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Abstract

Purpose The etiology of fertilization failure and polyspermy during assisted reproductive technology (ART) remains
elusive. The aim of this study was to determine whether mutations in the [ZUMOI1 receptor (IZUMOIR) gene,
which is essential for mammalian fertilization, contribute to the pathogenesis of fertilization failure or polyspermy in
humans.

Methods We recruited 215 female subjects with fertilization failure/poor fertilization, 330 females with polyspermy, and 300
matched controls. All subjects underwent IVF treatment. Peripheral blood DNA of cases was extracted and screened for
mutations in /ZUMOIR gene.

Results Four rare single nucleotide polymorphisms (SNPs) of the IJZUMOIR were identified among specimens from
patients with fertilization failure and polyspermy but were absent in the 300 control subjects. These included a
missense SNP (rs76779571 in exon 4), which was found in two fertilization failure patients, and a nonsynonymous
SNP (rs61742524 in exon 1) and two synonymous SNPs (rs76781645 in exon 1 and rs377369966 in intron 2),
which were found among three polyspermy cases.

Conclusions The variations in /ZUMOIR might play a role in the pathogenesis of fertilization failure and polyspermy, and the
putative functions and effects of these rare variants require further studies.
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Background

With improvements in assisted reproductive technologies and
the use of sophisticated facilities, successful in vitro fertiliza-
tion (IVF) rates have approached 70-80% [1]. However, fer-
tilization failures and polyspermy still remain a concern that
leads to the overall failure of an IVF cycle.

Total fertilization failure occurs when all available oocytes
fail to fertilize, and the incidence of total fertilization failure
after IVF has been reported to be 3.52-20% [2]. Oocyte-
related factors relevant to IVF fertilization failure include ab-
normal regulatory mechanisms of zona pellucida (ZP) forma-
tion, gamete recognition, and oocyte activation [1, 3-5].
Several receptors located in the oocyte membrane have been
implicated in the recognition and/or fusion process, including
CD9, ZP1, ZP2, ZP3, and PTGER?2 [6].

Polyspermic fertilization occurs when the oocyte is
fertilized by two or more spermatozoa [7-9], and the
incidence of polyspermy is 3-10% in IVF cycles
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[9-11]. The membrane block to polyspermy is achieved
through a relatively fast-acting block involving bio-
chemical changes in the oolemma followed by a slow
hardening of the ZP over the course of about an hour
caused by the action of enzymes released from cortical
granules after oocyte activation [12]. This slow-acting
process is known as the cortical reaction [13]. A variety
of oocyte-related factors contribute to the pathogenesis
of polyspermy, including the degree of oocyte matura-
tion, changes in the molecular biology of the ZP, and
alterations in the cortical reaction [12—15]. It also has
been shown that the phosphatidylinositol signaling path-
way plays an important role in the cortical reaction, and
alterations of this pathway might disrupt the membrane
block leading to polyspermy [16].

JUNO (also called FOLR4), which is encoded by the
IZUMOIR gene, is a glycophosphatidylinositol (GPI)-an-
chored receptor on the oocyte surface that is essential for fer-
tilization [17-19]. It is one of three folate receptor paralogs in
mouse whose main role is related to folate uptake. However, a
previous study showed that, unlike FOLR1 and FOLR2,
JUNO is unable to bind to folate [18]. In JUNO /~ female
mice, the zona-free oocytes do not fuse with wild-type sperm,
leading to unsuccessful fertilization [18]. Furthermore, the
interaction between JUNO and IZUMOL is a vital molecular
basis of gamete recognition, and this interaction is conserved
within several mammalian species, including humans. After
fertilization, rapid loss of JUNO from the oolemma also sug-
gests a mechanism for the membrane block to polyspermy in
mammals [18]. We hypothesized, therefore, that mutations of
IZUMOIR can explain fertilization failure or polyspermy in
humans.

Human [ZUMOIR is encoded by four exons and re-
sides in a locus on chromosomal band 11q21. This
study was designed to determine whether IZUMOIR
variations contribute to fertilization failure or
polyspermy in women undergoing IVF. In the present
study, we identified one nonsynonymous SNP
(rs76779571) in two fertilization failure subjects.
Among polyspermy subjects, one nonsynonymous SNP
(rs61742524) and two synonymous SNPs (rs76781645
and rs377369966) were found. None of these rare
SNPs were found in the control group. These variations
might account for the pathogenesis of fertilization fail-
ure and polyspermy.

rs76781645 rs61742524
0 X

(0

Exon 1

Fig. 1 Identification of rare SNPs in the JZZUMOIR gene. Schematic
diagram of the /JZUMOIR gene, showing two nonsynonymous
variations (rs61742524 in exon 1 and rs76779571 in exon 4) and two
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Methods
Subjects

During 2009-2013, peripheral blood was collected from 215
women with fertilization failure or poor fertilization and from
330 women with polyspermy who were recruited from the
Center for Reproductive Medicine, Shandong Provincial
Hospital, Shandong University. Inclusion criteria for fertiliza-
tion failure or poor fertilization were that more than 60% of
the oocytes experienced fertilization failure during IVF treat-
ment, and polyspermy cases were defined as the occurrence of
three or more pronuclei in no fewer than 50% of the oocytes
on the first day after [IVF. Patients older than 42 years or with
fewer than three retrieved oocytes were excluded. Three hun-
dred women with regular menstrual cycles and who had nor-
mal IVF oocyte fertilization and had already given birth to at
least one healthy baby and with no history of spontaneous
abortion were recruited as controls. The clinical and hormone
characteristics of all participants, including age, body mass
index (BMI), follicle-stimulating hormone (FSH), antral folli-
cle count (AFC), and number of retrieved oocytes, are shown
in Supplementary Table S1.

DNA extraction and mutational analysis

Genomic DNA was extracted from peripheral blood samples
with the use of genomic DNA extraction kits (Q[Aamp DNA
Blood Mini kit; Qiagen). The entire coding sequence and the
flanking intronic portions of IZZUMOIR (Refseq DNA: NM
001199206) were amplified by polymerase chain reaction
(PCR) (Gene Amp PCR System 9700; Applied Biosystems).
The four primer pairs are presented in Supplementary Table S2.
The PCR conditions were as follows: initial denaturation at 95 °C
for 10 min; then denaturation at 95 °C for 30 s, annealing at
58 °C for 30 s, elongation at 72 °C for 45 s with 35 cycles; finally,
elongation at 72 °C for 10 min. The PCR product was first
analyzed by agarose gel electrophoresis and then sequenced on
an automated sequencer (ABI PRISM 310; Applied Biosystems)
using the ABI-Prism BigDye Terminator Cycle Sequencing
Ready Reaction kit (Applied Biosystems).

The sequencing results were analyzed using Sequencer 4.9
software. The rare single nucleotide polymorphism (SNP) var-
iations identified in this study were validated by repeating the

rs76779571

\

(—C0

Exon 3 Exon 4

synonymous variant (rs76781645 in exon 1 and rs377369966 in intron 2)
found in the present study. Exons are a composite of human sequence
NM_ 001199206 (GenBank) and ENST00000328458.5 (Ensembl)
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Variants of I/ZUMOIR found in women with fertilization failure, polyspermy, and controls

Table 1

Probable interpretation

Allele (%)

Location  Genotype, n (%)

dbSNP ID

Amino acid substitution

DNA sequence variation

Phenotype

Control

Case

Control

Case

Deleterious

100

99.3

T

300 (100.0)

0
0

213 (99.0)
1(0.5)

TT

Exon 4

1s76779571

p-His170GIn

c.510T>G

Fertilization failure

0.7

TG
GG
cC

1(0.5)

Not deleterious

100

99.8
0.2

C

300 (100.0)

0

329 (99.7)
1(0.3)

Exon 1

1s61742524

p.Cys3Trp

c.9C>G

Polyspermy

GC

GG
GG

Not deleterious

99.8 100

C

300 (100.0)

0

329 (99.7)
1(0.3)

Exon 1

Synonymous 1376781645

c.-18G>T

0.2

GT

TT

Not deleterious

G 998 100
0.2

300 (100.0)

0

329 (99.7)
1(0.3)

0

GG
GT

Intron 2

Synonymous 1s377369966

¢.329+8G>T

TT

PCR amplification three times and sequencing in both
directions.

Bioinformatics analysis

The deduced amino acid sequences were analyzed, and the pos-
sible impacts of the amino acid substitutions on the structure and
function of JUNO were predicted with the PolyPhen-2
(Polymorphism Phenotyping v2; http://genetics.bwh.harvard.
edu/pph2/) human nonsynonymous SNP prediction database.

Results
Sequencing results

All four exons and the exon—intron boundaries of IZZUMOIR
were screened for variations. One nonsynonymous SNP
(rs76779571 in exon 4) was discovered in two fertilization
failure/poor fertilization subjects (Fig. 1; Supplementary Fig.
S1). Among polyspermy subjects, one nonsynonymous SNP
(rs61742524 in exon 1) and two synonymous SNPs
(rs76781645 in exon 1 and rs377369966 in intron 2) were
identified (Fig. 1; Supplementary Fig. S2). None of these rare
SNPs were found in the control group (Table 1). Clinical char-
acteristics of the cases carrying the above variations in the
IZUMOIR gene are summarized in Tables 2 and 3.

The nonsynonymous SNP found in fertilization failure
cases and clinical features

The rs76779571 SNP leading to a histidine to glutamine
substitution within the functional domain of the receptor
was found in fertilization failure cases F189 and F226.
PolyPhen-2 predicted this variant to be possibly damag-
ing. F189 was a homozygous carrier of the GG allele;
she had 12 oocytes retrieved during her IVF treatment,
one of which was degenerated, while the rest suffered
from fertilization failure. Rescue intracytoplasmic sperm
injection (ICSI) was performed for the 11 oocytes, and
this led to nine day 3 embryos. Two embryos were
transferred and resulted in the delivery of one healthy
male infant. F226, a heterozygous TG allele carrier, had
16 oocytes retrieved, and all of them suffered from fer-
tilization failure. Rescue ICSI resulted in 13 day 3 em-
bryos. One embryo was transferred but did not result in
pregnancy. Five months later, one frozen embryo from
the rescue ICSI was thawed and transferred into her
uterus. These two subjects’ parents were healthy, and
no other family members had similar histories of
infertility.
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Table 2 Baseline and laboratory

characteristics of fertilization F189 F226
failure cases with variants in
IZUMOIR Baseline characteristics
Variant c.510T>G c.510T>G
Genotype Homozygous Heterozygous
Age at diagnosis 30 31
Reproductive history GOPOAOLO GOPOAOLO
Laboratory characteristics
No. of retrieved MII oocytes 12 16
No. of oocytes that failed to fertilize, n (%) 11 91.7) 16 (100)
No. of metaphase II oocytes injected 11 16
No. of day 3 embryos 9 13
No. of fresh/frozen embryos transferred 2/2 1/1

Pregnancy outcome

One male infant/one male infant None/one female infant

The nonsynonymous SNP found in polyspermy cases
and clinical features

We detected the variation rs61742524 in the first exon,
which leads to a cysteine to tryptophan substitution, in
polyspermy case P249. This variation might not have an
impact on the protein level as assessed by PolyPhen-2.
Among eight oocytes retrieved in her IVF cycle, one
was degenerated, three were fertilized with two
pronuclei, and four contained three or more pronuclei.
Two day 3 embryos from the two-pronuclei-fertilized
oocytes were transferred but did not result in pregnancy.
The third two-pronuclei-fertilized oocyte developed into
a blastocyst and was cryopreserved. Two months later,
the frozen embryo was thawed and transferred into her
uterus, and the patient delivered a healthy female infant.

Discussion

Apart from structural, environmental, and iatrogenic causes,
the etiology of fertilization failure and polyspermy remains
poorly understood. Female mice lacking IZUMOIR are infer-
tile, and JUNO-deficient oocytes cannot fuse with normal
sperm [18]. Rapid shedding of JUNO from the oolemma after
fertilization suggests a mechanism for the membrane
polyspermic block, ensuring that oocytes normally fuse with
just a single sperm [18]. Thus, JUNO has critical functions in
normal single-sperm fertilization, and mutations in the
IZUMOIR gene might cause dysfunction of JUNO leading
to fertilization failure or polyspermy.

This is the first study to investigate IZUMOIR gene muta-
tions or variations among human subjects with fertilization
failure and polyspermy during IVF. We identified one known

Table 3 Baseline and laboratory

characteristics of polyspermy P249 P103 P89

cases with variants in ZZUMOIR.

Note: — means that this cycle had Baseline characteristics

no transfers Variant c.9C>G c.-18G>T €.329+8G>T
Genotype Heterozygous Heterozygous Heterozygous
Age at diagnosis 32 39 31
Reproductive history GOPOAOLO G1POA1LO G1POAILO
Laboratory characteristics
No. of retrieved MII oocytes 8 7 4
No. of 0 PN oocytes, n (%) 1(12.5) 1(14.3) 0 (0)
No. of 2 PN oocytes, 1 (%) 3(37.5) 1(14.3) 1(25)
No. of >3 PN oocytes, n (%) 4 (50) 5(71.4) 3(75)
No. of day 3 embryos 7 6 4
No. of fresh/frozen embryos transferred 2/1 1/~ /1
Pregnancy outcome None/one female infant None One male infant

PN pronuclei
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rare SNP (1576779571 in exon 4) in two fertilization failure
cases and three known rare SNPs (rs61742524 in exon,
rs76781645 in exon 1 and rs377369966 in intron 2) in three
polyspermy cases, but none of the SNPs were seen in controls.
A rare functional SNP is a genetic variant that alters gene
function and occurs at low frequency in a population. Rare
variants can play significant roles in complex diseases, as well
as in some Mendelian conditions [20], and they were more
likely to be deleterious than common variants [21]. Our results
suggest that IZUMOIR is implicated in the etiology of fertil-
ization failure and polyspermy.

The rare SNP rs76779571, which results in histidine being
replaced by glutamine, is predicted to have a damaging effect
on the function of the IZZUMO R protein JUNO. In the homo-
zygote carrier F189 and the heterozygote carrier F226, all
oocytes suffered from fertilization failure. According to the
prediction by PolyPhen-2, this variant might cause important
changes in the GPI-anchor structure such that the oocyte can-
not fuse with the sperm, leading to fertilization failure.

The variation 161742524, found in the first exon and lead-
ing to a cysteine to tryptophan substitution, might not have an
impact on the protein level as assessed by PolyPhen-2, but it
might affect the expression of IZZUMOIR at either the mRNA
or the protein level, which could ultimately alter the normal
function of IZZUMOIR.

Of the other two synonymous variations, rs76781645 lies
in the promoter region and rs377369966 lies in intron 2, and
both were found in polyspermy cases. Rs76781645, located in
the 5’ untranslated region, might affect gene expression by
way of regulatory elements, while rs377369966 might not
affect the coding sequence or alter expression but might im-
pact the transcriptional efficiency of the gene [22]. The clini-
cal significance of homozygosity or heterozygosity for these
SNPs is unclear, and future functional studies are necessary to
determine their effects.

One limitation of this study is the relatively small sample
size, which might lead to random events being seen as signif-
icant. Hence, this study should be considered as providing
preliminary observations and a basis for further studies on a
larger scale and in other ethnic groups. Moreover, further
studies are needed to elucidate the precise molecular mecha-
nism underlying the action of these rare ZZUMO R variations
in relation to the pathogenesis of fertilization failure and

polyspermy.

Conclusions

In summary, we have discovered one rare [/ZUMO 1R missense
variant, rs76779571 in exon 4 (c.510T>G, p.His170GIn), in
two cases with fertilization failure, and rs61742524 in exon 1
(c.9C>G, p.Cys3Trp), 1576781645 (c.-18G>T, synonymous),
and rs377369966 (¢.329+8G>T, synonymous) in three

polyspermy cases, respectively. All SNPs were absent in con-
trol subjects. Our identification of the rare nonsynonymous
SNPs in the JZZUMOIR gene suggests a contribution to the
etiology of fertilization failure and polyspermy.
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