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Abstract

Purpose Empty follicle syndrome (EFS) is a complex reproductive disorder characterized by the repeated failure to aspirate
oocytes from mature ovarian follicles during in vitro fertilization (IVF). In addition to some cases caused by iatrogenic problems
and known genetic factors, there are still many unexplained aspects of EFS. Here, we aimed to assess the clinical and genetic
characteristics of two EFS patients.

Methods We have characterized two primary infertility patients with EFS in a nonconsanguineous family from China. Both the
patients presented similar clinical phenotypes, that is a few granulosa cells but no oocytes could be retrieved during repeated
cycles with normal follicular development, E2 levels, and bioavailable hCG plasma levels. Abnormal oocytes were obtained once
or twice between multiple IVF cycles. We performed Sanger sequencing of the LHCGR and ZP1~ZP4 genes in the patients, and
further bioinformatics analysis was performed to identify pathogenic elements in the genes.

Results A novel mutation, ¢.181C>T (p.Arg61Cys), and a known mutation, ¢.1169_1176delTTTTCCCA (p.11e390Thrfs*16), in
the ZP1 gene were both identified in patient 2, but no mutations were identified in patient 1. The novel mutation inherited from
her mother was absent in the control cohort and the ExAc database. The arginine residue is conserved at this position, and its
replacement by cysteine was predicted to be deleterious. In another allele, a paternal frameshift mutation was predicted to
introduce premature stop codons, resulting in the deletion of 234 amino acids from the C-terminus of the ZP1 protein.
Conclusions Our findings presented compound heterozygous mutations in ZP/ associated with EFS and abnormal oocytes and
provided further new evidence for the genetic basis of EFS and support for the genetic diagnosis of infertile individuals.

Keywords Empty follicle syndrome - ZP/ - Mutation - Oocyte anomalies - Infertility

Introduction induction of ovulation. Sometimes, even if the patients have a

normal ovarian reserve and follicular development and are

Cumulus-oocyte complexes (COCs) generally consist of cu-
mulus cells with a centrally located oocyte surrounded by the
zona pellucida and are isolated from the individual’s follicular
fluid. Cumulus cells are one of the two functionally divided
classes of granulosa cells in the antral follicle. During in vitro
fertilization (IVF) treatment, COCs can be retrieved with as-
piration and flushing of mature ovarian follicles following the
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subjected to ovum pick up (OPU) and repeated aspiration,
the complexes including the granulosa cells cannot be obtain-
ed; in these cases, empty follicle syndrome (EFS) is consid-
ered [1]. “False” EFS can be improved by correcting errors in
the administration of hCG or repeating cycles with other tac-
tics triggering an endogenous luteinizing hormone (LH)
surge; in this situation, treatment options are chosen according
to the levels of beta hCG (3-hCG) on the day of oocyte re-
trieval [2, 3].

Moreover, some genetic defects associated with “genuine”
EFS (GEFS) are characterized, and its prevalence is 0.016%.
There are two known genes responsible for GEFS, the lutein-
izing hormone/chorionic gonadotropin receptor (LHCGR,
MIM: 152790) and the zona pellucida glycoprotein 3 (ZP3,
MIM: 182889) [4, 5]. These mutations indicate that loss-of-
function not only in LH signaling but also in zona pellucida
(ZP) formation induces EFS manifestations, although oocytes
can be obtained from some patients with digenic mutations in
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the ZP2 and ZP3 genes and ZP abnormalities [6]. ZP1 as
another gene combining with the other three genes (ZP2,
ZP3, and ZP4) encodes the zona pellucida glycoproteins dur-
ing human folliculogenesis, which was believed to be respon-
sible for female infertility with a lacked ZP [7, 8]. In fact, it is
different that the clinical manifestation of LHCGR-related
GEEFS is from that of ZP3-related GEFS; in the former case,
neither oocytes nor COCs are retrieved, but in the latter case,
COCs can always be obtained although the oocytes are usu-
ally not [4, 5]. However, the exact pathological mechanism is
not clear. Furthermore, there are still many unexplained GEFS
cases that need further investigation.

In this study, we present two patients with clinical manifes-
tations suggestive of GEFS. In one patient, a novel mutation
and a known pathogenic mutation in the ZP/ gene were
found. On the basis of the genetic analysis, this study provides
additional evidence for the role of ZP/ in GEFS and advances
in our understanding of the clinical features of ZP/ mutations.
This is the first study to report GEFS clinical effects associated
with the mutations in the ZP/ gene.

Materials and methods
Case report
Patient 1

The patient was a 25-year-old woman with a 4-year history of
primary infertility with regular menses since menarche at the
age of 13. Her basic follicle stimulating hormone (FSH) level
was moderately elevated, but her luteinizing hormone (LH),
estradiol (E2) and anti-Miillerian hormone (AMH) levels were
normal (Table 1). An ultrasound scan showed a normal uterus
and ovaries with a total of eight antral follicles (2 to 5 mm in
diameter). Repeated ultrasound scans during her natural men-
strual cycles showed that a leading follicle developed to
20 mm in diameter and then ovulated for 2 cycles.
Chromosomal analysis showed the patient to be 46, XX. Her
husband was 37 years old, and his anamnesis, physical exam-
ination, ultrasound, and semen analysis were normal. His
chromosome karyotype was 46, XY. Subsequently, the patient
underwent controlled ovarian hyperstimulation and 5 cycles
of IVF at our hospital, as shown in Table 1. The patient was
the only child of a nonconsanguineous marriage, and her fam-
ily members did not have infertility disorders.

Patient 2
The patient was a 28-year-old woman with a 4-year history
of primary infertility with regular menses since menarche

at the age of 13. Her basic FSH, LH, E2, and AMH levels
were normal (Table 1). An ultrasound scan showed a
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normal uterus and ovaries with a total of 12 antral follicles
(2 to 5 mm in diameter). Ultrasound scans during her nat-
ural menstrual cycles showed that a leading follicle devel-
oped to 20 mm in diameter and then ovulated for 1 cycle.
Hysterosalpingography revealed a partial bilateral obstruc-
tion of her fallopian tubes. Chromosomal analysis showed
the patient to be 46, XX. Her husband was 34 years old,
and his anamnesis, physical examination, ultrasound, and
semen analysis were normal. His chromosome karyotype
was 46, XY. Subsequently, the patient underwent con-
trolled ovarian hyperstimulation and 2 cycles of IVF at
our hospital, as shown in Table 1. The patient was the child
of a nonconsanguineous marriage, and her sister, who had
offspring, was unaffected (Fig. 1a).

A control population of 200 unrelated Chinese fertile fe-
male volunteers was recruited. Written informed consent was
obtained from all subjects. The study was conducted in accor-
dance with the Declaration of Helsinki and was approved by
the Institutional Review Board of our hospital.

Mutation detection and bioinformatics analysis

Mutation detection in the LHCGR gene and ZP-related
genes (ZP1-ZP4) was performed on both of the patients
by Sanger sequencing of polymerase chain reaction (PCR)
products of all exons and flanking intronic regions using
specific primers [4] (Supplementary file). The mutation
was named according to the Human Genome Variation
Society (HGVS) standards (http://www.hgvs.org/
mutnomen/) with + 1 corresponding to the A of the ATG
translation initiation codon in the GenBank cDNA
sequence (LHCGR for NM_000233, ZP/ for NM _
207341, ZP2 for NM_003460, ZP3 for NM_001110354,
and ZP4 for NM_021186). Similar to other studies [9—12],
we analyzed the first five exons of ZP3 to avoid false
interpretation of the sequencing results due to a
polymorphic locus, POM-ZP3 [13]. We also sequenced
DNA from 200 control subjects.

CLUSTAL X (1.81) [14] was used to compare the human
ZP1 amino acid sequence (Homo sapiens UniProt ID P60852)
with those of five other species (Pan troglodytes, Macaca
mulatta, Equus caballus, Oryctolagus cuniculus, and Mus
musculus). The effects of the sequence variant were predicted
using PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/),
Mutation Taster (http://www.mutationtaster.org/), and SIFT
(http://sift.jcvi.org/). The database of the Exome
Aggregation Consortium (ExAC) browser (http://exac.
broadinstitute.org/) was used to determine the allele
frequencies of the variant. Information on the motifs and
domains of wild-type ZP1 protein was obtained from
Interpro (http://www.ebi.ac.uk/interpro/) and the Human
Protein Reference Database [15].


http://www.hgvs.org/mutnomen
http://www.hgvs.org/mutnomen
http://genetics.bwh.harvard.edu/pph2
http://www.mutationtaster.org
http://sift.jcvi.org
http://exac.broadinstitute.org
http://exac.broadinstitute.org
http://www.ebi.ac.uk/interpro/
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Time interval between hCG administration and oocyte retrieval (h)

Ovulation triggering (dose)
No. of oocytes retrieved

10,000 IU (hCG) + 0.2 mg (GnRH agonist)

0 (without granulosa cells cumulus)

177.62

Serum hCG level (IU/L) on the day of OPU

EFS empty follicle syndrome, F'SH follicle stimulating hormone (normal range 3.85-8.78 IU/L), LH luteinizing hormone (normal range 2.12—10.89 IU/L), E2 estradiol (normal range 27-122 pg/mL), AMH

anti-Mullerian hormone (normal range 0.24—11.78 ng/mL), OPU ovum pick up, NA no data available, GnRH agonist (Diphereline®, Ipsen, France), GnRH antagonist (Orgalutran®, Organon,

Netherlands), hCG (Livzon, China)

Results

Both patients had essentially normal ovarian reserve abilities,
and their husbands were also normal. Owing to years of pri-
mary infertility, [IVF was performed on these patients. Human
chorionic gonadotropin (hCG) was administered 36 h before
OPU was performed. In the first patient, no oocytes were
obtained, and only a few cumulus granulosa cells were re-
trieved after 3 cycles under different simulation protocols;
however, her serum hCG levels were normal on the day of
OPU in 2 cycles (Table 1). With natural and mild protocols, 1
COC without an oocyte or ZP and 1 oocyte without ZP were
retrieved. In the latter case, many sperm had adhered to the
surface of the oocyte. However, no polar body or pronuclei
were seen. After culturing to day 3, the oocyte did not cleave
(Table 1) (Fig. 1b). In the second patient, no oocytes and only
a few cumulus granulosa cells were retrieved in the first cycle
with a normal hCG level on the day of OPU. However, in the
second cycle, five oocytes were retrieved thorough repeated
aspiration after we prolonged the interval between hCG stim-
ulation and OPU to 41 h. However, the cumulus granulosa
cells were extremely difficult to denude on day 1. Moreover,
some oocyte structure was clearly seen in the COCs, and there
was sperm adhesion around the granulosa cells (Fig. 1c). To
avoid damaging the oocytes, we decided to allow the granu-
losa cells to detach naturally over time. However, up to day 3,
some granulosa cells were still wrapped around the oocytes,
which were degenerated (Table 1).

Direct sequencing of the LHCGR gene initially revealed no
mutations in either of the patients. We further examined the
ZP1~ZP4 genes in both of these patients. However, no muta-
tions of ZP1~ZP4 were detected in patient 1. Sanger sequencing
of four ZP-related genes in patient 2 revealed the compound
heterozygous mutations of c.181C>T (p.Arg61Cys) and
c.1169 1176delTTTTCCCA (p.11e390Thrfs*16) in the ZP1
gene (Fig. 2a, b). The former, c.181C>T, is a novel missense
mutation, but ¢.1169 1176delTTTTCCCA has been reported
previously [8]. Sequencing of the parental DNA showed that
the father was the carrier of ¢.1169_1176delTTTTCCCA
(p-11e390Thrfs*16) and the mother of c.181C>T
(p.Arg61Cys), but genetic information of other family members
is not available (Fig. 2a). Furthermore, we examined 200
healthy control subjects (400 alleles) and searched the ExXAC
database, and we found that this novel variant in ZP/ was absent
from our cohort and the database, suggesting that it might not be
a benign polymorphism. The computational programs SIFT,
PolyPhen-2, and Mutation Taster predicted that the effect of this
variant was deleterious and probably damaging and disease
causing. Alignment of the ZP1 protein across six species
showed that the arginine residue at position 61 was conserved
among the majority of species, except for rodents such as mouse
(Fig. 2¢). The paternal mutation, ¢.1169 1176delITTTTCCCA
(p.I1e390Thrfs*16), occurred in exon 7 and caused a frameshift
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Normal

Patient 1

Patient 2

Fig. 1 Oocyte characteristics examined by light microscopy in both of the
patients. a Phenotypes of oocytes from a normal individual. Left panel: a
cumulus-oocyte complex (COC) on day 0. Middle panel: a metaphase 11
oocyte on day 0. Right panel: a fertilized oocyte with two pronuclei on
day 1. “A” indicates granulosa cells, “B” indicates zona pellucida, “C”
indicates oocyte, and “D” indicates polar body. The yellow arrowheads
indicate adhesive sperm. Scale bars: 50 pm. b Phenotypes of oocytes

in the reading frame that was predicted to introduce a premature
stop codon at position 405, truncating the C-terminus of the ZP1
protein by 234 amino acids and probably resulting in the total
loss of zona pellucida function, and the maternal mutation,
c.181C>T (p.Arg61Cys), occurred in exon 1 near the signal
peptide motif of the ZP1 protein (Fig. 1d).

Discussion

The etiology of EFS is complex. At present, the genetic factors
associated with GEFS, including pericentric inversion of chro-
mosome 2 and single gene defects (LHCGR and ZP3 genes),
are involved [4, 5, 16]. In this study, we present two patients
with similar clinical phenotypes: No oocytes and only a few
granulosa cells could be retrieved during repeated IVF cycles
from the women of childbearing age with normal follicular
development, E2 levels, and bioavailable hCG plasma levels.
Abnormal oocytes were obtained once or twice between mul-
tiple cycles. Furthermore, their condition was not due to poor
ovarian response or failure of the hCG injection. Therefore,
genetic factors were considered. To our knowledge, this is
the first report to describe a GEFS patient with compound
heterozygous mutations in the ZPI gene. Including our study,
a total of four cases with four different ZP/ mutations have
been identified [8, 12]. In the previous studies, patients with
ZP1 mutations displayed abnormal eggs that lacked ZP or

from patient 1 on day 1. Left panel: a COC without oocyte and zona
pellucida in the first cycle. Right panel: an oocyte without zona
pellucida but with adhesive sperm (yellow arrowheads). Scale bars:
50 um. ¢ Phenotypes of oocytes from patient 2 on day 1. Five oocytes
were closely surrounded by granulosa cells, and an oocyte structure
(white arrow) might be seen in COCs. Scale bars 50 um

degenerated or cracked oocytes [8, 12]. Our patient 2, who
carries a novel mutation and a known mutation in ZP/ and
exhibits GEFS manifestation, also has degenerated oocytes
after prolonged OPU time in the second cycle. This finding
demonstrates that ZP/ mutations could influence the formation
and development of eggs. However, the clinical manifestations
in patients are diverse and could be associated with different
mutations. As in ZP3-related female infertility disorders, the
ZP3 ¢.400G>A mutation was associated with EFS, and the
¢.1045 _1046insT allele of ZP3 produced very thin ZP [5, 6].
During follicular development, ZP genes are expressed ex-
clusively in growing and fully grown oocytes. The ZP matrix
is crucial to oogenesis, fertilization, and early embryonic de-
velopment in mammals [17]. In mice, the ZP matrix consists
of three glycoproteins, namely, ZP1, ZP2, and ZP3. ZP1,
which interconnects ZP2 and ZP3, and is considered an im-
portant component necessary for the integrity of the ZP struc-
ture. In Zp2-null or Zp3-null female mice, the oocytes
completely lack ZP whose feature is like the human oocytes
with no or thinner ZP due to digenic mutations of the ZP2 and
ZP3 genes [0, 18, 19]. However, Zp/-null mice reveal diverse
features of abnormal zonae pellucida associated with early
embryonic loss or subfertility, especially ectopic localization
of granulosa cells within the perivitelline space [20]. It has
been proposed that the zona pellucida of mice and humans
are similar in structure, although human zona pellucida is
composed of four glycoproteins (ZP1, ZP2, ZP3, and ZP4)

@ Springer
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Homo sapiens

Pan troglodytes

NH2

Macaca mulatta

PGLLGLRHTYDCGMKGLQLLVFPPPGWTYRFKVVDEFGNTFEVNNCSICY

Equus caballus
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P---GFEYSYDCGVRGMQLLVFPRPNQTYQFKVLDEFGNRFEVNNCSICY
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Oryctolagus cuniculus
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R}

R}

Q

Mus musculus

Fig. 2 Genetic and bioinformatic analysis of ZP/ mutations in the family
of patient 2. a Pedigree of the family. The filled circle indicates the EFS
patient 2 (II:2). The arrow indicates the proband. Open squares or circles
indicate normal family members. The open rhombus indicates that I11:4
was pregnant but with a baby of unknown gender. b Partial forward
nucleotide sequences in the ZPI gene. Upper panel: The arrow points
to the wild-type ¢.181C in a control sample and the wild-type codon is
underlined (left); the arrow points to the heterozygous c.181C>T
(p-Arg61Cys) mutation in the patient (II:2), and the mutated codon is
underlined (right). Bottom panel: The left arrow points to the wild-type
in a control sample, and the right arrow points to the frameshift c.1169
1176delTTTTCCCA (p.11e390Thrfs*16) mutation in the patient (I1:2). ¢

[21]. In this study, the same frameshift mutation in ZP/ was
found in patient 2, who also carried another novel mutation
(p.Arg61Cys). The positively charged arginine (R61) is near
the N-terminal signal sequence of the ZP1 protein, which is
composed of highly hydrophobic amino acids. We speculate
that the substitution of the neutral residue C61 would affect
the electrostatic distribution of the surrounding region and
induce subtle conformational changes that would adversely
affect the direct shuttling of nascent glycoproteins to the se-
cretory pathway [22]. Different from the previous report of
ZP-nmull human patients with ZP-free [8], although we could
not identify the ZP in patient 2 due to tight granulosa cells, we
predict that the abnormal ZP (none or thin) would lead to a
tighter gap junction between oocytes and granulosa cells and
that the microvilli of the granulosa cells would stretch into the
oocytes resulting in the cracking of the eggs during forceful
denuding of granulosa cells [12, 23], as ectopic localization of
granulosa cells within the perivitelline space extend in be-
tween them in Zp/-null mice [20].

In our study, mutations in ZP/ have an autosomal recessive
inheritance pattern. Patient 2 carried the compound heterozy-
gous mutations, whereas the fertile parents were heterozygous
carriers of one or the other mutation. Although no genetic data
are available for the fertile sister, it is reasonable to assume that it

@ Springer

c.181C>T ¢.1169_1176del CccC
(p.Arg61Cys) A (p.lle390Thrfs*16)
COOH
—
P-type trefoil m Zona pellucida —W

638aa

Predicted premature | 234aa
stop codon site

R61 was conserved among the majority of species, except for rodents
such as the mouse. The arginine residue is at position 61 in Homo
sapiens, Pan troglodytes, Macaca mulatta, Equus caballus,
Oryctolagus cuniculus, and Mus musculus. d Schematic illustration of
the motif and domains in ZP1. Wild-type ZP1 protein has 638 amino
acids and contains a signal peptide motif (SP, yellow), a P-type trefoil
domain (purple), a zona pellucida domain (gray), and a transmembrane
domain (TM, blue). The arrows indicate the locations of the novel
mutation (red) and a known frameshift mutation (black), the latter of
which is predicted to delete 234 amino acids from the C-terminus of the
ZP1 protein

probably had no mutations or the same heterozygous mutation
as her parents. However, patient 1 displayed GEFS and abnor-
mal oocytes with no ZP, but no mutations were detected in
LHCGR or ZP1~ZP4. In fact, mutations in ZP-related genes
have been identified in approximately 9% of oocyte morpholog-
ic defects [12]. On the basis of our previous study and others’
descriptions of the clinical features with LHCGR-related and ZP-
related GEFS [4, 5], the oocytes are usually not retrieved which
does not indicate that there are not any oocytes in ovaries, where-
as the pathologies display degenerated oocytes in human ovaries
[5]. Therefore, we suggested that abnormal signaling pathway of
LH/hCG receptor might result in strong adherence of cumulus
granulosa cell complexes to the follicular wall, and abnormal
zonae pellucida might cause ectopic localization of granulosa
cells and a subsequent tighter gap junction between oocytes
and granulosa cells. The in-depth study of pathological mecha-
nisms and other genetic factors requires further investigation.

In conclusion, we report two EFS patients from China. The
primary infertility patients exhibited typical GEFS manifesta-
tions and abnormal oocytes. One novel mutation and one
known mutation were identified in the ZP/ gene. Our findings
provide new evidence for the genetic basis of GEFS and sup-
port for the genetic diagnosis of infertile individuals with ab-
normal oocyte phenotypes.
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