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Successful preimplantation genetic diagnosis by
targeted next-generation sequencing on an ion
torrent personal genome machine platform
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Abstract. Hearing loss may place a heavy burden on the
patient and patient's family. Given the high incidence of
hearing loss among newborns and the huge cost of treatment
and care (including cochlear implantation), prenatal diagnosis
is strongly recommended. Termination of the fetus may be
considered as an extreme outcome to the discovery of a poten-
tial deaf fetus, and therefore preimplantation genetic diagnosis
has become an important option for avoiding the birth of
affected children without facing the risk of abortion following
prenatal diagnosis. In one case, a couple had a 7-year-old
daughter affected by non-syndromic sensorineural hearing
loss. The affected fetus carried a causative compound heterozy-
gous mutation ¢.919-2 A>G (IVS7-2 A>G) and c.1707+5 G>A
(IVS15+45 G>A) of the solute carrier family 26 member 4 gene
inherited from maternal and paternal sides, respectively. The
present study applied multiple displacement amplification for
whole genome amplification of biopsied trophectoderm cells
and next-generation sequencing (NGS)-based single nucleo-
tide polymorphism haplotyping on an Ion Torrent Personal
Genome Machine. One unaffected embryo was transferred
in a frozen-thawed embryo transfer cycle and the patient was
impregnated. To conclude, to the best of our knowledge, this
may be the first report of NGS-based preimplantation genetic
diagnosis (PGD) for non-syndromic hearing loss caused
by a compound heterozygous mutation using an Ion Torrent
Personal Genome Machine. NGS provides unprecedented
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high-throughput, highly parallel and base-pair resolution
data for genetic analysis. The method meets the requirements
of medium-sized diagnostics laboratories. With decreased
costs compared with previous techniques (such as Sanger
sequencing), this technique may have potential widespread
clinical application in PGD of other types of monogenic
disease.

Introduction

Congenital deafness is one of the most common birth defects
and its incidence rate is ~1-3%o worldwide in 2003 (1). Ministry
of Health figures from China identify 115,000 children under
the age of 7 years with severe-to-profound deafness and
30,000 babies born each year with hearing impairment (2).
Overall, hearing loss is usually categorized into 3 subgroups;
sensorineural, conductive or mixed. The primary cause of
hearing loss is attributed to genetic or environmental factors (3).
Genetic transmission accounts for 50% of cases of congenital
deafness, and of these, ~30% are syndromic and 70% are
non-syndromic (4). Syndromic hearing loss (SHL) or non-(N)
SHL refers to hearing loss with or without clinical symptoms,
respectively (5). In total, ~77% of NSHL cases are due to
autosomal recessive inheritance (6), 10-20% are autosomal
dominant, 1% are X-linked and <1% are due to mitochondrial
inheritance (7). In the Chinese population, extensive studies
of deafness molecular epidemiology have demonstrated that
a number of NSHL cases are caused by multiple mutated
genes, including the gap junction protein -2 gene (GJB2
gene), solute carrier family 26 member 4 (SLC26A4) gene
(PDS gene) and mitochondrial gene, mitochondrially encoded
12S RNA (6).

There is frequent co-morbidity following cochlear implan-
tation and the child/person remains handicapped (7). Cochlear
implants are costly and therefore burden the affected families
and patients (8). Given the increased incidence of hearing
loss among newborns (1) and the huge cost of treatments and
care, preventing this birth defect is strongly recommended.
Pregnancy termination may be considered an extreme action
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taken for a deaf fetus, and therefore preimplantation genetic
diagnosis (PGD) has become an important option for avoiding
the birth of affected children without risking abortion following
prenatal diagnosis (9,10). PGD is not only used for single gene
disorders (SGDs) (8) but is also used for human leukocyte
antigen matching (10) and inherited types of cancer (11). The
primary goal of PGD is to aid parents who are attempting to
conceive healthy offspring.

Current methods of PGD for SGDs are direct muta-
tion detection using polymerase chain reaction (PCR) or
Sanger sequencing; however, PGD accuracy and diagnostic
efficiency have been limited due to amplification failures,
allelic drop-out (ADQO), mosaicism and contamination (12).
Linkage analysis, including mutation detection combined
with short tandem repeat (STR) identifier analysis, increases
the efficiency of PGD diagnosis and confirms the genetic
diagnosis (13). Linkage analysis based on STR is usually
associated with choosing 3-8 genetic markers within 2 Mb
of the mutation. Compared with STR analysis, karyomapping
provides the analysis of more single nucleotide polymorphism
(SNP) markers and has been used to diagnose SGDs in the
clinic with high efficiency, accuracy and reliability (14-17).
However, the dependence on DNA from family members may
limit its application (18). If detailed information on affected
relatives is not available, karyomapping may be performed
in parallel with conventional PCR methods for direct detec-
tion of the mutation to increase the accuracy of the genetic
diagnosis (19). With certain genes that have decreased SNP
coverage, performing PCR testing (including STR analysis) or
direct mutation detection in parallel is necessary (20).

Next-generation sequencing (NGS) is a rapidly developing
technology that produces enormous amounts of data with a
wide range of applications (21). PGD with NGS provides
more informative genetic markers in high throughput (22),
and whole genome amplification (WGA) provides novel
possibilities for diagnosis and parameters for evaluation of
SGDs. NGS also allows for analysis of aneuploidy or translo-
cation of all chromosomes and mutations responsible for any
single-gene disease, using one biopsy and one process (23).
Furthermore, in the absence of suitable affected family
members in SGD cases, NGS-based linkage analysis may still
correctly diagnose the embryos by using the affected embryo
as the proband.

The development of different NGS platforms and
decreased costs enable their introduction into PGD (21). In
the present study, Ion Torrent technology was used, which
incorporates the use of non-optical, single-nucleotide,
semiconductor-based sequencing on an Ion Torrent Personal
Genome Machine (PGM). This technology combines aspects
of parallel sequencing, including bead-based emulsion PCR
but employs a complementary metal oxide semiconductor chip
with microwells that serve as pH-sensitive pixels to detect the
release of a hydrogen ion (registered as an electrical signal)
when a nucleotide is incorporated during sequencing by
synthesis (24). This approach suggests the requirement for
chemiluminescent dyes, serial optical image acquisition, a
motorized camera stage and extensive storage of preanalytic
files for subsequent processing (25).

To the best of our knowledge, this is the first report of
an NGS-based PGD case on an Ion Torrent PGM platform
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for non-syndromic sensorineural hearing loss caused by the
SLC26A4 mutation.

Materials and methods

Patient information and ethics. A couple (maternal age, 30;
paternal age, 31) who had a 7-year-old daughter affected
by non-syndromic sensorineural hearing loss attended the
Reproductive Medicine Center, Department of Obstetrics and
Gynecology in the First Affiliated Hospital of Anhui Medical
University (Anhui, China) for PGD. The result of target NGS
revealed that the daughter carried a causative compound hetero-
zygous mutation ¢.919-2 A>G (IVS7-2 A>G) and c.1707+5
G>A (IVS15+5 G>A) in intron 7 and 15 of the SLC26A4
gene. DNA testing of the couple using Sanger sequencing of
SLC26A4 confirmed the presence of a maternal splicing muta-
tion ¢.919-2 A>G and a paternal splicing mutation c.1707+5
G>A that were inherited by the child.

The couple was counseled about PGD and signed informed
consent forms for intracytoplasmic sperm injection (ICSI)
treatment and PGD. The Ethics Committee of Anhui Medical
University approved the present study.

Pre-clinical test: NGS-based haplotyping of the family.
Haplotyping for the pre-analytic testing of the family was
performed using genomic DNA extracted from peripheral
blood of the mother, father and child in order to establish the
mutation-associated haplotype based on informative SNPs. This
was achieved by using a magnetic genomic DNA kit (Tiangen
Biotech Co.,Ltd., Beijing, China). A total of 160 high-frequency
SNPs located 3 Mb upstream, 3 Mb downstream of SLC26A4
and 11 high-frequency SNP markers, including mutation sites
in the SLC26A4 gene, were selected for NGS-based SNP haplo-
typing. These SNPs were then submitted to a primer design
website (www.ampliseq.com). Following DNA purification
(Agencourt AMPure XP; Beckman Coulter, Inc., Brea, CA,
USA) the target region was amplified using multiplex PCR.
The reaction contained 10 1 2X Ton AmpliSeq™ Primer Pool,
4 ul 5X Ton AmpliSeq™ HiFi Master mix, 6 ul 10 ng DNA
and nuclease-free water, and an Ton AmpliSeq™ Library kit
(Thermo Fisher Scientific, Inc., Waltham, MA, USA) was used.
The target area was amplified according to the following proce-
dure: 99°C for 2 min for 1 cycle, 99°C for 15 sec and 60°C for
4 min for 21 cycles. Samples were then incubated at 4°C for the
next step. The Amplicon Library Preparation protocol (using
Ton AmpliSeq™ Library kits) was used as recommended by the
supplier (Thermo Fisher Scientific, Inc.). Template preparation
was performed using an Ion One Touch 2 system and an Ion
One Touch Enrichment System in accordance to the manu-
facturers protocol (version 2.0; Ion Onetouch 200 Template
kit; Thermo Fisher Scientific, Inc.). The template positive
Ton Sphere Particles were sequenced on an Ion Torrent PGM
(Thermo Fisher Scientific, Inc.) using the 318 chip following
the protocol provided by the Ion Sequencing kit (version 2.0;
Thermo Fisher Scientific, Inc.) (26). Informative SNPs located
3 Mb upstream and 2.5 Mb downstream of the SLC26A4
gene [Minor Allele Frequency, (MAF)>0.2] in the genomes of
Han Chinese in Beijing and the Southern Han Chinese from
the 1,000 Genomes Project were selected for NGS-based
haplotyping.
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ICSI procedure, embryo biopsy and vitrification. A standard
pituitary downregulation protocol (26) was used for ovarian
stimulation This was performed with Gonal-F (Merck Serono,
Darmstadt, Germany) in along-protocol cycle. When =2 follicles
were >18 mm in diameter, 250 g recombinant human chorionic
gonadotropin (Ovitrelle; Merck Serono) was administered via
hypodermic injection (27) and the oocytes were retrieved 36 h
later, guided by transvaginal ultrasound. ICSI was performed
for insemination of mature oocytes to avoid contamination by
extraneous sperm. Fertilization was assessed 16-18 h after ICSI.
A ~14 ym hole was made in the zona pellucida of the embryos
using a ZILOS-tk laser (Hamilton Thorne, Inc., Beverly, MA,
USA) on the morning of day 3 after ICSI. Blastocyst biopsy
was performed on day 5 or 6 using the laser when the troph-
ectoderm cells herniated out of the zona pellucida. The quality
of blastocysts were scored between 1 and 6 according to their
expansive degree and development condition of inner cell mass
and trophectoderm outlined by Gardner's grading system (28).
Categorization was as follows; 1, an early blastocyst with a
blastocoels cavity <50% of the embryo volume; 2, a blastocyst
with a blastocoels that is =50% of the embryo volume; 3, a
blastocyst with a blastocoel that is 100% of the whole embryo;
4, an expanded blastocyst with a blastocoel filling the embryo
and a thinning zona pellucida; 5, a hatching blastocyst with the
trophectoderm beginning to extrude from the zona pellucida;
and 6, a hatched blastocyst which has completely escaped from
the zona pellucida. Additionally, according to the development
condition of the inner cell mass and trophectoderm, the blas-
tocyst inner cell mass and trophectoderm were graded (A-C).
The inner cell mass was graded as follows: A, numerous cells
packed tightly; B, several cells loosely grouped; and C, only
very few cells. The trophectoderm was graded as follows:
A, large numbers of cells forming a cohesive epithelium; B,
few cells forming a loose epithelium; and C, very few large
cells. Biopsied blastocysts were then vitrified using a Kitazato
vitrification kit (Kitazato, Tokyo, Japan). The biopsied cells
and fragments were each placed in 2 ul PBS (Sigma-Aldrich;
Merck KGaA, Darmstadt, Germany) in 0.2 ml PCR tubes and
multiple displacement amplification (MDA) was performed.

Multiple displacement amplification and NGS. MDA was
performed using a REPLI-g single cell kit (Qiagen GmbH,
Hilden, Germany). A total of 4 ul trophectoderm cells
(supplied with PBS) were placed into a microcentrifuge tube
and 3 pl prepared Buffer D2 (provided by the kit) was added.
Following incubation at 65°C for 10 min, 3 pl stop solution was
added. For each reaction, 40 ul master mix (9 ul H2Osc, 29 ul
REPLI-g Reaction Buffer and 2 41l REPLI-g DNA Polymerase,
from the REPLI-g single cell kit) was added to 10 ul obtained
solution and incubated at 30°C for 8 h. The reaction was
stopped by incubation at 65°C for 3 min to inactivate the Phi29
polymerase (REPLI-g sc DNA polymerase) and amplified
DNA was stored at -20°C until required.

The following steps were similar to the construction of the
haplotype map for the family. Library preparation was then
performed and followed by chip loading for PGM (Thermo
Fisher Scientific, Inc.) sequencing. The procedure was
performed according to the manufacturer's protocol (Thermo
Fisher Scientific, Inc.). The data from the PGM sequencing
were analyzed by Beijing Jia Renhe Medical Technology
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Table I. The quality of biopsied blastocysts and result of
haplotype analysis.

Embryo  Quality of blastocysts* Result
1 5BB Pathogenic
3 5BB Carrier
4 6BB Pathogenic, monosomic
6 5BB Amplification failure
7 5BA Normal
9 5BB Pathogenic
10 5CC Recombination

“Using Gardner's grading system.

Co., Ltd. (Beijing, China). Amniocentesis was performed at
19 weeks of gestation.

Results

Haplotyping for the pre-analytic testing of the family was
successfully performed. A total of 60 informative SNPs
including mutation sites were identified in the family of
NSHL. Following controlled ovarian stimulation, 14 oocytes
were retrieved and 11 of them were suitable for ICSI; however,
only 7 fertilized oocytes developed into hatched blastocysts,
the remaining 4 were arrested. The 7 hatched blastocysts were
biopsied successfully on day 5 or 6 of culture. Biopsied troph-
ectoderm cells (5-10 cells) from embryo 1, 3,4,7,9 and 10 were
successfully amplified using MDA, whereas the biopsies from
embryo 6 failed to amplify. All embryos were then analyzed
by NGS. On the basis of the embryonic SLC26A4 genotypes
results (Figs. 1 and 2), embryo 7 was genotypically normal,
embryo 3 revealed a carrier pattern with the normal mater-
nally inherited allele. Two embryos (embryo 1 and 9) were
affected, inheriting affected parental haplotypes. Embryo 4,
which inherited only the maternally affected haplotype, was
diagnosed as monosomic. Paternal recombination occurred in
embryo 10 and the diagnosis was ambiguous. The quality of
the blastocyst was assessed based on Gardner's grading system
(Table I) (28). No external DNA contamination events occurred
in any tested embryos. Three months after oocyte retrieval,
embryo 7, which was diagnosed as being normal, was trans-
ferred back to the mother in frozen-thawed embryo transfer
cycle, resulting in a single ongoing pregnancy. Prenatal diag-
nosis by amniocentesis at 19 weeks demonstrated concordance
of the embryo. Remaining embryos were cryopreserved.

Discussion

The present study may provide the first successful application
of NGS-based PGD using a semiconductor technology, an Ion
Torrent platform, for nonsyndromic sensorineural hearing loss
caused by compound heterozygous mutation in SLC26A4.
Although hearing loss is not life-threatening, children
with hearing loss may encounter multiple issues, given that
spoken language is the predominant form of communication
and social interaction (29). Adequate auditory stimulation and
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Figure 1. NGS-based SNP haplotyping for NSHL diagnosis. Gray and blue represented pathogenic and normal haplotype of the mother, respectively. Pink and
dark orange represented pathogenic and normal haplotype of the father, respectively. The arrow indicated the proband that represented the daughter of the
couple affected by non-syndromic sensorineural hearing loss. Gene mutation sites were marked in red. Allele drop-out sites were marked in yellow. Embryo 7
was genotypically normal, embryo 3 demonstrated a carrier pattern and embryos 1 and 9 were affected. Embryo 4 was diagnosed as monosomic. Paternal
recombination occurred in embryo 10 (marked in purple). NSHL, non-syndromic hearing loss; NGS, next generation sequencing; SNP, single nucleotide

polymorphism; E, embryo; ?, site was not detected.

sufficient language exposure in early childhood are critical in
their subsequent linguistic acquisition, cognitive development
and psychosocial functioning (29). Hearing loss causes hearing
disability, affects mental health and places a heavy burden on
the patient's family and society. The 2006 National Sample
Survey in China (30) demonstrated that hearing impairment
affected ~20 million people, accounting for 24.16% of all
people with disabilities. In 2011, ~30,000 babies are born with
congenital hearing impairment annually in China and nearly
1/2 of these cases of congenital deafness are estimated to be
associated with genetic factors (31). Children affected with
nonsyndromic deafness using cochlear implants require more
hospitalization for postoperative complications, including
device extrusion requiring further surgery and wound
infection (32).

Given the high incidence of hearing loss among newborns
and huge cost of treatments and care (8), the medical genetic
services in China strongly recommend to prevent this birth
defect (1,30,31). PGD is now clinically established globally for
preventing the birth defect. It may detect birth defects at the
embryo stage, avoiding the trauma of prenatal diagnosis and the
possibility of terminating affected pregnancies, which may be
appropriate for deafness since abortion for deafness is viewed
as a nonacceptable option for the majority of the population (9).

PGD for nonsyndromic deafness based on a single cell
protocol (33,34) has been reported. However, the single cell
protocol for PGD failed to avoid the misdiagnosis caused
by ADO. PGD for nonsyndromic deafness based on Sanger
sequencing and STR linkage analysis has been applied (9,35);
however, the number of STR markers used for linkage analysis
are limited and when a crossover event occurred, low density
STR markers may still result in misdiagnosis.

To overcome increased ADO rates due to small
amounts of genetic material and improve the accuracy of
diagnosis, newly developed methods involving WGA and
high-resolution methods, including karyomapping may be
used in SGD-PGD.

Karyomapping, which uses genome-wide linkage to reveal
the inheritance of genetic disease loci present in one or both
parents, is efficient, accurate and reliable (17). However, it also
has certain limitations. For example, the dependence on DNA
samples from family members may limit its application (18).
It is not appropriate for cases when detailed information of
affected relatives is not available. In addition, when certain
genes have decreased SNP coverage, PCR testing including
STR analysis or direct mutation detection is necessary and
need to be performed in parallel (18). Although karyomapping
has the potential for providing a simultaneous identification of
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Figure 2. Next gene sequencing-based single nucleotide polymorphism haplotyping for embryos 7,9 and 10. Gray and blue represent pathogenic and normal
haplotype of the mother, respectively. Pink and dark orange represented pathogenic and normal haplotype of the father, respectively. Embryo 7 was genotypi-
cally normal and embryo 9 was affected. Paternal recombination occurred in embryo 10 (marked in purple). Allele drop-out sites are marked in yellow and

gene mutation sites are marked in red.

aneuploidy, it has not been validated for microdeletions (19)
and cannot detect sequence-identical chromosome duplication
that may result from malsegregation of chromosomes during
the early cleavage divisions of the embryo (12). In addition, the
cost of consumables required for karyomapping is significantly
increased compared with that of the reagents required for
conventional PGD methods.

Previously, NGS provided unprecedented high-throughput,
highly parallel and base-pair resolution data for genetic
analysis (36). It provides powerful application not only to
molecular diagnostics but may also help advance research, due
to an interest in long-term solutions, including prevention of
disease/disabilities in future family members and advanced
rehabilitation and therapeutics based on research outcome (37).

Treff et al (36) applied NGS-based SNP haplotyping in
PGD for single-gene disorders and provided blastocyst PGD
results with consistency using established methodologies.
Chen et al (22) reported PGD for the patient affected by
congenital contractual arachnodactyly and spinal and bulbar
muscular atrophy, illustrating the reliability of NGS-based
SNP haplotyping. In the present study, mutations and
high-frequency SNP markers were selected for haplotyping
using NGS. The unaffected blastocyst was transferred to the
patient who became pregnant.

Compared with karyomapping, NGS-based haplotying may
still correctly diagnose the embryos using the affected embryo
as a proband under the condition of the absence of affected
family members (20). Comprehensive aneuploidy screening of
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blastocysts may also be performed simultaneously and NGS
has the advantage of detecting chromosome microdeletion and
microduplication (38,39).

To conclude, to the best of our knowledge, this is the first
study in which NGS-based haplotying was combined with
WGA and applied to PGD for nonsyndromic sensorineural
hearing loss caused by compound heterozygous mutation
of the SLC26A4 gene using an Ion Torrent platform. NGS
combined with WGA applied in PGD may potentially
offer a powerful means to prevent genetic transmission and
therefore may benefit the family and society's health care
system.
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