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Abstract

Purpose To evaluate the efficacy of preimplantation genetic testing (PGT) for - and (3-double thalassemia combined with
aneuploidy screening using next-generation sequencing (NGS).

Methods An NGS-based PGT protocol was performed between 2017 and 2018 for twelve couples, each of which carried both -
and (3-thalassemia mutations. Trophectoderm biopsy samples underwent whole-genome amplification using multiple displacement
amplification (MDA), followed by NGS for thalassemia detection and aneuploidy screening. A selection of several informative
single nucleotide polymorphisms (SNPs) established haplotypes. Aneuploidy screening was performed only on unaffected noncar-
riers and carriers. Unaffected and euploid embryos were transferred into the uterus through frozen-thawed embryo transfer (FET).
Results A total of 280 oocytes were retrieved following 18 ovum pick-up (OPU) cycles, with 182 normally fertilized and 112
cultured to become blastocysts. One hundred and seven (95.5%, 107/112) blastocysts received conclusive PGT results, showing
56 (52.3%, 56/107) were unaffected. Thirty-seven (66.1%, 37/56) of the unaffected were also identified as euploid. One family
had no transferable embryos. Unaffected and euploid embryos were then transferred into the uterus of the other 11 couples
resulting in 11 healthy live births. The clinical pregnancy rate was 61.1% (11/18) per OPU and 68.8% (11/16) per FET, with no
miscarriage reported. Seven families accepted the prenatal diagnosis and received consistent results with the NGS-based PGT.
Conclusion This study indicated that NGS could realize the simultaneous PGT of double thalassemia and aneuploidy screening in
a reliable and accurate manner. Moreover, it eliminated the need for multiple biopsies, alleviating the potential damages to the
pre-implanted blastocysts.
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Introduction

Thalassemia is a group of hereditary anemias characterized by
reduced or even absence of one of the globin chains of hemo-
globin (Hb), especially prevalent in the Mediterranean region
and Southeast Asia. As of 2017, it occurs in about 298.6
million people in the world [1]. In the Chinese mainland, the
prevalence of o-thalassemia and 3-thalassemia ranged from
1.20~19.87% and 0.53~6.84%, respectively, with the highest
prevalence found in Guangxi and Guangdong province [2].

The a-globin gene cluster is located on chromosome
16p13.3 and comprised one embryonic &-globin gene and
two «-globin genes, «2 and «l, in tandem (in cis) [3].
Southeast Asia deletion (->%*) is the most common homozy-
gous mutation of «-thalassemia in China with a gene frequen-
cy of 2.54% [2]. Homozygotes with Southeast Asia deletion
suffer from Hb Bart’s hydrops fetalis syndrome and usually
die either in late gestation or within a few minutes after birth
[4].

{3-Thalassemia is a group of hereditary blood disorders
characterized by reduced (B*) or absent (3% B-globin chain
synthesis, resulting in reduced Hb levels in red blood cells
(RBC), decreased RBC production, and anemia. They are
caused by point mutations or, more rarely, deletions in the
[3-globin gene cluster on chromosome 11 [3]. Infants with
severe [3-thalassemia are usually diagnosed before 2 years
old and require regular RBC transfusions to survive [5].

Prenatal diagnosis is advocated in China to prevent the
birth of severe thalassemia babies. However, it is an invasive
procedure that may induce infection, miscarriage, and the tor-
ture of terminating affected pregnancy. As an alternative to
prenatal diagnosis, preimplantation genetic testing (PGT) for
monogenic diseases (PGT-M) makes it possible to diagnose
before the initiation of pregnancy and precludes the need to
terminate affected pregnancies. PGT-M has been successfully
applied for the detection of «-thalassemia or (3-thalassemia,
with only two reports of simultaneous detection of both «- and
[3-thalassemias of embryos. Previously, our team has success-
fully achieved simultaneous PGT-M of both «- and f3-
thalassemia by multiple displacement amplification (MDA)
combined with short tandem repeat (STR) haplotyping and
allele-specific amplification [6, 7]. However, these methods
have their shortcomings: the PCR-based method is adversely
influenced by allele drop-outs (ADOs), and STR markers tend
to be semi-informative [8], limiting their widespread use in
PGT-M.

Next-generation sequencing (NGS) is the latest break-
through for PGT-M and PGT for aneuploidy (PGT-A), in
merits of reliability, higher throughput, and personalized as-
says. Analysis of single nucleotide polymorphisms (SNPs)
linked to causative gene regions with NGS technology enables
an all-in-one genetic and chromosomal testing [9]. In this
study, we carried out the simultaneous diagnosis of both o-

@ Springer

and (3- thalassemias combined with aneuploidy screening
using an MDA-NGS based PGT method.

Materials and methods
Patients

Twelve couples came to our center asking for PGT treatment
between 2017 and 2018, as each of them carried both «- and
[3-thalassemia mutations. The patients’ characteristics, includ-
ing age, mutation types, and reproductive history, were shown
in Table 1. Written consents were obtained from all the fam-
ilies. The study was approved by the Research Ethics
Committee of the First Affiliated Hospital of Sun Yat-sen
University.

Pedigree analysis

Genotyping data of SNPs of the parents and their relatives or
affected fetus were determined for haplotyping. Informative
SNPs closely related with the mutated causative gene were
used to deduce the pathogenicity of the embryos. When the
DNA of their relatives or affected fetus were not available,
pedigree analysis was performed through directly detecting
mutation sites of the embryos with NGS and using the affected
embryos as probands.

Ovarian stimulation and ICSI procedure

Ovarian stimulation, intracytoplasmic sperm injection proce-
dure, and embryo culture were carried out as previously re-
ported [10].

Embryo biopsy

Fresh or frozen-thawed blastocysts with at least average grade
(Gardner & Schoolcraft, 1999) were firstly created a hole in
the zona pellucida with a noncontact laser on the morning of
day 5 or day 6. The time between laser-assisted zona opening
and biopsy was 3—5 h. Only blastocysts with multiple
trophectoderm cells herniating from the zona pellucida were
considered eligible for biopsy. Five to ten trophectoderm cells
were aspirated using a biopsy pipette with an inner diameter of
30 um, and a dissection was performed using the
OctaxShot™ laser system. Blastocysts were vitrified immedi-
ately after the biopsy using a Kitazato vitrification kit
(Kitazato Biopharma Co., Ltd.). Online resource 1 displays
the photos of the embryo biopsy procedure.
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Table 1  The basic information of the 12 families
Age «-Thalassemia mutations {3-Thalassemia mutations Reproductive  Induced labors  Early embryo

history for severe death

Maternal ~ Paternal ~ Maternal Paternal Maternal Paternal thalassemia

Family 1 29 27 SEA oSSe o BCD17 BCD71-72  G2P0A2 2 0

Family2 28 28 -SEA aBo BCD41-42  BCD41-42  G2POA2 0 0

Family 3 28 34 -SEA -SEA pCD41-42  BE G3P0A3 2 0

Family4 33 37 oaSor --SEA pCD41-42  BCD17 GOPOAO 0 0

Family 5 32 40 -SEA 37 --SEA BCD41-42  BCD41-42  G3POA3 1 0

Family 6 36 35 -SEA -SEA BCD41-42  PBIVS-I-654 G4P1A3 2 0

Family 7 28 36 -SEA o7 BIVS-1I-654 PCD41-42  GIPOAl 1 0

Family 8 31 29 -SEA -SEA BCD41-42  PCD41-42  GOPOAO 0 0

Family 9 35 38 -SEA -SEA BIVS-II-654 PCD41-42  G2POA2 1# 1

Family 10 31 33 SSEA o3 -SEA BCD41-42  PCD41-42  G3POA3 2 1

Family 11 26 27 -o*? -SEA B-28 B-28 G2P0A2 2 0

Family 12 31 31 -SEA -SEA B-28 3-28 G1P0A1 1 0

G gravidity, P parity, A abortuses

The induced fetus was also diagnosed with chromosomal aneuploidy

Whole-genome amplification and next-generation Results

sequencing

The biopsied trophectoderm cells transferred to lysis buffer
were subjected to whole-genome amplification (WGA) using
the MDA approach (REPLI-g Single Cell Kit, QIAGEN Inc.).
The MDA products were used to perform NGS (Ion
Torrent™) for PGT-M of «- and 3-thalassemia and PGT-A.

We selected the SEA region, including HBA2 gene
(NM_000517.4 chr16: 223,300 to 227,103) and HBA1 gene
(NM_000558.4 chr16:215400-234,700), as the target region
for «-thalassemia. Also, the HBB gene (NM_000518.4
chr11:5246696-5,248,301), combined with its flanking 10-
bp sequence, was selected as the target region for [3-thalasse-
mia. A series of SNP loci upstream and downstream of the
target regions were selected as genetic markers (Table 3). We
employed semiconductor sequencing using the Ion Torrent
Personal Genome Machine to detect the genotypes of SNPs,
and the informative SNPs were selected to construct haplo-
types for linkage analysis.

All primers required for NGS were designed through the
ION AMPLISEQ™ DESIGNER website.

We performed PGT-A only for unaffected embryos, includ-
ing unaffected noncarrier and carrier embryos.

Embryo transfer

Blastocysts diagnosed as unaffected and euploid were identi-
fied as transferrable embryos, which were thawed and trans-
ferred into the uterus in subsequent frozen-thawed embryo
transfer (FET) cycles through standard procedures.

The twelve couples experienced a total of 18 ovum pick-up
(OPU) cycles and 12 PGT cycles. Two hundred eighty oocytes
were retrieved, among which 182 were normally fertilized
with ICSI method and 112 cultured to become blastocysts.
Trophectoderm biopsy and NGS were performed on the 112
blastocysts. One hundred and seven (95.5%, 107/112) blasto-
cysts received conclusive PGT-M results. As the results of «-
thalassemia were obtained faster than those of (3-thalassemia
using our NGS-based PGT, we did not conduct testing of 3-
thalassemia for family 4 when we found that all their embryos
were abnormal in the testing of «-thalassemia. Fifty-six
(52.3%, 56/107) of the embryos were found to be unaffected
for both - and 3-thalassemias (Table 2). PGT-A results of
these 56 embryos showed that 18 were aneuploid, and one
was undetectable. Online resource 2 presents the detailed
PGT results of the 112 embryos.

Therefore, 37 (66.1%, 37/56) embryos diagnosed as unaf-
fected and euploid were considered suitable for transfer. One
family had no transferrable embryos. For the other 11 couples,
each family went through 1-3 FET cycles, with one embryo
transferred per cycle. The clinical pregnancy rate was 61.1%
(11/18) per OPU cycle and 68.8% (11/16) per FET cycle. All
11 families achieved healthy live births with no miscarriage
observed. Seven families accepted the prenatal diagnosis and
showed consistent results with the NGS-based PGT-M/PGT-
A. Family 11, who only accepted the prenatal diagnosis for
thalassemia detection, also achieved the same result with
PGT-M (Table 2).

Take family 1 as an example (the pathogenic genotype and
reproductive history are shown in Table 1). Their theoretical
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Table2  Summary of the PGT outcomes of the 12 families

Cycles Embryo culture PGT ET Prenatal diagnosis
OPU PGT ET Oocyte D3 Bl Conclusive Unaffected® Transferrable® CP LB Thalassemia  Ploidy
PGT-M
Family 1 1 1 1 20 14 10 10 1 1 1 1 Consistent Consistent
Family 2 1 1 1 19 13 8 8 3 2 1 1 Consistent Consistent
Family 3 1 1 2 12 9 7 6 4 2 1 1 NA NA
Family 4 3 1 2 48 20 8 8 5 4 1 1 Consistent Consistent
Family 5 2 1 0 5 5 4 4 0 0 NA NA NA NA
Family 6 2 1 1 23 15 9 5 4 3 1 1 Consistent Consistent
Family 7 1 1 1 16 14 10 10 6 6 1 1 Consistent Consistent
Family 8 1 1 2 25 17 8 8 5 2 1 1 NA NA
Family 9 2 1 1 39 28 16 16 9 4 1 1 Consistent Consistent
Family 10 1 1 1 14 8 6 6 3 3 1 1 Consistent Consistent
Family 1 1 1 16 9 6 6 4 3 1 1 Consistent NA
11°¢

Family 12 2 1 3 43 30 20 20 12 7 1 1 NA NA

OPU ovum pick-up, PGT preimplantation genetic testing, £7 embryo transfer, PGT-M preimplantation genetic testing for monogenic diseases, D3 day 3
embryo, Bl. blastocyst, CP clinical pregnancy, LB live birth, NA not applicable

# Unaffected embryos included noncarrier and carrier embryos

® Transferable embryos were embryos diagnosed as unaffected and euploid

©Family 11 only accepted the prenatal diagnosis for thalassemia mutations

Fig. 1 Pedigree analysis of -
thalassemia (family 1). The deep
red background indicates the
paternal affected haplotype

(-oc7). The bright red I-1 [-2
background indicates one of the -*/an i
maternal affected haplotypes
(-5EM). The pink background
indicates the other maternal
affected haplotype (ococ™)
I1-1 11-2
_uil.?/ua ~ _SEA/uuCS
e T T BT B Y A Yy SRy S,

E-1
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probability of having children with a normal genetic pheno-
type is 37.5%, which is a definite indication of PGT-M. As II-
2 is an HbH patient, and II-1 is a heterozygote for -oc>” dele-
tion, according to the Hereditary Law, their embryos formed
will have a 50% chance of suffering HBH disease and a 50%
chance of being «-thalassemia carriers (Fig. 1). Therefore,
during the haplotype analysis of o- thalassemia, the transfer-
rable embryo should be the one that inherits the unaffected
haplotype of II-1. Since the DNA samples from their aborted
fetuses were not available, we detected «-thalassemia on the
parents of II-1 and found that his father (I-1) was also a het-
erozygote of -oc>” deletion, while his mother (I-2) had a nor-
mal genotype. Therefore, we believed that the affected oc-
thalassemia haplotype of II-1 was derived from I-1 (Fig. 1).
Next, we performed NGS on the WGA products of I-1, 1-2,
[I-1, 1I-2, and the ten embryos for simultaneous mutation de-
tection and SNP-based haplotype analysis of «- and (3-
thalassemias (Figs. 2 and 3). Chromosome aneuploidy was
screened in the meantime, indicating that three of the ten em-
bryos were ancuploid. (Online Resource 2). In the end, only
one of the ten embryos (E-1) was a carrier of «-thalassemia

(the remaining nine were diagnosed with HbH disease), and a
heterozygote for CD17 mutation, and its PGT-A result was
euploid. After learning the diagnosis, this couple decided to
transfer E-1, resulting in a singleton pregnancy. Prenatal diag-
nosis of thalassemia and chromosome abnormalities was car-
ried out at 4+ months of pregnancy through amniocentesis,
showing consistent results with NGS-PGT.

Discussion

In this study, we performed simultaneous PGT of «- and
[3-thalassemia combined with aneuploidy screening on
112 embryos for twelve couples, resulting in ideal diag-
nostic results and 11 healthy live births, which demon-
strated the great versatility, reliability, and safety of
NGS-based PGT.

Previously, simultaneous PGT-M of both «- and (3-
thalassemia was successfully achieved in our center using
MDA combined with STR haplotyping and PCR-based
mutation detection [6, 7]. Moreover, Kakourou et al. used

I-1 1-2 I1-1 11-2 E-1 E-2

Position

E-4 E-5 E-6 E-7 E-8 E-10

F1 FF2| [FM1 F2 F1 F2 ||M1 M2||M2 F2||M2 F1

210977

M2 F1

M2 F1 M1 F1 ||M1 F1

M1 F1 M M1 M2 F2

224619

Fig. 2 Part of the x-thalassemia haplotype results by SNP (family 1).
Position 22597 is the maternal mutation site of ™. Between the solid
horizontal lines is the area of the SEA deletion. Between the double
horizontal lines is the area of -oc®” deletion. The deep red background

indicates the paternal affected haplotype (-a>7). The bright red
background indicates one of the maternal affected haplotypes (A,
The pink background indicates the other maternal affected haplotype
(oex™). “?” represents that the site is not detected
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I1-1 11-2 E-1 E-2 E-3

E-4

E-6 E-8 E-9 E-10

F1 F2 M1 M2 || M1 M2 F2 M2 F2

M2 F2

15247141

Fig. 3 Part of the {3-thalassemia haplotype results by SNP (family 1).
Position 5248200 is the maternal mutation site of CD17, which is also
marked in bright purple. Between the solid horizontal lines is the area of

PCR-based protocol combining with STR linkage analysis
to apply PGT-M for (3-thalassemia and sideroblastic ane-
mia [11]. However, the PCR-based method is inevitably
interfered with ADOs. Though haplotype analysis with
STRs may reduce the effect of ADO, the number of
STR loci is limited, with some of them tend to be semi-
informative. Besides, the recombination between STRs
and target genes may affect the diagnosis efficiency [8,
12]. These suggest that the methods of the previous stud-
ies could be further improved.

In PGT-M cycles, thalassemia patients of advanced
maternal age or with a history of recurrent spontaneous
abortion may require spontaneous aneuploidy screening.
Although PGT-A had a controversial reputation in the
past [13—15], the second generation of PGT-A based on
biopsy of blastocyst plus comprehensive chromosome

M1 M1 F2 M2 Fi1 M1 F1 M2 Fl1

the HBB gene. The deep red background indicates the paternal affected
haplotype. The bright red background indicates the maternal affected

haplotype

screening has been proved to have promising clinical
effect in recent years [16-19]. A study of Rechitsky
et al. showed a statistically increased pregnancy rate
(68.4% vs. 45.4%) and a 3-fold reduction of spontane-
ous abortion rate (15% vs. 5.5%) in PGT-M plus PGT-A
cycles compared with PGT-M alone cycles [20].
Similarly, in our study, family 9 and 10 had a history
of early embryonic death or fetal chromosomal abnor-
mality. Combining with PGT-A screening, their euploid
and unaffected embryos were successfully implanted and
resulted in healthy live births. Moreover, a recent study
from our center demonstrated that even for women at a
younger age, PGT-M plus PGT-A significantly improved
the live birth rate in their first FET cycles compared
with PGT-M alone (61.22% vs. 43.98%) [21].
Therefore, it is fascinating to supply additional PGT-A

Table 3 Distributions of selected
SNPs for o- and (3-thalassemia
detection

Target region Upstream Downstream
Within Outside of Within Outside of
M IM IM M
«-thalassemia SEA region 143 75 25
{3-thalassemia ~ HBB gene and its flanking 10~ 85 10 85 10

bp
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to PGT-M. Admittedly, PGT-A aggravates the financial
burden and has not yet shown superiority in increasing
the cumulative live birth rate [22]. To save costs for
patients, we only performed additional PGT-A for em-
bryos diagnosed as unaffected in PGT-M. And recently,
a theoretical cost-effectiveness study confirmed a notion
that PGT-A would result in higher cost-effectiveness
with an increase of maternal age [23].

Compared with previous PGT-M methods, such as
PCR and STR, NGS-based SNP haplotyping could reduce
misdiagnosis by linkage analyses with multiple SNP loci.
It has been successfully applied to the detection of HbH
disease, primary open angle glaucoma, and PKD2 gene
mutations on human preimplantation embryos, indicating
the high accuracy, fidelity, and consistency with Sanger
sequencing [24-26]. Moreover, our results support that
NGS-based method allows the simultaneous detection of
aneuploidy, targeted mutation sites, and their linked SNPs
in a one-step procedure, making it possible to provide
multiple diagnosis results in a single PGT cycle. In our
study, 32.1% (37/56) embryos unaffected from thalasse-
mias were diagnosed as anecuploid. As aneuploidy is one
of the essential causes of spontaneous abortion [27], this
result supports the superiority of NGS in the integration
of genetic disease diagnosis and aneuploidy screening.
Similar to our study, Backenroth et al. developed an all-
in-one NGS-based workflow for preimplantation molecu-
lar and chromosomal diagnosis, showing the valuable ap-
plication prospects of NGS in the field of PGT [9].

Compared with karyomapping technology, another ad-
vantage of NGS-based haplotyping is that when absent of
affected relatives in the family, haplotyping can still be
performed through directly detecting mutation sites with
NGS and using affected embryos or gametes as probands
[28, 29]. Our study further supports this finding as we
achieved ideal haplotyping analysis for five couples (fam-
ilies 7, 8, 9, 11, 12) under this approach.

There have been several reports of simultaneous detec-
tion of both «- and (3-thalassemias with a relatively large
amount of DNA samples, such as blood, amniotic fluid,
chorionic villus, or other genomic DNA (gDNA) samples
[30-32]. However, for embryonic samples, the DNA con-
tent is in the picogram level, which brings a considerable
challenge for multipurpose PGT. For this reason, biopsies
used to be performed twice at different stages of embryo
development, cleavage stage, and blastocyst stage, to di-
agnose two genetic diseases or to combine mutation de-
tection with aneuploidy screening. However, multiple bi-
opsies have been proved to decrease embryo potentials
[33]. Recently, with the rapid development of genome
amplification and detection technologies, several studies
have demonstrated that multipurpose PGT can be realized

with a single biopsy [6, 9, 11, 34]. Similarly, using the
NGS-based protocol of our study, only one blastocyst bi-
opsy was desired to achieve both double thalassemia de-
tection and aneuploidy screening, which alleviated the
negative effect of multiple biopsies on embryos.

The genotypes of the couple determine the theoretical
probability of their embryos unaffected from both «- and
[3-thalassemias. When the couple is double heterozygotes
of «- and (3-thalassemia, the probability is 0.75 x 0.75 =
56.25%; our results showed that the probability was
59.8% (52/87), close to the theoretical value. When one
partner is HbH patients (such as family 1, 5, and 10), the
probability is 0.5 x 0.75 = 37.5%; the probability was 20%
(4/20) in our study, lower than the theoretical value, prob-
ably due to the small sample size. Notably, the probability
of obtaining a transferable embryo will be declined when
a PGT-A diagnosis needs to be combined. For example,
the probability was reduced to 37.9% (33/87) in our study
for the couples who were double heterozygotes of «- and
[3-thalassemia. According to our previous study, we be-
lieve that at least four biopsied embryos are required to
obtain at least one unaffected embryo in a PGT-M cycle
under the condition of basal FSH level smaller than
8.0 mmol/L [35]. Undoubtedly, our PGT protocol, which
combines double thalassemia detection and chromosome
screening, requires an even more significant number of
biopsied embryos to obtain at least one transferrable.
Some families could not get enough blastocysts for diag-
nosis in one OPU cycle, making them enter several ovar-
ian stimulation cycles to accumulate more. For example,
family 4 experienced three hyper-stimulation cycles; for
families 5, 6, 9, and 12, each family went through two
OPU cycles (Table 3).

Conclusion

To our knowledge, this is the largest study of simultaneous
PGT for «- and 3-double thalassemia combined with aneu-
ploid screening under the NGS approach. Our results indicat-
ed that NGS could be a reliable method enabling simultaneous
PGT for multiple purposes, which would improve the clinical
value of a single PGT cycle. Moreover, it eliminated the need
for multiple biopsies, which alleviated potential damage to the
pre-implanted blastocysts.
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