRP2 protein levels by western blotting
in Hela cells transfected with wild-type or mutant vectors. (B) The bar graph of the relative expression levels of wild-type and mutant NLRP2. The data are
shown as means and standard errors of the mean. *P<0.05, **p<0.01, ***p<0.001. (C) The effects of the mutations on NLRP5 protein levels by western
blotting in Hela cells transfected with wild-type or mutant vectors. (D) The bar graph of the relative expression levels of wild-type and mutant NLRP5. The
data are shown as means and SEM. *P<0.05, **p<0.01, ***p<0.001. NLRP2, NLR family pyrin domain containing 2; NLRP5, NLR family pyrin domain

containing 5. ns, not significant.

cleavage, but all were arrested at the four-cell to six-cell stage on
day 3. In the third ICSI attempt, eight oocytes were fertilised and
underwent normal cleavage, but all embryos were arrested at the
two-cell to four-cell stage.

The proband II-2 in family 6 was 27 years old at examination
and had undergone one failed ICSI attempt. In the ICSI attempt,
14 oocytes were retrieved, and nine of the PB1 oocytes were
fertilised and underwent cleavage. However, all embryos were
arrested at the two-cell to four-cell stage on day 3.

The proband in family 7 was 26 years old at examination and
had undergone three IVF attempts. In the first IVF attempt, 16
oocytes were retrieved and 14 were fertilised successfully, but all
embryos were arrested before the four-cell stage. In the second
IVF attempt, 12 out of 16 oocytes were fertilised and underwent
cleavage, but all embryos were arrested at the two-cell to six-cell
stage. Similarly, in the third IVF attempt no viable embryos were
frozen on day 3, and all were arrested at the three-cell stage
(table 1).

Identification of mutations in NLRP2 and NLRP5

We first investigated the genetic cause for the infertility in the
proband from the consanguineous family (family 1; figure 1A).
After whole-exome sequencing, bioinformatics filtering analysis,
homozygosity mapping (figure 1B) and genetic analysis using
our in-house gene expression database, a homozygous trun-
cation mutation ¢.1961C>A (p.Ser654%) in exon 6 in NLRP2
was found to be responsible for the phenotype. We confirmed
the variant via Sanger sequencing. We then screened for

homozygous and compound heterozygous mutations of NLRP2
in a cohort of 496 individuals diagnosed with early embry-
onic arrest. We found another four individuals (families 2-5)
carrying different biallelic mutations in NLRP2 (figure 1A). The
proband in family 2 carried the compound heterozygous muta-
tion ¢.773T>C (p.Phe258Ser) and ¢.2254C>T (p.Arg752%).
The proband in family 3 carried the compound heterozygous
missense mutation ¢.525G>C (p.Trp175Cys) and c.2544A>T
(p.Glu848Asp). The proband in family 4 carried the compound
heterozygous missense mutation ¢.662C>T (p.Thr221Met) and
c.1847A>T (p.Glu616Val). The proband in family 5 shared the
same ¢.662C>T (p.Thr221Met) mutation with family 4 but
carried a different mutation—c.1469C>T (p.Arg490Cys)—in
the other allele. Because the parents and siblings of patients in
family 4 and 5 were not available, we investigated whether the
two mutations were on one or two alleles by constructing TA
cloning and sequencing. As indicated in online supplementary
figure S1, the two mutations were on different allele. Consid-
ering the similar functions of NLRP2 and NLRPS5 in oocyte
and early embryonic development,'* 2° 2! we further screened
for homozygous and compound heterozygous mutations of
NLRPS in the cohort of patients. Expectedly, we found three
individuals from two families carrying different biallelic muta-
tions in NLRPS (figure 1C). In family 6, two out of three sisters
were infertile, and both infertile sisters carried the compound
heterozygous mutation ¢.292C>T (p.GIn98%) and ¢.2081C>T
(p-Thr694lle), while the third sister was fertile and did not carry
any mutations in NLRPS. The proband in family 7 carried the

Mu J, et al. / Med Genet 2019;56:471-480. doi:10.1136/jmedgenet-2018-105936

477

“ybuAdoo Aq parosioid 1sanb Aq zz0oz ‘0z Arenuer uo jwod fwg-Bwly/:dny woly papeojumod ‘6T0Z Y24elN ST U0 9E6S0T-8T02Z-10uabpawl/9cTT 0T Se paysiignd 1si1 :19uUas) pa [


https://dx.doi.org/10.1136/jmedgenet-2018-105936
https://dx.doi.org/10.1136/jmedgenet-2018-105936
http://jmg.bmj.com/

A Light

Hoechst NLRP2

@
&

]

£

e

5

Z
o
fy
B
E
m
@
-

a

z

g

s

=

Figure 4

Embryo
%,

Merge

mean density of NLRP2

Immunofluorescence of healthy control and proband oocytes and embryos. (A) Immunofluorescence of oocytes and embryos of a healthy control

and the proband with the p.GIn98* and p.Thr694lle mutations. Scale bar=40 pm. (B) The bar graph of the mean immunofluorescence density of NLRP2 in
the oocytes and embryos of a healthy control and the proband. NLRP2, NLR family pyrin domain containing 2; PB1, first polar body.

compound heterozygous mutation ¢.866G>A (p.Gly289Glu)
and ¢.3320C>T (p.Thr11071le). All of the mutations were
predicted to be loss of function or damaging (table 2). The
positions of these mutations in NLRP2 and NLRPS are highly
conserved in different species (figure 2A,B). For the proband of
family 6 II-2, in her only ICSI attempt, two out of nine fertilised
oocytes were monitored by time-lapse microscopy. The embryos
cleaved abnormally with many small anucleate fragments and
were arrested in early stages (figure 1D). We measured the
expression level of NLRP2 and NLRPS using real-time PCR
with specific primers (online supplementary table S1) and was
normalised to the expression level of an internal GAPDH (MIM:
138400) control. We found that NLRP2 and NLRPS were highly
expressed in human oocytes and early embryos but were poorly
expressed in somatic tissues (figure 2C,D).

Mutations in NLRP2 and NLRP5 impaired their expression in
Hela cells, oocytes and embryos

To evaluate the functional effects of the identified NLRP2 muta-
tions in vitro, we transfected wild-type and mutant NLRP2
vectors into Hela cells. Western blot showed that compared
with wild-type, the ¢.1961C>A (p.Ser654*) and ¢.2254C>T
(p-Arg752*) produced truncated protein and expressed at very
low levels, while the ¢.773T>C (p.Phe258Ser), c.2544A>T
(p.Glu848Asp) and c.1469C>T (p.Arg490Cys) mutations
significantly decreased the protein expression level. For
c.662C>T (p.Thr221Met) and ¢.1847A>T (p.Glu616Val), the
reductions in protein expression were not statistically signifi-
cant (figure 3A,B). For ¢.525G>C (p.Trp175Cys), there was no
change in protein expression. These results suggest that most of
mutations in NLRP2 lead to unstable protein.

Similarly, to evaluate the functional effects of the identified
NLRPS mutations in vitro, we transfected wild-type and mutant
NLRPS vectors into Hela cells. The amounts of p.Thr11071le
proteins were significantly lower than wild-type, while the
p.GIn98* proteins were nearly undetectable. The p.Gly289Glu
and p.Thr694lle proteins showed a tendency for reduced

expression, but the reduction was not statistically significant
(figure 3C,D). Immunofluorescence staining in oocytes and
embryos from controls and the proband II-2 from family 6
suggested that the mutations caused NLRPS protein degradation
(figure 4). These results indicate that mutations in NLRPS lead
to protein degradation in Hela cells and in oocytes and embryos.

DISCUSSION

In this study, we identified homozygous and compound hetero-
zygous mutations in NLRP2 and NLRPS that are responsible
for human early embryonic arrest. We found that mutations in
NLRP2 impair the stability of the NLRP2 protein in vitro and
that mutations in NLRPS also impair the stability of the NLRP5
protein in Hela cells as well as in oocytes and embryos.

NLRP2 is a member of the NLRP family of proteins and is
highly expressed in oocytes and early embryos, and two previous
studies showed that N/rp2 knockout female mice are subfer-
tile. NLRP2 controls age-associated maternal fertility, and loss
of NLRP2 results in a significant reduction in viable embryos,
thus defining it as a new member of the SCMC.?>* In our
study, all probands with homozygous or compound heterozy-
gous mutations in NRLP2 showed primary infertility and had
histories of recurrent IVF/ICSI failure caused by early embryonic
arrest. It has been shown in mice that severe reduction in the
Nlrp2 protein level lead to lower blastocyst rates and that more
embryos are arrested at the two-cell stage.”’ The probands in
families 1 and 2 who carried homozygous truncating mutations
and compound heterozygous truncating and missense mutations
in NLRP2 produced very few viable embryos. The proband in
family 3 with the p. Trp175Cys and p.Glu848Asp mutations had
a limited number of viable embryos. The proband in family 4
with compound heterozygous mutations p.Thr221Met and
p-Glu616Val, and the proband in family 5 with the p.Thr221Met
and p.Arg490Cys mutations also had limited numbers of viable
embryos after several transplant attempts but were able to
eventually give birth to live full-term infants. As indicated in
figure 3A,B, different mutations impaired the function of the
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NLRP2 protein to differing extents. It has been known that the
SCMC plays an important role during embryonic development.
SCMC in oocytes regulate the RNA metabolism and zygotic
genome activation, which is essential for normal embryonic
development.? In this study, mutations in NLRP2 and NLRPS
lead to unstable proteins. We therefore postulate that these
unstable proteins may affect the stability and function of SCMC
and consequently cause embryonic arrest.

Previously, a homozygous frameshift mutation located in
exon 6 in NLRP2 was observed in the mother of two children
with BWS, but because of the limited pedigree, a causal rela-
tionship between the mother’s mutation and the children’s
phenotype could not be confirmed.?® Recently, additional rare
variants in the maternal NLRP2 gene were shown to be associ-
ated with MLID in the offspring.”” In that study, six probands
from five families diagnosed with multilocus imprinting distur-
bance (MLID) whose mothers carried NLRP2 mutations were
identified. Most of these mothers had experience of miscarriage.
The maternal reproductive history of a mother with the homozy-
gous mutation c¢.1479_1480del (p.Arg493SerfsTer32) included
one early abortion, two late miscarriages, two children carrying
the heterozygous mutation and who were afflicted with MLID
and one healthy child. The mothers of the children with MLID
from the other four families had three different heterozygous
mutation ¢.2237del (p.Asn746ThrfsTer4), ¢.2860 2861del
(p.Cys954GInfsTer18), ¢.314C>T (p.Pro105Leu) and one
compound heterozygous mutations on one allele ¢.1885T>C
(p.Ser629Pro) and ¢.2401G>A (p.Ala801Thr). The frequency
of all of these mutations is less than 0.1% in the ExAC database.
In our study, none of the probands’ mothers with heterozygous
mutations in NLRP2 had a family history of miscarriage or of
having children with MLID. Particularly, in family 4 and family
$, the patients carried compound heterozygous mutations had
babies, and the three children are healthy until now. In addition,
in our cohort of 800 fertile female controls, we identified 22
individuals harbouring rare heterozygous missense variants in
NLRP2 with frequencies less than 0.1% in the ExAC East Asian
population, and these mutations are predicted to be damaging.
The fact that these fertile controls with rare missense variants
in NLRP2 did not have family histories of miscarriage or of
having children with MLID indicates that rare missense variants
in NLRP2 might not be sufficient to produce MLID. This might
be explained by the fact that mutations in a single gene can drive
different diseases or phenotypes through different effects.?®
Therefore, the relationship between maternal rare missense vari-
ants in NLRP2 and MLID is worthy of careful investigation in
the future.

NLRPS is a member of the SCMC, and it has been shown
NirpS knockout female mice are sterile'* and is also essential for
early embryogenesis in sows.”” In our study, three probands with
compound heterozygous mutations showed recurrent IVF/ICSI
failure due to early embryonic arrest. Consistent with the result
of the mutations’ effects in vitro, immunofluorescence showed
low NLRP5 protein levels in these patients’ oocytes and embryos.
These results suggest that unstable NLRPS protein might be the
reason for the failed IVF/ICSI attempts in the probands.

NLRPS has also been shown to be associated with MLID.
In a previous study,’® seven individuals with MLID were
identified. Two mothers with compound heterozygous muta-
tions—c.2320T>C (p.Cys774Arg), c.1664G>T (p.Gly555Val),
¢.2353C>T (p.GIn785%) and ¢.2840T>C (p.Leu947Pro)—
had children with the heterozygous mutation and who
were affected by MLID, and both mothers had experienced
several pregnancy losses. One mother carried compound

heterozygous mutations on one allele ¢.155T>C (p.Met52Thr)
and ¢.226G>C (p.Glu76Gln), one carried heterozygous muta-
tion ¢.1156_1158dupCCT (p.386dupP) and one carried
c.1699A>G (p.Met567Val) and duplicate exon 7 in one allele
and deletion in another. These mutations have frequencies of
less than 0.1% in the ExAC East Asian population. In our cohort
of 800 fertile female controls, we identified 13 individuals
harbouring rare heterozygous missense variants in NLRPS with
frequencies less than 0.1% in the ExAC East Asian population,
and these mutations are predicted to be damaging. Thus, the
relationship between maternal rare missense variants in NLRPS
and MLID also needs to be considered.

The study has some limitations. First, because of scarcity of
human oocytes and embryos, the exact molecular mechanism
of early embryonic arrest is largely unknown. However, the
fact that several mutations caused unstable protein implies that
defected SCMC complex function entailed by mutations cause
the early embryonic arrest. The molecular mechanism is worthy
of being further investigated in the future by mutation knock-in
mice. Second, parents and siblings of some probands were not
available to target sequencing for NLRP2 and NLRPS. Future
studies on genotyping these samples will help understand genetic
inheritance pattern and penetrance of the mutant genes.

In conclusion, we identified mutations in NLRP2 and NLRPS
responsible for early embryonic arrest. The findings will provide
potential biomarkers for evaluating the quality of embryos and
will lay the foundation for the genetic diagnosis for clinical infer-
tility patients.
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