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Abstract

Purpose Mutations in the zona pellucida glycoprotein genes have been reported to be associated with empty follicle syndrome
(EFS) and abnormal zona pellucida (ZP). In this study, we performed genetic analysis in the patients with female infertility due to
abnormal zona pellucida and empty follicle syndrome to identify the disease-causing gene mutations in these patients.
Methods We characterized three patients from two independent families who had suffered from empty follicle syndrome or
abnormal zona pellucida. Whole exome sequencing and Sanger sequencing were used to identify the mutations in the families.
Western blot was used to check the expression of wild type and mutant disease genes.

Results We identified two novel mutations in these patients, including a novel compound heterozygous mutation (c.507delC, p.
His170fs; ¢.239 G>A, p. Cys80Tyr and c.241 T>C, p. Tyr81His) in ZP! gene and a compound mutation in ZP2 gene
(c.860_861delTG, p.Val287fs and c.1924 C>T, p.Arg642Ter). Expression of the mutant ZP1 protein (p. Cys80Tyr and p.
Tyr81His) is significantly decreased compared with the wild-type ZP1. Other three mutations produce truncated proteins.
Conclusions Our findings expand the mutational spectrum of ZP/ and ZP2 genes associated with EFS and abnormal oocytes and
provide new support for the genetic diagnosis of female infertility.
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Introduction

The zona pellucida (ZP) is an extracellular glycoprotein ma-
trix universally surrounding mammalian eggs, which is essen-
tial to mediate sperm binding, prevent postfertilization
polyspermy, and provide physical barrier for protecting the
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EFS is mainly caused by a failure to retrieve oocytes with low
HCG (human chorionic gonadotropin, <40 IU/L) due to an
error in the administration or the bioavailability of HCG.
Genuine EFS is termed as retrieve no oocytes despite optimal
HCG levels on the day of oocyte retrieval, which is caused by
dysfunctional folliculogenesis, ovarian aging, or genetic de-
fects. There are three known disease-causing genes associated
with EFS, the luteinizing hormone/chorionic gonadotropin re-
ceptor (LHCGR), the zona pellucida glycoprotein 1 (ZP1), and
the zona pellucida glycoprotein (ZP3) [10-12].

The phenotypes in ZP-related female infertile patients are
diverse and can be caused by different mutations in different
disease genes. Many mutations in ZP/ gene were associated
with EFS, including compound heterozygous mutations
(c.170_174del and c.1169 _1176del), compound heterozygous
mutations of ¢.181C>T and ¢.1169 1176delTTTTCCCA [12,
13]. However, two mutations (c.1430 + 1G > T and ¢.1775-8T
> C) in a compound heterozygous state or the homozygous
frameshift mutation ¢.1169 1176delTTTTCCCA in ZPI pro-
duced ZP-free oocytes [14, 15]. Two homozygous mutations
(c.1695-2A > G and ¢.1691 1694dup, respectively) in ZP2
resulted in a thin ZP and in vitro fertilization failure [16].

In this study, we characterize three patients in two unrelat-
ed families who diagnosed with primary infertility. No oo-
cytes were retrieved from the patients of family 1 in repeated
IVF cycles. The oocytes in the proband of family 2 exhibited a
thin ZP.

Materials and methods
Sanger sequencing

This study was approved by the ethics committee on human
subject research at Huazhong University of Science and
Technology. Written informed consent was obtained from
the participants. Two Chinese families with primary infertility
were recruited. Total genomic DNA was extracted from whole
blood from the patients and the living family members. Sanger
sequencing was performed to confirm the ZP/ and ZP2
variants.

Plasmid construction

Human ZP1 and ZP2 gene plasmids were kind gifts from Lei
Wang’s lab in Fudan University [14]. Full-length cDNA of
ZP1 and ZP?2 genes were cloned into pEGFP-C1 vectors sep-
arately. Mutations (c.507delC, p. His170fs; ¢.239 G>A, p.
Cys80Tyr, and c.241 T>C, p. Tyr81His) in ZPI (H170fs;
C80Y+Y81H) and mutations (c.860_861delTG, p.Val287fs
and c.1924 C>T, p.Arg642Ter) in ZP2 were synthesized by
Mut Express II Fast Mutagenesis Kit V2 (Vzyme, China),
according to the manufacturer’s protocol.
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Cell transfection and western blotting

HEK?293T cells were cultured in Dulbecco’s modified Eagle
medium (DMEM) supplemented with 12% fetal bovine serum
(Gibco). The recombinant plasmid was transfected into the cells
using Lipofectamine 2000 (Invitrogen, USA). GFP-tagged
wild-type (WT) ZP1 expression plasmid, GFP-tagged H170fs
mutant ZP1 expression plasmid, GFP-tagged (C80Y+Y81H)
mutant ZP1 expression plasmid, GFP-tagged WT ZP2 expres-
sion plasmid, GFP-tagged V287fs mutant ZP2 expression plas-
mid and GFP-tagged R642Ter mutant ZP2 expression plasmid
were transfected into HEK293T cells separately. After 36 h,
these cells were collected for further analysis. Proteins were
extracted using NP40 lysis buffer (100 mM NaCl, 50 mM
tris-HCI, and 0.1% NP40 containing 1 mM PMSF). Protein
concentration was determined by a BCA assay and
electroblotted on PVDF membranes at 200 V for 2 h at 4 °C.
Following the transfer, the membrane was blocked with 5%
blocking buffer (5% non-fat dried milk and 0.1% Tween-20
in PBS) for 1.5 h at room temperature. The membrane was
incubated overnight with first antibody at 4 °C. After incuba-
tion, the membrane was washed three times for 10 min with
TBST and incubated with a specific secondary antibody at
room temperature for 2 h. The membrane was similarly washed
three times with TBST, and protein bands on the membrane
were detected using SuperSignal West Pico Chemiluminescent
Substrate (Thermo) with ChemiDoc XRS+.

Results
Clinical characteristics of the affected individuals

The proband of family 1 was a 32-year-old woman with a 10-
year history of unexplained primary infertility. She had nor-
mal ovarian reserves and regular menstrual cycles. Her chro-
mosomal karyotyping was 46, XX. She underwent ovarian
stimulation using the GnRH agonist long protocol. We obtain-
ed 10 follicles of diameter more than 14 mm from the patient
(May 20, 2019), but no oocytes were retrieved. Estradiol level
was 4313 pg/mL when HCG was administered. Oocyte re-
trieval was performed 37 h after HCG triggering on the left
ovary and five cumulus-corona complexes (CCCs) were re-
trieved but no recognizable oocytes were identified. Through
removing the surrounding cumulus cells in hyaluronidase so-
lution (80 TU/mL, SAGE, USA) and repeatedly mechanical
aspiration, only a cluster of closely gathered cumulus was
found (Fig. 1a—d). The detected estradiol level was 875 pg/
mL, and the 3-HCG level was 139.9 mIU/mL at the time of
oocyte retrieval. Two hours later, oocyte retrieval was per-
formed on the right ovary and no oocyte was obtained. The
sister of the proband was a 30-year-old woman who was di-
agnosed with primary infertility after 3 years of cohabitation
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Fig. 1 Phenotype of the patients’
oocytes. a Normal cumulus-
oocyte complexes are shown. b
Normal oocyte with surrounding
insoluble zona pellucida is
shown. ¢ The cumulus-corona
complexes of the proband from
family 1 are shown. d The cluster
of closely gathered cumulus is
shown after hyaluronidase disso-
lution of the proband from family
1. e, f The mature oocytes with
thin ZP retrieved from the pro-
band of family 2 are shown.
Oocytes show an abnormal ZP
with a thin matrix and an enlarged
perivitelline space

Normal

Family 1

Family 2

with her husband. She had normal ovarian reserves and regu-
lar menstrual cycles. Her basal sex hormone level was gener-
ally normal. Her chromosomal karyotyping was 46, XX. The
patient received two cycles of IVF treatment. In the first at-
tempt (November 15, 2018), a gonadotropin- releasing hor-
mone (GnRH) agonist protocol was performed and had a
plasma estradiol level of 1206 pg/mL. The second IVF at-
tempt (March 30, 2019) was carried out with GnRH antago-
nist protocol and estradiol level reached 2507 pg/mL. No oo-
cytes were obtained in both of the two attempts.

In family 2, the proband suffered from primary infertility
for 4 years. Her husband’s semen examination was normal
(Online Resource Table sl1). In her first GnRH antagonist
protocol cycle (February 21, 2017), five COCs were re-
trieved. After conventional IVF and denudation, two oocytes
were found to be ZP-free, and the others had an abnormal ZP
with a thin matrix and an enlarged perivitelline space (Fig.
le and f). The IVF was canceled because no embryos were
available. In the second luteal-phase stimulation attempt
(September 9, 2018), seven oocytes were retrieved which
also had a thinner ZP matrix and then denuded for ICSI.
Three embryos were obtained and cryopreserved, but failed
in implantation in subsequent two frozen-thawed embryo
transfer (FET) cycles. In her third cycle with GnRH antago-
nist protocol (June 27, 2019), one oocyte was retrieved and
was degenerated after granulosa cell removal. In her fourth
luteal-phase stimulation cycle (November 10, 2019), five
oocytes, which had an enlarged perivitelline space and thin

ZP, were retrieved. Three oocytes were fertilized after ICSI,
and three embryos were cryopreserved. The embryos have
not been thawed until now.

Identification of mutations in ZP71 and ZP2

Whole exome sequencing was carried out on the two patients
(family 1, Fig. 2a), and three heterozygous mutations (c.239
G>A, ¢.241 T>C and ¢.507delC) were identified in ZP]I.
Sanger sequencing of PCR products and T clones which con-
tain exon 2 and exon 3 of ZP/ gene from patients revealed a
novel compound heterozygous mutation: ¢.239 G> A (p.
Cys80Tyr) and c.241 T> C (p. Tyr81His) in the same allele
of ZP1 gene, and ¢.507delC (p. His170fs) in another allele of
ZP1 gene (Fig. 2b, Online Resource Fig. s1a). The compound
heterozygous ZP! mutation (c.507delC, p. His170fs;
c.239 G> A, p. Cys80Tyr and c.241 T>C, p. Tyr81His)
was present in both affected females. No mutations in ZP2,
ZP3, ZP4 and LHCGR were identified. The heterozygous
frameshift mutation ¢.507delC (p. His170fs) was inherited
from the mother of the proband. This mutation was predicted
to produce a premature stop codon and probably resulting in
the loss of zona pellucida function. Two novel heterozygous
missense mutations, ¢.239 G>A (p. Cys80Tyr) and c.241 T>C
(p. Tyr81His), might be inherited from the father of the pro-
band who died years ago and also carried by the unaffected
older sister. This compound heterozygous mutation had not
previously been reported in public databases, including
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Fig. 2 Identification of mutations a
in ZPI gene. a Pedigree of the

family 1. Squares indicate male /IZF O
family, and circles indicate

female. Filled symbols indicate L1 12
affected individuals; slashes
indicate deceased family
members and equal signs
represent infertility. The arrow
indicates the proband of the
family. b Chromatograms
obtained by direct sequencing of
PCR products reveal compound
heterozygous mutations of ZPI. ¢ 11 11I:2
The conservation analysis. Amino

acid sequence alingment show b

that C80 and Y81 in ZP1 protein

are highly conserved during
evolution. ZP1: ©.239 G>A, (p. Cys80Tyr);  ZP1: c.507delC, (p. His170fs)
c.241 T>C, (p. Tyr81His)

Family 1

m:4 11125

Family 1

CTCCATCTGCTACCACTGGG CACCTCTGGCATACCTCCCA
1:2 T_ cATACCTCCC
CTCCATCTGCTACCACTGGG CACCTCTGGCCATACCTCCC
1:1
CTCCATCTGCTACCACTGGG CACCTCTGGCCATACCTCCC
1:3
CTCCATCTGCTACCACTG GG
1:5
CTCCATCTGCTACCACTG GG CACCTCTGGCATACCTCCCA
n:7 CATACCTCCC
c c80 Y81
Homo sapiens FDVNNCSI|CYHWVTSRPQ
Pan troglodytes FDVNNCSI| CY|HWVTSRPQ
Macaca mulatta FDVNNCSI| CY|HWVTSRPQ
Mus musculus FEVNNCSI CY|HWVTSEAQ
Rattus norvegicus FEVNNCSI|CYHWVISEAQ
Gallus gallus FEVANCSI|CMHWLNTGED
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Fig. 3 Identification of mutations a Family 2
in ZP2 gene. a Pedigree of the
family 2. b Sanger DNA
sequencing reveals mutations in
ZP2 gene

I:1 1.2

1I:1 1I:2 1:3 11:4 1.5

I:1

b Family 2

ZP2: c.860_861delTG, p.Val287fs ZP2: c.1924 C>T, p.Arg642Ter

TTAAGTCTGAGCTTTG AAAA TAGGCACAGGCGAGGTAAAA
TGAGCTT TGAA T
I:1
TTAAGTCTGAGCTTTG AAAA TAGGCACAGGCGAGGTAAAA
TGAGCTT TGAA
1I:1
TTAAGTCTGAGCTTTG AAAA TAGGCACAGGCGAGGTAAAA
TGAGCTT TGAA
1I:3
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dbSNP and gnomAD database. Alignment of the ZP1 protein
across six species revealed that C80 and Y81 in ZP1 protein
are highly conserved (Fig. 2¢).

We performed targeted sequencing of ZP1, ZP2, ZP3, and
ZP4 genes in the patient from family 2 (Fig. 3a). According to
the Sanger sequencing of PCR products and T clones which
contain exon 10 and exon 17 of ZP2 gene from the patient, the
proband carried a compound heterozygous mutation in ZP2
gene (c.860 _861delTG, p.Val287fs and c.1924 C>T,
p.-Arg642Ter) and no mutations in ZPI, ZP3, and ZP4 were
identified (Fig. 3b, Online Resource Fig. s1b). The frameshift
mutation ¢.860 861delTG (p.Val287fs) was inherited from
the father of the proband; the unaffected older sister of the
proband also carried this frameshift mutation. This frameshift
mutation produced a premature stop codon and was not shown
in the dbSNP database. The frequency of the mutation ¢.1924
C>T (p.Arg642Ter) was 1/223072 (GnomAD _exome), which
might be inherited from her mother who died years ago.

Expression of wild-type and mutant ZP1 and ZP2
proteins in cells

To evaluate the effect of the mutations of ZP/ and ZP2
in vitro, HEK293T cells were transfected with the reconstruct-
ed vectors. As indicated by western blot analysis, the expres-
sion of ZP1 (C80Y+Y81H) was significantly decreased

Fig. 4 Protein expression of ZP1 a
and ZP2 in HEK293T cells. a
HEK293T cells were seeded in
six-well plates and transfected
with indicated constructs, and
western blotting was performed.
NC, negative control. b Relative
total protein expression of WT
and mutant ZP1 (C80Y+Y81H).
Results represent the average +
SEM of three independent exper-
iments (*p<0.01,n=3). ¢
Protein expression level of WT
and mutant (V287fs, R642Ter)

anti-GFP

(Fig. 4a and b). All three mutations—ZP1 (p. His170f1s),
ZP2 (p.Val2871s), ZP2 (p.Arg642Ter)—could generate trun-
cated proteins (Fig. 4a and c).

Discussion

In this study, we recruited three patients from two independent
families with primary infertility. We identified a novel com-
pound heterozygous mutation (c.507delC; c¢.239 G>A and
c.241 T>C) in ZPI gene from the patients in family 1 who
were diagnosed with empty follicle syndrome. A novel com-
pound heterozygous ZP2 mutation (c.860 861delTG and
¢.1924 C>T) was identified from the patient in family 2 who
was diagnosed with primary infertility due to thin zona
pellucida.

The compound heterozygous mutation in ZP/ that co-
segregate with EFS in family 1 and was absent in public
database. A previous study showed that the homozygous
frameshift mutation ¢.507delC (p. His170fs) in ZPI was
carried by a patient from a consanguineous family which
no oocytes was obtained in IVF cycle [14]. Those two mis-
sense mutations (¢.239 G>A, p. Cys80Tyr and ¢.241 T>C,
p. Tyr81His) might be inherited from the father. The older
sister who carried these two missense mutations alone had a
child. The phenotypic heterogeneity in ZP1-related female

ZP2 in HEK293T cells anti-GAPDH

anti-GFP

anti-GAPDH
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infertile patients might be caused by the different mutation
site. ZP1 protein has an N-terminal signal sequence (aa 1—
26), ZP-N1 domain (aa 36—138), highly conserved trefoil
(aa 232-277), and ZP domains (aa 277-553) and a C-
terminal transmembrane domain (aa 602—604). Those mu-
tations in ZP1, which produced ZP-free oocytes, were lo-
cated in the ZP domains. The truncated ZP1 protein might
comprise the N-terminal signal sequence, the trefoil do-
main, and the first half of the ZP domain [14, 15].
Consistent with the former research, the mutation
¢.507delC was predicted to introduce a premature stop co-
don, and there would be only the N-terminal signal se-
quence generated [12, 13]. Those two missense mutations
¢.239 G>A (p. Cys80Tyr) and c.241 T>C (p. Tyr81His) in
the ZP1-N1 domain (aa 36—138) led to decreased expres-
sion level of ZP1 protein. Also, a recent report showed that
mutation in the ZP1-N1 domain reduces the ability to form
disulfide-bonded homodimers, thus hindering human ZP
filament cross-linking [17]. Taken together, those might
cause failure to interconnect the ZP filaments and insuffi-
cient to maintain the oocyte development, thus leading to
oocyte degeneration and empty follicles.

The mouse zona pellucida is composed of three glycopro-
teins—mZP1, mZP2, and mZP3. Zp2 knockout female mice
form a thin zona matrix in early follicles consisted of mZP1
and mZP3. However, this zona pellucida is not sustained in
preovulatory follicles. Those zona-free oocytes matured and
fertilized in vitro can progress to the blastocyst stage, but no
live birth has been observed after embryo transplantation [7].
Previous study revealed that ZP2 mediates sperm binding to
the zona pellucida, lacking of which oocytes are defective for
sperm binding and I'VF fail [16, 18]. Consistent with the for-
mer research, the mutated ZP2 protein led to the formation of a
thin ZP [16]. The frameshift mutation (c.860 861delTG) in
ZP?2 from family 2 was inherited from the father of the patient,
and the unaffected older sister who carried the heterozygous
mutation alone had a child. Only the patient who carry the
compound heterozygous mutation is infertile.

In conclusion, we have identified two novel compound
mutations in ZP/ and ZP2. This finding confirms the impor-
tant role for ZP in human fertilization, and our study expanded
the mutational spectrum, which provides novel evidence for
genetic diagnostic of empty follicle syndrome or primary in-
fertility due to abnormal zona pellucida.
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