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Abstract

Oocyte maturation arrest results in primary female infertility, but the genetic etiology of this phenotype remains largely
unknown. Previously, we and other groups have reported that biallelic mutations in PATL2 are mainly responsible for human
oocyte germinal vesicle-stage arrest and that the specific phenotype varies for different mutations. Here, we identified four
novel missense mutations (p.V260M, p.Q300%*, p. T425P, and p.D293Y), a novel frameshift mutation (p.N239Tfs*9), and a
reported splicing mutation (p.R75Vfs*21) in PATL2 in seven affected individuals from five unrelated families, showing a
multiplicity of phenotypes in oocyte maturation arrest, fertilization failure, or embryonic developmental arrest, which further
expands the mutational and phenotypic spectrum in patients with PALTL2 mutations. This work further indicates the critical
role of PATL?2 in oocyte maturation and early embryo development and will provide a basis for pursuing the determination
of genetic variation in PALT2 as an additional criterion for evaluating the quality of oocytes and embryos for assisted

reproduction techniques.
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Introduction

Infertility is a relatively common disorder of the repro-
ductive system and affects 10.7-15.15% of couples [1].
The occurrence of infertility remains unexplained in many
cases, and a molecular understanding of infertility has the
potential to reveal fundamental insights into human
reproduction. Successful human reproduction starts from
the fusion of a sperm with a mature oocyte, and there is a
series of distinct morphological and molecular events that
occur during oocyte maturation, including germinal
vesicle (GV) breakdown, meiotic spindle assembly,
polarized differentiation of the oocyte cortex, and asym-
metric division to extrude the first polar body [2—4].
Abnormalities in any of these events will result in oocyte
maturation arrest and subsequent fertilization failure or
early embryonic developmental arrest, which ultimately
will lead to primary female infertility.

Human oocyte maturation arrest was first described in
1990 [5], and three types of oocyte anomalies were
observed during in vitro fertilization (IVF): GV arrest,
metaphase I (MI) arrest, and the absence of oocytes.
Similar cases were subsequently reported [6-9], but the
genetic factors related to oocyte maturation arrest were
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rarely studied and remained largely unknown. Feng et al.
first determined the inheritance pattern of human oocyte
MI arrest and identified TUBB8 mutations, which are
responsible for the disease [10-12]. Recently, four studies
have demonstrated that biallelic mutations in PATL2 are
primarily responsible for human oocyte GV arrest. The
first study initially identified a homozygous nonsense
mutation of PATL2 (c.784C>T [p. Arg262*]) in a con-
sanguineous family affected by human oocyte GV arrest.
The subsequent mutation screening of PATL2 in a cohort
of 179 individuals identified four unrelated subjects with
compound heterozygous PATL2 mutations with a slight
phenotypic variability [13]. In the second study, two
homozygous PATL2 variants were identified in two
oocyte GV arrest subjects from two different Saudi Ara-
bian families [14]. In the latest two studies, biallelic
mutations in PATL2 were identified in two independent
cohorts accounting for about 26% (6/23) and 44% (4/9) of
typical oocyte GV arrest patients, respectively [15, 16].

Here, we screened PATL2 mutations in patients with
primary infertility who had been previously diagnosed with
oocyte maturation arrest, low fertilization rates, or early
embryonic arrest. Seven new patients from five unrelated
families were detected harboring PATL2 mutations,
including four novel missense mutations (p.V260M, p.
Q300%*, p.T425P, and p.D293Y), a novel frameshift muta-
tion (p.N239Tfs*9), and a reported splicing mutation (p.
R75V1s*21) causing a variety of clinical phenotypes. This
finding further indicates the critical role of PATL2 in oocyte
maturation and early embryo development.

Materials and methods
Human subjects

A total of 216 affected individuals with oocyte maturation
arrest, low fertilization, or embryonic development arrest
were screened and seven patients from five unrelated
families were identified in possible pathogenic mutations.
DNA samples from the affected patients and their
family members were obtained, and all of the affected
individuals had a normal chromosomal karyotype. The
seven primary infertility patients were diagnosed with
oocyte maturation arrest, low fertilization, or embryonic
development arrest.

Mutational screening of PATL2
Genomic DNA samples of affected individuals, their family
members, and controls were extracted from peripheral blood

using standard methods (QIAamp DNA Blood Mini Kit;
Qiagen, Hilden, Germany). All exons and splicing sites of
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Table 1 PATL2 exon amplification primers and sequencing primers

Primer name

Primer sequence

PATL2-exonl-F
PATL2-exonl-R
PATL2-exon2-F
PATL2-exon2-R
PATL2-exon3-F
PATL2-exon3-R
PATL2-exon4-F
PATL2-exon4-R
PATL2-exon5&6-F

CTGGGAGGATTCCATGGCTG
ATATGAGGCTGTCCTGGGTTG
CTTACTGGGGGATGGTTCGG
GCCACAGACAGTTCAGGACA
TCCTCCCAGGAGAGGGAGA
CCTCTATGATGGGGCAACTCC
CTGCTTCCTAGTCAAGCCCT
TGGCAACTGGTAGGCATGG
GCTGACCTGGGCTGAATGAA

PATL2-exon5&6-R
PATL2-exon7&8-F
PATL2-exon7&8-R
PATL2-exon9&10-F
PATL2-exon9&10-R

CGAAGAGAGGATCAGAGCGG
AGAGGGAGATGCTGTCTCAAAC
GGCCCCCAACTAGCTAGAGAT
GACTGTGACCGAAGAAGGAGG
GAGAGGGCTACATGCCACAA

PATL2-exonl1-F
PATL2-exonl1-R
PATL2-exonl2-F
PATL2-exonl12-R
PATL2-exon13-F

AGGAGCAGCAAAGACACTGG
GACCTCCTCAGCACACTGAC
TAGGTACCGAAGGTGTCAGTGT
GTAGAGATGAGACTGTCCCCCA
TTGGCTCACCAGTGTAAAACCT

PATL2-exonl13-R
PATL2-exon14-F
PATL2-exon14-R
PATL2-exonl5-F
PATL2-exonl15-R

TAGAAGAAACCGAAACTCTAGGGC
GTGGGGGACAATGGTAGTAGT
ATGACCAAAGCACCTGGAATAAAA
AGTGCTAACCTATTTGAGGGCA
TGCCATGTCTTATTTTTAGGCACA

F forward complementation, R reverse complementation

PATL2 were amplified, and the corresponding primers are
listed in Table 1. Amplified fragments were purified using
ExoSAP-IT™ PCR Product Cleanup Reagent (78201.1.
ML; Applied Biosystems) and directly sequenced using an
ABI 3100 DNA analyzer (Applied Biosystems, Foster City,
CA, USA). PCR conditions were as follows: pre-denaturing
at 94 °C for 5 min, followed by 35 cycles of denaturing at
94 °C for 30 s, annealing at 60 °C for 30 s, and extending at
72 °C for 1 min, and a final elongation at 72 °C for 5 min.

Analysis of sequence variants in PATL2

The PATL2 sequence was aligned using the CodonCode
software (CodonCode Co., USA) to identify rare variants.
The Exome Aggregation Consortium browser (ExAC
database, http://exac.broadinstitute.org/) was used to deter-
mine the frequency of the corresponding mutations. Ana-
lysis of mutations was performed by using Sorting
Intolerant From Tolerant (SIFT, http://sift.bii.a-star.edu.sg/),
Mutation  Taster (http://www.mutaiontaster.org/), and
Polymorphism Phenotyping (Polyphen-2, http://genetics.bw
h.harvard.edu/pph2/).
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Evaluation of oocyte and embryo phenotypes

Oocytes were obtained from the affected individuals and
controls undergoing clinical intracytoplasmic sperm injec-
tion (ICSI). The morphologies of oocytes, fertilization, and
embryonic development were evaluated by light micro-
scopy with an Olympus IX71 inverted microscope system.
Oocyte immunostaining was performed as previously
described [16]. Briefly, oocytes were fixed in 2% paraf-
ormaldehyde containing 0.1% bovine serum albumin.
Oocytes were then incubated in membrane-permeabilizing
solution (0.5% triton in phosphate-buffered saline) for 20
min and blocking buffer (0.1% Tween 20, 0.01% triton, and
1% bovine serum albumin in phosphate-buffered saline) for
2h. The oocyte PATL2 was stained with an anti-PATL2
antibody (1:300 dilution, ab170827; Abcam), and Hoechst
33342 (1:600 dilution; BD Biosciences, USA) was used to
label the DNA. For the immunostaining of the negative
control, the oocyte was treated as above but incubation with
the primary antibody was omitted. Finally, whole-mount
oocytes on glass slides were examined by confocal micro-
scopy (Leica TCS SP8; Germany) with an excitation
wavelength of 405 nm.

Results
Clinical characteristics and phenotypes of patients

All patients had had primary infertility over the past few
years, and their spouses had normal sperm counts with
normal morphology and motility. Most of the affected indi-
viduals had experienced several failed IVF/ICSI attempts.

Both of the two patients (II-1 and II-2) from family 1
were sisters and had suffered from primary infertility for 4
and 9 years, respectively. For patient II-1, 11 oocytes were
retrieved, and all were arrested at the GV stage. For patient
II-2, nine oocytes were retrieved and six were arrested at the
GV stage.

In family 2, patients II-1 and II-2 were also sisters and had
been diagnosed with primary infertility for 4 and 6 years,
respectively. Patient II-1 experienced two IVF/ICSI cycles,
and 24 oocytes were retrieved, of which 6 were arrested at
the GV stage and the remaining were abnormal, including
morphological abnormalities and degeneration (Fig. 2a).
Patient II-2 had a similar phenotype as patient II-1, with 6 of
15 oocytes arrested at the GV stage and the remaining 9
oocytes having abnormal morphology (Fig. 2a).

Patients in families 3—5 had similar clinical phenotypes
—most of the retrieved oocytes exhibited low fertilization
rates and embryonic developmental arrest. Patient II-1
from family 3 experienced four IVF/ICSI cycles, and in the
first three attempts (with unknown oocyte stages because

information from the hospital was unavailable), only 2 out
of 36 oocytes cleaved to form embryos, and the pregnancy
failed. In the fourth ICSI cycle, six metaphase II (MII)
oocytes were retrieved, and only one could be fertilized
and cleaved. However, there is no pregnancy after embryo
transfer (Table 3). Patient II-1 in family 4 underwent IVF
in her first cycle, but fertilization failed for the five
retrieved MII oocytes as indicated by the absence of pro-
nuclei. In the second and third ICSI attempts, the patient
had a high proportion of MII oocytes (16 MII oocytes out
of 23 oocytes). Of these MII oocytes, only one could be
successfully fertilized, while all the others did not exhibit
pronuclei. The fertilized oocyte resulted in a cleaved
embryo, but the pregnancy failed after embryo transfer
(Table 3). Patient II-1 in family 5 also had a high pro-
portion of MII oocytes (17 MII oocytes out of 19 oocytes),
and 10 zygotes were obtained, but all embryos were
arrested at an early stage. The clinical characteristics of the
oocytes retrieved from the patients are summarized in
Table 3.

Identification of novel mutations in PATL2

Altogether, we identified four novel missense mutations,
including a novel frameshift mutation, and a reported spli-
cing mutation in PATL2. Patients from families 1 and 5
carried biallelic mutations ¢.778G>A (p.V260M) and
c.223-14_223-2del (p.R75Vfs*21). Patients II-1 and II-2
from family 1 were sisters, and the biallelic mutations p.
V260M and p.R75Vfs*21 in these two patients were
inherited from their father and mother, respectively
(Fig. 1a). The patient in family 5 had an unknown inheri-
tance pattern because information about her parents was
unavailable (Fig. 1a). The two patients in family 2 were also
sisters and carried the compound heterozygous missense
mutations ¢.898C>T (p.Q300%*) and c.1273A>C (p.T425P),
and the p.Q300* and p.T425P mutations were inherited
from their mother and father, respectively. The patient in
family 3 carried compound heterozygous mutations
c.887G>T (p.D293Y) and c¢.223-14_223-2del (p.
R75Vfs*21) with an unknown inheritance pattern. The
patient in family 4 carried compound heterozygous deletion
mutations c.716delA (p.N239Tfs*9) and c.223-14_223-
2del (p.R75Vfs*21), which were inherited from her mother
and father, respectively (Fig. la). The four missense
mutations (p.V260M, p.D293Y, p.Q300*, and p.T425P)
and one frameshift mutation (p.N239Tfs*9) are novel
mutations that have not been reported previously. Specific
information on the location of the mutations, their fre-
quency, and their in silico analysis is provided in Table 2.
Clinical information for the patients is given in Table 3. The
locations of the mutations and conservation among different
species are indicated in Fig. 1b.
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Fig. 1 Identification of mutations in PATL2. a Pedigrees of five
families with mutations in PATL2. Four novel missense mutations, a
novel frameshift mutation, and a reported splicing mutation in PATL2
were identified in five unrelated families. The patients in families 1 and
5 had the same compound heterozygous V260M and R75Vfs*21
mutations. Compound heterozygous mutations D293Y and
R75V{s*21 were identified in family 3. Both sisters from family 2 had
compound heterozygous missense mutations Q300X and T425P. The
patient in family 4 had compound heterozygous N239Tfs*9 and
R75V{s*21 deletion mutations in PATL2. The mutations in the

Expression of PALT2 in the patient’s oocyte from
family 2

To evaluate the effect of p.Q300* and p.T425P mutations
on the amount of PATL2 that is expressed, we used fixed
GV oocytes for immunostaining from patient II-1 in family
2, who had a small number of GV oocytes and who had a
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affected individuals from families 1, 2, and 4 were inherited from their
parents. The patients in families 3 and 5 had unknown inheritance
patterns. b Location and conservation of mutations in PATL2.The
positions of all mutations are indicated in the genomic structure of
PATL2. Two mutations are located in exon 8, two mutations are
located in exon 10, and one mutation is located in exon 13. The
affected amino acids were compared among seven mammalian species
in a conservation analysis. The “ =" sign indicates infertility, and the
black circles represent the affected individuals

high proportion of abnormal oocytes. PATL2 was mostly
located in the cytoplasm of both normal GV oocytes and the
affected individuals’ oocytes, but the affected individuals’
GV oocytes showed extremely reduced amounts of PATL2,
implying that the amount of PATL2 was greatly impaired
by mutations p.Q300* and p.T425P, which is consistent
with the previous findings [13] (Fig. 2b).
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Table 2 Overview of the PATL2 mutations observed in seven patients from five families
Genomic position ~ Exon cDNA change Protein change Mutation type SIFT* PPH2* Mutation ExAC (East

on Chrl5 (bp) Taster® Asian)®
Family I 44962165 8  c.778G>A p.V260M Missense T D D NA
(I-1) 44966429 NA  ¢.223-14 223-2del p.R75Vfs*21  Splicing NA NA NA 0.0017
Family I 44962165 8  c778G>A p.V260M Missense T D D NA
(I-2) 44966429 NA  ¢.223-14_223-2del p.R75Vfs*21  Splicing NA NA NA 0.0017
Family 2 44960632 13 c.1273A>C p.T425P Missense T D D NA
(I-1) 44961740 10 c.898C>T p.Q300% Stop gain NA NA D NA
Family 2 44960632 13 c.1273A>C p.T425P Missense T D D NA
(I-2) 44961740 10 c.898C>T p.Q300% Stop gain NA NA D NA
Family 3 44961761 10 c.877G>T p-D293Y Missense D D D NA
44966429 NA  ¢223-14_223-2dell pR75Vfs*21  Splicing NA NA NA 0.0017
Family 4 44962226 8 c.716delA p-N239fs*9 Frameshift deletion NA  NA NA NA
44966429 NA  ¢.223-14_223-2del NA p. Splicing NA NA NA 0.0017
R75Vis*21
Family 5 44962165 8  c778G>A p.V260M Missense D D D NA
44966429 NA ¢.223-1.223-2del  p.R75Vfs*21  Splicing NA NA NA 0.0017

*Mutation assessment by SIFT, PolyPhen-2 (PPH2), and Mutation Taster

PFrequencies of corresponding mutations in the East Asian population

D damaging, NA not available, T tolerance

Discussion

In this study, we identified four novel missense mutations, a
novel frameshift mutation, and a reported splicing mutation
in PATL2, in seven affected individuals from five unrelated
families, and these expand upon the known genetic variants
for the disease. Consistent with the previous findings [13],
patients with different PATL2 mutations showed a multi-
plicity of phenotypes in terms of oocyte maturation arrest,
fertilization failure, or embryonic developmental arrest.
The five independent families with different mutations
showed clearly different clinical phenotypes. The majority
of the oocytes retrieved from the two patients in family 1
were arrested at the GV stage, which was consistent with
the typical phenotype resulting from the previously reported
PATL2 mutation [14-16]. It is worth noting that the affected
individuals from families 1 and 5 carried the same com-
pound heterozygous mutations (V260M and R75V{s*21)
but showed different phenotypes, with typical GV-stage
arrest in family 1 and early embryonic developmental arrest
in family 5. This might be the result of cis-regulatory var-
iation, which in turn results in modified penetrance [17].
These findings showed that different mutations in PALT2
can result in variability in the phenotypes of oocytes/
embryos, including oocytes arrested at the GV stage and
degenerated oocytes, low fertilization rates, or early
embryonic arrest. The clinical phenotypic variability in the
patients who carried compound heterozygous mutations in
PATL2 most likely resulted from the fact that different

mutations have different types of effects, which is consistent
with previous finding [13].

During oocyte growth, a large amount of stable mRNA
necessary for growth and maturation accumulates in the
oocytes. Most of the mRNA that is synthesized is imme-
diately translated to support the growing oocyte, but up to
30% of the mRNAs are stored for subsequent translation,
meiotic resumption, or early zygote development [18]. A
number of RNA-binding proteins control mRNA stability
[19], and PATL2 was initially treated as an mRNA-binding
protein associated with other mRNA-binding proteins such
as CPEB, Xp54, and xRAP55 [20, 21]. It has been sug-
gested that PATL2 might be involved in a novel pathway
controlling the stability of specific mRNAs in mice and that
it might be a vital player in oocyte growth and maturation
by regulating the expression of mRNAs encoding proteins
that are crucial for oocyte meiotic progression and early
embryonic development [15]. In the present study, com-
pared to the control oocytes, the affected individuals’
oocytes showed extremely reduced amounts of PATL2
(Fig. 2b). Mutations in PATL2 might reduce PATL2
expression to different extents and thereby result in different
clinical phenotypes. The function of PATL2 remains largely
unknown, and the exact function of PATL2 in human
oocytes should be investigated in the future.

Recently, four reports have been published describing
mutations in PATL?2 that are involved in human oocyte GV-
stage arrest [13—-16]. Here, we identified an additional five
novel PATL2 mutations and a reported splicing mutation in
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Family 3
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GV germinal vesical, MI metaphase I, MII metaphase II

Normal

Degeneration

Family 2-II-1

Family 2-11-2

=

Family 2-1I-1 Normal

Negative Control

Fig. 2 Phenotype of oocytes retrieved from the patients. a The mor-
phology of normal and affected individuals’ germinal vesicle (GV),
metaphase I (MI), metaphase II (MII), and abnormal oocytes. Patients
from family 2 had a high proportion of abnormal oocytes and a small
number of GV oocytes. b Immunolabeling of normal and affected
family 2 individuals’ GV oocytes. Oocytes were immunolabeled with
antibodies against PATL2 (shown in green) for visualization of the
protein distribution and were counterstained with Hoechst 33342
(shown in blue) for DNA visualization. The morphologies of oocytes
were examined with an inverted microscope system (OLYPUS IX71),
and the immunolabeling was examined by confocal microscopy
(Leica). PATL2 was mostly located in the cytoplasm of the normal GV
oocyte and the affected individuals’ GV oocyte, but the affected
individuals’ GV oocyte showed reduced fluorescence compared to the
normal oocyte, implying that the amount of PATL2 was greatly
impaired by p.Q300* and p.T425P mutations. For negative control
(NC), the oocyte was stained without primary antibody. The scale bar
represents 50 uM
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five unrelated families showing different clinical pheno-
types, and this further expands the mutational and pheno-
typic spectrum in patients with PATL2 mutations. This work
will provide a basis for pursuing the determination of
genetic variation in PATL2 as an additional criterion for
evaluating the quality of oocytes and embryos. Uncovering
the genetic and molecular basis of oocyte maturation arrest
will help patients by improving diagnosis and our under-
standing of their disease, which will facilitate the success of
IVF/ICSI procedures.
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