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Abstract
Purpose The present study was intended to identify genetic causes of infertile patients with recurrent failure of in vitro fertili-
zation (IVF)/intracytoplasmic sperm injection (ICSI) attempts.
Methods Infertile patients with recurrent IVF/ICSI failure from Shanghai Ji Ai Genetics & IVF Institute and the Ninth Hospital
affiliated with Shanghai Jiao Tong University were recruited. Genomic DNA samples were extracted from their peripheral blood.
Whole-exome sequencing and Sanger validation were performed to identify candidate variants.
Results We identified novel transducin-like enhancer of split 6 (TLE6) gene mutations in three patients with recurrent IVF/ICSI
failure. One patient carried a homozygous missense mutation (c.1226G>A; p.Arg409Gln) with subsequent fertilization failure,
while the other two patients carried either a homozygous missense mutation (c.1621G>A; p.Glu541Lys) or a
compound heterozygous missense mutation (c.388G>A/c.1507G>A; p.Asp130Asn/p.Val503Ile) and had viable but low-
quality embryos.
Conclusions Our study expands the mutational and phenotypic spectrum of TLE6 and suggests the important role of TLE6 during
embryonic development.Our findings have implications for the genetic diagnosis of female infertility with recurrent IVF/ICSI failure.
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Introduction

Since the invention of in vitro fertilization (IVF) in 1978, a
great number of infertile couples have been able to have their

children through this procedure [1]. However, an increasing
number of patients have been identified with recurrent failure
of IVF/intracytoplasmic sperm injection (ICSI) attempts. In
recent years, a few mutant genes have been found to be asso-
ciated with recurrent failure of IVF/ICSI attempts, including
TUBB8 (MIM: 616768) [2] and PATL2 (MIM: 614661) [3, 4],
which are associated with oocyte maturation arrest; WEE2
(MIM: 614084), which is associated with fertilization failure
[5]; PANX1, which is associated with oocyte death (MIM:
608420) [6]; and PADI6 (MIM: 610363), which is associated
with early embryonic arrest [7].

The subcortical maternal complex (SCMC) is specifically
expressed in mammalian oocytes and early embryos and is
indispensable for pre-implantation embryonic development
[8]. Transducin-like enhancer of split 6 (TLE6), which is
encoded by TLE6, is an essential member of the SCMC along
with maternal antigen that embryos require (MATER, also
known as NLR family pyrin domain-containing 5
(NLRP5)), factor located in oocytes permitting embryonic de-
velopment (FLOPED, also known as oocyte expressed protein
(OOEP)), peptidylarginine deiminase type VI (PADI6), and
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KH domain-containing protein 3 (KHDC3, also known as
Filia). The evidence gathered so far supports the physiological
role of SCMC components in meiotic spindle positioning,
mitochondria redistribution, translation regulation, and zygot-
ic epigenetic reprogramming [9]. Recently, mutations in TLE6
(MIM: 612399) were found to be responsible for human em-
bryonic lethality [10].

In the present study, we used whole-exome sequencing to
identify genetic causes of infertile patients with recurrent IVF/
ICSI failure. We discovered novel TLE6 mutations in three
patients, thereby expanding the mutational and phenotypic
spectrum of TLE6.

Materials and methods

Subjects

A total of 403 infertile patients with recurrent failure of IVF/
ICSI attempts were recruited from the Shanghai Ji Ai Genetics
& IVF Institute and the Ninth Hospital affiliated with
Shanghai Jiao Tong University. A complete medical evalua-
tion was performed, including reproductive history, physical
examination, laboratory blood work, and semen analysis.
Inclusion criteria were (i) married couples failing to conceive
after 1 year (or longer) of regular unprotected sex, (ii) female
patients with normal hormone levels (follicle-stimulating hor-
mone (FSH) < 10 mIU/ml) and normal ovarian reserves (anti-
mullerian hormone (AMH) > 1 ng/ml), and (iii) ≥ 2 failed
attempts of IVF/ICSI. Patients with other known causes of
infertility, including male factors, chromosome anomalies,
and sexually transmitted infections, were excluded. A total
of 871 fertile female controls were recruited from the
Xinhua hospital affiliated to Shanghai Jiao Tong University.
The study was approved by the Ethics Committee of Medical
College of Fudan University.

Genomic DNA extraction

Genomic DNA samples of patients, their familymembers, and
controls were isolated from peripheral blood using a HiPure
Blood DNAMini Kit (Magen, Guangzhou, China). The DNA
concentration and purity were measured with a NanoDrop
1000 spectrophotometer (Thermo Scientific, Waltham,
Massachusetts, USA).

Sequence analysis

Whole-exome capture was carried out using the Agilent
SureSelect Whole Exome Enrichment Kit (Santa Clara,
California, USA), and the sequencing was performed with
the Illumina HiSeq 3000 platform (San Diego, California,
USA). Sequences were aligned to the human genome

assembly GRCh37, and variants were annotated as previously
described [11]. The frequency of corresponding mutations
was determined using the Exome Aggregation Consortium
(ExAC) database (http://exac.broadinstitute.org/), and the
functional effects of the mutations were predicted with the in
silico algorithms PolyPhen-2 (http://genetics.bwh.harvard.
edu/pph2/) and PROVEAN (http://provean.jcvi.org). The
variants were prioritized based on the following filtering
criteria: (i) a frequency below 0.1% for homozygous variants
or below 1% for compound heterozygous variants in the
ExAC database, (ii) loss of function alleles or damaging mis-
sense variants predicted by PolyPhen-2 or PROVEAN, (iii)
variants with high gene expression in human oocytes and
embryos according to our in-house RNA sequencing data,
and (iv) variants with an embryogenesis-related function.
Homozygo s i t y mapp i n g wa s p e r f o rmed w i t h
HomozygosityMapper for affected individuals from family 1
and family 2 to determine the existence of candidate homozy-
gous variants. The candidate variants were then confirmed by
Sanger sequencing in patients and other family members
using the primers shown in Supplementary Table 1.

Results

Clinical characteristics of patients with mutations
in TLE6

We discovered novel TLE6mutations in three cases out of 403
infertile patients with recurrent failure of IVF/ICSI attempts.
The affected individuals from three families had been diag-
nosed with primary infertility for several years and had under-
gone multiple failed IVF/ICSI cycles. Their husbands exhib-
ited normal sperm counts, motility, and morphological fea-
tures. The family pedigrees are shown in Fig. 1, and the pa-
tients’ clinical information is summarized in Table 1.

The 34-year-old proband in family 1 had two failed ICSI
attempts. Altogether, 14 oocytes were retrieved, and they all
failed to be fertilized.

The proband in family 2 was 26 years old at examina-
tion and had undergone five failed IVF/ICSI cycles. In the
first two cycles, only one oocyte was successfully fertilized
but failed to develop further. In her third ICSI attempt, out
of 11 oocytes, 8 appeared as normal metaphase II oocytes
and were injected with single sperm, resulting in two grade
III embryos and five grade IV embryos on day 3. However,
all of the embryos were arrested on day 6. In her fourth
ICSI attempt, 6 out of 8 oocytes were selected for sperm
injection. Most of them displayed abnormal fertilization
with zero-pronucleus (PN) zygotes, 3PN zygotes, or deg-
radation, and only one oocyte was normally fertilized with
2PN, but this stopped developing on day 3. In the fifth
ICSI treatment cycle, 8 oocytes were obtained. Three eggs
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were successfully fertilized, and they grew into one grade
III and two grade IV embryos on day 2. Two embryos (one
grade I I I and one grade IV) were se lec t ed fo r

transplantation, but no pregnancy was established. Fig. 2
shows the phenotypic features of the patient’s oocytes and
embryos.

Fig. 1 Identification of TLE6mutations in affected individuals. Pedigrees
of family 1 (a), family 2 (b), and family 3 (c) carrying TLE6 mutations
that lead to embryonic arrest. Sanger sequencing confirmation and
homozygosity mapping are shown next to the pedigrees. Squares
denote males and circles denote females, filled symbols represent

patients with primary infertility, and open symbols represent unaffected
individuals. Homozygous regions harboring the strongest signal are
indicated in red, and the asterisk (*) indicates the area where TLE6 is
located

Table 1 Oocyte and embryo characteristics of the IVF and ICSI attempts of the three probands

Patient Age
(years)

Infertility duration
(years)

IVF/ICSI
attempts

Oocytes
retrieved

Fertilized
oocytes

Viable embryos on
day 3

Embryos
transferred

Outcomes

Family 1,
II-1

34 6 1st ICSI 8 0 0 0 Failed to fertilize

2nd ICSI 6 0 0 0 Failed to fertilize

Family 2,
II-1

26 4 1st IVF N/A 1 0 0 Embryonic arrest

2nd ICSI 2 1 0 0 Embryonic arrest

3rd ICSI 11 7 7 0 Embryonic arrest

4th ICSI 8 1 1 0 Embryonic arrest

5th ICSI 8 3 1 2 Failed to establish
pregnancy

Family 3,
II-1

35 6 1st IVF 8 4 0 0 Embryonic arrest

2nd ICSI 8 7 0 0 Embryonic arrest

3rd ICSI 14 11 N/A 2 Failed to establish
pregnancy
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The proband in family 3 was 35 years old with a history of
three IVF/ICSI attempts. In her first IVF attempt, 8 oocytes
were obtained and 4 were fertilized successfully, but no viable
embryos were available on day 3. In the second ICSI attempt,
7 out of 8 oocytes were successfully fertilized, but no high-
quality embryos were obtained on day 3. In the third ICSI
attempt, 11 out of 14 oocytes were fertilized and developed
into poor-quality embryos. The two viable embryos (one
grade IV and one grade V) were transferred but failed to es-
tablish a pregnancy.

Mutational spectrum of TLE6

A homozygous missense mutation in exon 13 of TLE6
(NM_001143986.1; c.1226G>A; p.Arg409Gln) was identi-
fied in the proband of family 1 (Fig. 1a). The mutation was
verified by Sanger sequencing, and both of her parents carried
a heterozygous TLE6 mutation, indicating a recessive inheri-
tance pattern (Fig. 1a). Following the in silico analysis, the
c.1226G>A (p.Arg409Gln) mutation was predicted by
PolyPhen-2 to be probably damaging.

In family 2, another homozygous missense mutation
c.1621G>A (p.Glu541Lys) (Fig. 1b) was identified and was
predicted to be probably damaging and deleterious by
PolyPhen-2 and PROVEAN, respectively.

A compound heterozygousmissensemutation in TLE6was
identified in the proband of family 3 consisting of c.388G>A
(p.Asp130Asn) in exon 7 inherited from her mother and
c.1507G>A (p.Val503Ile) in exon 15 inherited from her father
(Fig. 1c). Both missense mutations were classified as benign
and neutral by PolyPhen-2 and PROVEAN, respectively. The
locations, frequencies, and in silico analysis of the mutations
are shown in Table 2.

The locations of the TLE6 mutations and the conservation
analysis among different species are indicated in Fig. 3. The
positions of these missense mutations are highly conserved
among different primates, but less so in other species (Fig. 3b).

Discussion

In this study, we identified two homozygous missense muta-
tions and one compound heterozygous missense mutation in

Fig. 2 Phenotype of oocytes/
embryos from the patient from
family 2 (II-1). The morphologies
of the oocytes and embryos from
a control and the patient from
family 2 were photographed un-
der a light microscope on day 0,
day 1, day 2, and day 3 after
fertilization

Table 2 Overview of the TLE6 mutations observed in the affected families

Observed in families Genomic DNA position on chr.19 (bp) Exon cDNA change Protein change PolyPhen-2 PROVEAN ExAC (total)

Family 1 2,989,765 13 c.1226G>A p.Arg409Gln Probably
damaging

Neutral N/A

Family 2 2,994,904 17 c.1621G>A p.Glu541Lys Probably
damaging

Deleterious N/A

Family 3 2,987,083 7 c.388G>A p.Asp130Asn Benign Neutral 8.26E-06

Family 3 2,993,550 15 c.1507G>A p.Val503Ile Benign Neutral 5.99E-05
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TLE6 in three patients with recurrent IVF/ICSI failure. Most
of the oocytes from the affected individuals failed to be fertil-
ized. Only a few oocytes displayed normal fertilization, but
these all developed into poor-quality embryos that failed to
result in pregnancy.

TLE6 is a member of the Groucho/Transducin-like
Enhancer of split (TLE) transcriptional co-repressor gene fam-
ily in mammals [12]. In mice, Tle6 mRNA transcripts accu-
mulate during oogenesis, peak in fully grown oocytes, de-
grade following meiotic maturation and ovulation, and disap-
pear entirely during embryogenesis, while Tle6 proteins per-
sist in preimplantation embryos up to the blastocyst stage [13].
Tle6Null female mice are completely infertile with embryos
exhibiting delayed progression to the two-cell stage and ab-
normal development at E2.5 and E3.5, which lead to the dis-
covery of its role in stabilizing the SCMC’s interactions with
the cytoplasmic F-actin meshwork and thus ensuring the cen-
tral positioning of the spindle apparatus and subsequent sym-
metric division in mouse zygotes [14]. TLE6 is also proposed
to be a cAMP-dependent protein kinase (PKA) substrate that
is phosphorylated following meiotic resumption, thus provid-
ing insights into the molecular mechanisms of this process
[15].

Human TLE6 shares 44% identity with its murine homo-
log, and in humans, TLE6 shows an oocyte and early
embryo-specific expression pattern [16]. In 2015, a single
homozygous substitution (c.1529C>A) in TLE6 resulting in
impaired phosphorylation by PKA and decreased binding to

other SCMC proteins was found to be responsible for fertil-
ization failure [10]. Most recently, a homozygous frameshift
mutation (c.1133delC) was found to be associated with the
phenotype of early embryonic arrest on day 3 [17]. In the
present study, we identified novel TLE6 mutations from
women with recurrent IVF/ICSI failures. Similar to previ-
ously reported cases of fertilization failure and early embry-
onic arrest, the oocytes from the patient of family 1
(p.Arg409Gln) failed to be fertilized, while a small fraction
of oocytes from the other two patients (p.Glu541Lys;
p.Asp130Asn/p.Val503Ile) could be fertilized and develop
into viable but low-quality embryos for transfer, suggesting
that different mutations in TLE6 cause phenotypic variabil-
ity in patients.

In summary, our study identified novel mutations in TLE6
associated with fertilization failure and early embryonic arrest
and thus expanded the mutational spectrum of TLE6 and the
phenotypic spectrum of patients with such mutations. Our
findings add new information on the genetic basis of female
infertility and suggest that TLE6might be a genetic diagnostic
marker for recurrent IVF/ICSI failure.
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Fig. 3 The locations and conservation of mutated residues in TLE6. a
Locations of mutations in TLE6. The positions of all mutations are
indicated in the gene structure and protein structure of TLE6. b

Conservation of mutations in TLE6. The affected amino acids are
compared among five primate species in a conservation analysis
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