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Abstract

Purpose To investigate the pathogenesis of the recurrent preimplantation embryonic arrest characterized by direct cleavage.
Methods Two affected individuals underwent time-lapse imaging to observe the cleavage behaviors in their final ICSI attempts.
In addition, both patients were subjected to whole-exome sequencing. After the identification of possible causative genes,
molecular modeling analyses were used to evaluate the possible effects of candidate mutations on protein secondary structure.
Results All the bipronucleated (2PN) zygotes from both individuals presented multiple abnormal cleavage behaviors, particularly
direct cleavage (DC) and subsequent cleavage arrest. Mutation analysis identified one new frameshift mutation ¢.1521dupC
(p-S508Qfs*5) and two missense mutations ¢.A1117C and ¢.C1708T (p.T373P and p.R570C, respectively) of the PADI6 gene,
which were in the protein-arginine deiminase (PAD) domain and highly conserved.

Conclusion This study expands the mutation spectrum of PADI6 and is the first to propose that the preimplantation embryonic
arrest with concomitant abnormal cleavage behaviors, especially DC, maybe associated with PADI6 mutations.

Keywords PADI6 - Preimplantation embryonic arrest - Direct cleavage - Mutation

Introduction

Normal preimplantation embryonic development is a key
step in establishing a successful pregnancy. The zygote
undergoes three consecutive occurrences of cytokinesis
and produces six to eight blastomeres on day 3 of culti-
vation. Only approximately 40—70% of the human embry-
os produced during in vitro fertilization (IVF) are viable
embryos, and the others arrest at different stages [1]. If all
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her embryos undergo developmental arrest, the patient’s
IVF/ intracytoplasmic sperm injection (ICSI) cycle fails.

The quality of the embryo is usually evaluated according to
cell number, cell symmetry, and fragmentation by means of
morphological assessments at several predefined points in
time during embryo development [2, 3]. With the widespread
application of time-lapse imaging, opportunities to generate a
complete and continuous picture of the kinetics of embryo
development have arisen [1, 4—6]. Numerous recent studies
have identified maternal-effect factors that play essential roles
in preimplantation embryonic development. Mutations in
TUBBS (tubulin beta 8 class VIII) [7, 8], PADI6 (peptidyl
arginine deiminase, type VI) [9], and TLE6 (transducin-like
enhancer of split 6) [10, 11] cause embryonic arrest before the
8-cell stage, with concomitant fragmentation. However, mu-
tations in these genes just account for a small number of pa-
tients, and the genetic basis of preimplantation embryonic
arrest remains poorly understood.

In this study, we observed all the embryos have abnormal
cleavage patterns, mainly direct cleavage (DC), and identified
a new compound-heterozygous missense mutation and a new
homozygous frameshift mutation in PADI6 (OMIM ID:
617234; NM_207421) in two infertile individuals by time-
lapse imaging and whole-exome sequencing (WES). These
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data are the first to suggest the possible pathogenesis of
bipronucleated (2PN) zygote DC and extend the spectrum of
phenotypes for mutations in PADI6.

Materials and methods
Study subjects

All the preimplantation embryonic arrest and control subjects
examined in this study were from the Reproductive and
Genetic Hospital of CITIC-Xiangya. All blood samples were
donated for the investigation after informed consent was ob-
tained. This study was approved by the Ethics Committee of
the Reproductive and Genetic Hospital of CITIC-Xiangya
(reference LL-SC-2017-009).

Time-lapse imaging

The 2PN zygotes were placed individually and cultured in G1
plus medium for time-lapse imaging with the Primo Vision
system (Vitrolife, Goteborg, Sweden). Images of each embryo
were recorded every 5 min.

Whole-exome sequencing (WES) and variant analysis

The probands and control individuals were subjected to
WES. Then, combined the time-lapse data and focused on
patients of the DC occurred. Sequencing, variant calling,
and annotation were previously described [12]. Variants
were filtered using the following criteria: (1) variations with
minor allele frequencies less than 1% in the following data-
bases (Genome AD, 1000 Genomes Project and ExAC), (2)
exonic nonsynonymous or splice site variants or coding
INDELSs, (3) homozygous/compound-heterozygous muta-
tions in the proband, (4) mRNA/proteins that were highly
expressed or specifically expressed in the human oocyte, (5)
coexistence in both probands, and (6) absence in both con-
trols. In addition, additional infertile individuals with recur-
rent preimplantation embryonic arrest (n = 98), poor fertil-
ization (n = 50), and oocyte mature disorder (n = 30) were
also recruited to estimate the prevalence of PADI6 mutation
in different infertile populations.

Sanger sequencing

Specific primers flanking the mutation in the PAID6 gene
were used for amplification by PCR with an ABI 3100
DNA analyzer (Applied Biosystems, Foster City, CA,
US). The variants were validated by Sanger sequencing
in the affected individuals, other family members and 100
women with normal fertility.
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Molecular modeling and evolutionary conservation
analysis

WT and mutated PADI6 (NP_997304.3, p.T373P, and
p.-R570C) were assessed using SWISS-MODEL software
(https://swissmodel.expasy.org) based on the template of
4dkt.1.A.pdb. Mutated PADI6 was mapped onto the atomic
model using PyMol (http://www. pymol.org). Evolutionary
conservation analysis was performed with MultiAlin (http://
multalin.toulouse.inra. fr/multalin/multalin.html) software.

Results

Clinical characteristics and phenotypes of patients
and control individuals

We recruited two patients and two control individuals from
independent and hitherto uncharacterized families with prima-
ry female infertility. Both control subjects underwent 1 IVF/
ICSIcycle. The 11 embryos were cleaved at the 8-cell stage on
day 3 and further cultured to form blastocysts on day 5, and
one blastocyst was implanted, and one healthy baby was born.
Both patients underwent 23 failed IVF/ICSI attempts at our
center. Patient II-1 in family 1 underwent two different COH
protocols for separate [IVF/ICSI attempts. The number of re-
trieved oocytes (24 and 20 in attempts 1 and 2, respectively)
and frequency of oocyte maturity (83.3% and 80%, respec-
tively) were not clearly abnormal, but the normal fertilization
(2PN) rate was low (20% and 50%, respectively); however,
some OPN fertilized eggs also cleaved. After cultivation, no
viable embryos were produced, all zygotes were cleaved at the
2—4-cell stage on day 3, and all were arrested during further
blastocyte culture. Patient II-1 in family 2 underwent three
COH protocols and different IVF/ICSI attempts, which also
resulted in many retrieved oocytes (14, 17, and 18 in attempts
1,2, and 3, respectively), high oocyte maturity (100%, 76.4%,
and 77.8%, respectively), and an especially low 2PN rate
(21.4%, 23.1%, and 14.3, respectively). In addition, all the
zygotes were cleaved at the 2—5-cell stage on day 3 and were
arrested during further blastocyte culture. Table 1 summarizes
the detailed information of the two patients.

Time-lapse imaging of abnormal division behaviors

We adopted time-lapse imaging in the final attempt of both
patients and control individuals. The kinetic parameters fo-
cused on the tPNF (timing of the fading of both pronuclei),
t2 (timing of division to two completely separated blasto-
meres, for the patients, the t2 indicated the timing of the finish
of the first division), and ECC1 (the duration of the first divi-
sion). Additionally, morphological dynamic parameters were
analyzed. In the 11 control 2PN zygotes, both pronuclei had
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6 (4 2PN/2 1PN) The 2PN zygotes were cleaved to 1 grade
11 4-cell stage, 2 grade II 2-cell stage;
OPN zygotes were cleaved to 3 grade
11 2-cell stage; and the remaining 14
embryos showed cleavage failure
on day 3.

11 (8 2PN/3 1PN) The 2PN zygotes were cleaved to 2
grade II 5-cell stage, 1 grade I 4-cell
stage, 2 grade II 4-cell stage, and
2 grade II 3-cell stage; 1PN zygotes
were cleaved to 2 grade II 3- to
S-cell stage; OPN zygotes were
cleaved to 3 2- to 4-cell stage; and
the remaining 4 embryos showed
cleavage failure on day 3. All
embryos arrested during
subsequent blastocyst culture.

11 (3 2PN/5
1PN/3 3PN)

The 2PN zygotes were cleaved to 2
grade II 4-cell stage; 1PN zygotes
were cleaved to 4 2- to 4-cell stage;
3PN embryos were cleaved to 3
2- to 4-cell stage; OPN zygotes
were cleaved to 3 2- to 3-cell stage;
and the remaining 2 embryos
showed cleavage failure on day 3.

Table 1 Oocyte and embryo characteristics of two patients undergoing IVF and ICSI
Patients Age IVF and ICSI attempts COH Total ~ MII
protocol  oocytes Oocytes

II-1in family I 31  First IVF Ultra-long 24 20

33 Secord Long 20 16

ICSI/time-lapse

[I-1 in family 2 26  First IVF Long 14 14

26 Secord half ICSI Ultra-long 17 13

27  Third ICSI/time-lapse GnRH-a 18

14 (4
degeneration)

11 (3 2PN/7
1PN/1 3PN)

The 2PN zygotes were cleaved to 2
grade II 4-cell stage and 1 grade
III 2-cell stage; 1PN zygotes were
cleaved to 4 2- to 3-cell stage; 3PN
embryos were cleaved to 3-cell
stage; OPN zygotes were cleaved
to 2 2- to 5-cell stage; and the
remaining 3 embryos showed
cleavage failure on day 3. All
embryos arrested during
subsequent blastocyst culture.

5 (32PN/2 1PN) The 2PN zygotes were cleaved to 1
grade II/1 grade I1/1 grade IV
2-cell stage, and the remaining
7 embryos showed cleavage
failure on day 3.

faded at 22.2 to 27.0 h after IVF/ICSI, and the length of time
was nearly the same for different zygotes. However, the tPNF
was clearly longer for the 2PN embryos of both patients
(23.1-55.6 h and 23.2-49.0 h, respectively), and the lengths
of time were dispersed from each other, and the t2 and ECC1
showed the similar change tendency with tPNF (Fig. 1B a—c).
The normal cleavage pattern (NC) and typical abnormal cleav-
age patterns are shown in Fig. 1A, and detailed morphological
dynamic parameter analyses are described in Table 2. The
control zygotes underwent three continuous cleavages of each
blastomere to two blastomeres. Finally, an 8-cell embryo was
observed on day 3 of cultivation (Fig. 1A a—e and
Supplemental Video 1). For patient 1, multiple abnormal

division behaviors were observed. Regarding embryo 5,
the zygote cleaved into two uneven blastomeres (UBs)
(Fig. 1A m), and then, only one blastomere entered the
next cell cycle, cleaved into two UBs again, and finally
arrested at the 3-cell stage (Fig. 1A n—o). Embryos 4 and
6 underwent the first failed cytokinesis (FC), and then
DC in the second cell cycle (Fig. 1A h—j). The other five
zygotes directly divided into three to five blastomeres
during the first cell cycle, and then developmentally
arrested (DA) on day 3 (Fig. 1A p—s and Supplemental
Video 2). However, in patient 2, all three zygotes were
directly divided into three or four blastomeres in the first
division, and then developmental arrest occurred.
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Fig. 1 Morphological characteristics and kinetic parameter abnormities
observed by time-lapse imaging. A Representative images show three
consecutive occurrences of division and the production of eight blasto-
meres in the control zygote (a—e), as well as three abnormal cleavage
patterns during embryonic development of the patients’ zygotes. NC,
normal cleavage; PN, pronucleus; DA, developmental arrest; DC, direct

Meanwhile, embryo 2 also exhibited reverse cleavage
(RC) behavior (blastomere fusion from 4 cells to 3 cells
during the first cleavage), and scattered fragments
emerged after division in embryos.

@ Springer

cleavage; FC, failed cytokinesis; RC, reverse cleavage; BF, big fragment;
UB, uneven blastomeres; -b, the larger blastomeres of the UB; -s, the
smaller blastomeres of the UB. The arrow indicates the PN, and the
arrowhead indicates the three nuclei produced despite the first cytokinesis
failure. B Kinetic parameters such as the tPNF(a), t2(b) and ECCl(c)
delays in the patients’ zygotes. Dates are shown as the average

Identification of PADI6 pathogenic variants

We performed WES in two patients and control individuals.
After filtering was performed according to the criteria described
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Table2  Summary of kinetic and morphological dynamic parameters
tPNF 2 ECC1  First cleavage Secord cleavage Third cleavage
(hours)  (hours) (hours)
Control I  Embryo 1 23.6 25.8 0.25 Normal, cleaved to 2-cell Normal, 2-cell cleaved to 4-cell Normal, 4-cell
Embryo 2 24.0 25.9 0.17 cleaved to 8-cell
Embryo3 24.0 25.5 0.07
Embryo 4 24.5 26.0 0.08
Embryo 5 222 24.5 0.08
Control 2 Embryo 1  20.5 26.4 0.17 Normal, cleaved to 2-cell Normal, 2-cell cleaved to 4-cell Normal, 4-cell
Embryo 2 24.5 275 0.25 cleaved to 8-cell
Embryo3 259 27.1 0.67
Embryo 4 249 29.2 0.17
Embryo 5 21.1 28.5 0.25
Embryo 6  20.9 273 0.17
Patient 1  Embryo 1 55.6 59.7 1.42 DC to 5-cell, FR DA
Embryo2 26.2 34.7 5.67 DC to 3-cell, BF 1/3 DA to 5-cell, FR DA
Embryo3 32.5 36.4 1.33 DC to 4-cell, BF DA
Embryo 4 23.1 / / FC DC to 4-cell DA
Embryo 5 27.6 31.5 1.33 UB to 2-cell 1/2 DA to 3-cell DA
Embryo 6 23.3 / / FC DC to 3-cell and RC to 2-cell, FR DA
Embryo 7 31.6 50.8 15.67 DC to 3-cell and RC to 2-cell, FR  1/2 DA to 3-cell 1/3 DA to 5-cell
Embryo 8 33.8 36.6 1.75 DC to 3-cell DA
Patient2  Embryo 1l 49.0 52.1 1.67 DC to 3-cell, BF DA
Embryo2 33.8 40.0 1.58 DC to 4-cell and RC to 3-cell, FR DA
Embryo3 232 26.2 0.17 DC to 4-cell DA

tPNF, timing of the fading of both pronuclei; t2, timing of division to two completely separated blastomeres, for the patients, the t2 indicated the timing of
the finish of the first division; ECC1, the duration of the first division; DC, direct cleavage; DA, developmental arrest; FC, failed cytokinesis; RC, reverse
cleavage; UB, uneven blastomeres; BF, big fragment; FR, scattered fragments after division

in “Materials and Methods,” only PADI6 (OMIM 1D: 617234;
NM_207421) variants remained in both patients (Supplemental
Table 1). Patient 1 had a compound-heterozygous missense mu-
tation, namely c.A1117C and ¢.C1708T (p.T373P and
p-R570C, respectively). Sanger sequencing confirmed that
p.T373P and p.R570C were from her father and mother,
respectively (Fig. 2A left). Patient 2 had a homozygous
frameshift mutation ¢.1521dupC (p.S508Qfs*5), although
her parents were not consanguineous according to the pa-
tient’s statement. However, Sanger sequencing confirmed
that both her parents had a heterozygous mutation (Fig.
2A right). These corresponding mutations were not found
in the East Asian population of the Genome AD exome,
1000 Genome, or exome aggregation consortium (ExAC)
database, and were also not found in 100 healthy Chinese
women with normal fertility.

All three mutations were located in the protein-arginine
deiminase (PAD) domain, and the hotspot region included
the most (9/11) reported mutant residues (Fig. 2B).
However, biallelic mutations in PADI6 were absent in 98
additional infertile individuals with recurrent preimplanta-
tion embryonic arrest, 50 individuals with poor fertiliza-
tion and 30 individuals with oocyte mature disorder.

Impact of PADI6 mutations

The amino acids at positions p.S508 and p.R570 were highly
conserved across species, and p.T373 was conserved in pri-
mates (Fig. 2C). According to a three-dimensional (3D) struc-
ture of PADI6, the hydrogen bonds of mutated residues T373
and R570 with nearby residues were predicted to have signif-
icant changes. The wild-type residue T373 is capable of hy-
drogen bonds and connects with residues T366, S374, and
G397 (Fig. 2D a), but all three connections are absent in the
mutated residue P373 (Fig. 2D b). In addition, the wild-
type residue R570 is capable of hydrogen bonds with
residues 1566, H577, K574, E581, and E586 (Fig. 2D
¢); however, the mutated residues only have hydrogen
bonds with the 1566 and K574 residues (Fig. 2D d). All
the obliterated hydrogen bond-connected residues are
conserved in, minimally, primates (Fig. 2C).

Discussion

PADIG6 is a member of the subcortical maternal complex
(SCMC) and is critical to the formation of the oocyte-
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Rhesus monkey CYTQAPHKTTSL ILDTPQATDLDEFPMKYSLSPG QLLLASPSACY CIHLNRDILKTELGLVEQDI IEI

Macaque CYTQAPHKTTSL ILDTPQATDLDEFPMKYSLSPG  QLLLASPSACY CIHLNRDILKTELGLVEQDI IEI
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T366 S374 G397 1566 H567 K574 ES81 ES86

restricted fibrous structure, namely the cytoplasmic lattice ~ have indicated that PADI6 plays a role in de novo protein
(CPL). An increasing number of studies with mouse models  synthesis prior to the maternal-to-embryonic transition and
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<« Fig. 2 Patient genotypic features. A Pedigree analysis of two cases of
recurrent preimplantation embryonic arrest. Black squares with arrows
indicate affected individuals. The black arrows in the chromatograms
show the locations of the PADI6 mutations. B Localization of variants
in the genomic and protein structure. Red arrows represent 3 new
mutations in our study, and black arrows represent 11 mutations
reported in previous studies. C Conservation of mutated amino acids in
7 different species. The residues S508 and R570 and nearby residues
T366, G397, 1566, and K574 are highly conserved across species;
however, others are conserved in primates. D Protein conformation
predictions of mutations in PADI6. The magnified views show the
comparison of missense mutant residues P373 and C570 with views of
wild-type residues T373 and R570. Red-dashed lines represent hydrogen
bonds. The number of hydrogen bonds is decreased for both mutant
residues

in microtubule-mediated organelle positioning and move-
ment, and PADI6 null embryos do not develop past the two-
cell stage [13, 14].

Four previous studies identified 11 different mutations in
PADIG6, including 8 compound-heterozygous mutations
(p-H211Q and p.E670Gfs*48, p.Q324* and p.G540R,
p.P289L and p.P632L, and p.N598s and p.R582Q) and 3 ho-
mozygous mutations (p.Q381%, p.L375Ffs*13, and p.R457%)
(Fig. 2B and Supplemental Table 2). Here, we report three
additional novel PADI6 mutations, which further expand the
mutation spectrum of PADI6.

Previous investigations have indicated that mutations
in PADI6 cause early embryonic arrest, underlying almost
all cases of embryo arrest between the 2- and 5-cell stage
[9]. Nevertheless, some viable embryos were also pro-
duced on day 3; however, these embryos failed to form
blastocysts on day 5 or were transferred into the uterus
but failed to establish a pregnancy [9]. Recent research
has shown that PADI6 missense variants also cause mis-
carriages and molar pregnancies. The embryos are permis-
sive for blastocyst implantation and the differentiation of
some embryonic tissues, but the pregnancy is retained by
the mother only until 8-12 weeks [15]. Our result is con-
sistent with the aforementioned results, in which preim-
plantation embryonic arrest occurs. Meanwhile, previous
studies have indicated that biallelic mutations in PADI6
may just cause embryonic arrest (Supplemental Table 2).
Patients in our study demonstrated poor 2PN fertilization
(Table 1), especially for patient 2 (21.4%, 23.1%, and
14.3%); however, some OPN fertilized eggs also cleaved,
combine with these fertilized eggs, the average fertiliza-
tion rates were 63.9% (patient 1) and 86.5% (patient 2).
Meanwhile, in our 50 poor fertilization patients WES da-
ta, we did not find any PADI/6 mutations. Due to the sam-
ple size limitation, the relationship between poor fertiliza-
tion and PADI6 mutation requires further research.

We have highlighted the previously reported mutation
type, the location of all variants in the sequence of
PADI6 and the phenotype (Fig. 2B and Supplemental

Table 2). Most (9/11) of the mutations were located in
the PAD domain, and most (5/7) were one- or two-
protein-truncating variants in one patient [9, 11, 15,
16]. The compound-heterozygous missense mutation
p-P289L and p.P632L in the patient caused the same
phenotype as the previously described patients [11];
however, the p.N598S and p.R682Q compound-
heterozygous missense mutation has a milder effect,
namely hydatidiform moles [15], which may be because
the two mutations are both near the end of the PAD
domain mutation. In our study, we identified one com-
pound front/middle PAD domain mutation and one PAD
domain-truncating variant, resulting in preimplantation
embryonic arrest.

There are growing concerns about the relationship between
abnormal cleavage patterns and embryonic developmental po-
tential. With the detailed observations of our patients’ cleav-
age anomalies, we noticed that almost all the tPNF, t2, and
ECC1 were delayed and that all embryos had DC. The mem-
branes of the two pronuclei disappeared, which corresponded
to the M phase in the cell cycle [17, 18]. In 2PN embryos, the
pronuclei usually disappear 20-24 h after insemination or
ICSI [6, 19]. For our patients, all the pronuclei disappeared
within 23.1-55.6 h. The delayed disappearance of the
pronuclei may imply an obstacle to M phase entry.

Meanwhile, cleavage abnormalities have been shown
to occur quite frequently, and DC accounts for a large
proportion of these abnormalities [20, 21]. The cause of
the DC pattern is not clear. Some studies regarded it as the
formation of tripolar spindles, which cause abnormal dis-
tribution of chromosomes to the blastomeres during cell
division in polyspermic human oocytes division [22, 23].
However, for properly fertilized 2PN zygotes, the patho-
genesis of DC is poorly understood. These DC embryos
have been confirmed to have a markedly decreased blas-
tocyst formation rate, and the ability of these embryos to
establish a pregnancy has been shown to be significantly
reduced [2, 4]. Almost all (8/11) 2PN zygotes in our pa-
tients underwent direct division during the first cleavage,
which may explain the abovementioned continuous preg-
nancy failure by morphological analysis on day 3 in the
PADI6 mutation patients [9].

Recent researches indicated the CPL can regulate mouse
oocyte microtubules, and PADI6 knockout causes altered
spindle microtubule assembly [13]. We speculate that DC
may be associated with to an abnormal spindle during cell
division because of the obstacle to microtubule assembly.
However, because of scarcity of human oocytes and embryos,
the exact molecular mechanism is largely unknown.

In conclusion, our study expands the mutation spectrum of
PADI6 and is the first to propose that the preimplantation
embryonic arrest may be associated with PADI6 mutations is
due to abnormal cleavage, mainly DC.
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