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Abstract

Thalassemia and hemoglobinopathy is a group of hereditary blood disorder with diverse clin-

ical manifestation inherited by autosomal recessive manner. The Beta thalassemia/Hemo-

globin E disease (HbE/βthal) causes a variable degree of hemolysis and the most severe

form of HbE/βthal disease develop a lifelong transfusion-dependent anemia. Preimplanta-

tion genetic testing (PGT) is an established procedure of embryo genetic analysis to avoid

the risk of passing on this particular condition from the carrier parents to their offspring. Pre-

implantation genetic testing for chromosomal aneuploidy (PGT-A) also facilitates the selec-

tion of embryos without chromosomal aberration resulting in the successful embryo

implantation rate. Herein, we study the clinical outcome of using combined PGT-M and

PGT-A in couples at risk of passing on HbE/βthal disease. The study was performed from

January 2016 to December 2017. PGT-M was developed using short tandem repeat linkage

analysis around the beta globin gene cluster and direct mutation testing using primer exten-

sion-based mini-sequencing. Thereafter, we recruited 15 couples at risk of passing on HbE/

βthal disease who underwent a combined total of 22 IVF cycles. PGT was performed in 106

embryos with a 3.89% allele drop-out rate. Using combined PGT-M and PGT-A methods,

80% of women obtained satisfactory genetic testing results and were able to undergo

embryo transfer within the first two cycles. The successful implantation rate was 64.29%.

PGT accuracy was evaluated by prenatal and postnatal genetic confirmation and 100% had

a genetic status consistent with PGT results. The overall clinical outcome of successful live

birth for couples at risk of producing offspring with HbE/βthal was 53.33%. Conclusively,

combined PGT-M and PGT-A is a useful technology to prevent HbE/βthal disease in the off-

spring of recessive carriers.
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Introduction

Thalassemia is a major public health problem in Thailand where 30%–40% of the population

are estimated carriers of all type of thalassemia. Beta thalassemia/Hemoglobin E disease (HbE/

βthal) is the most prevalent form of thalassemia in Thailand, and large numbers of people are

also affected in other Southeast Asian countries [1–4]. Beta thalassemia arises from an abnor-

mal beta globin gene and results in decreased (β+ thalassemia) or completely absent (β˚ thalas-

semia) production of the normal beta globin chain [5]. The hemoglobin E (HbE) allele, is

caused by a point mutation in codon 26 of the beta globin gene and can decrease beta globin E

chains [6, 7]. The compound heterozygous condition, HbE/βthal disease, causes a surprisingly

variable anemia ranging from nearly asymptomatic states to severe anemia requiring regular

blood transfusion predicted by the type of mutation, i.e., β˚ or β+ [2, 8–10]. At present, severe

thalassemia can be cured by stem cell transplantation (SCT). However, SCT is only possible

for a minority of patients with a suitable human leukocyte antigen (HLA)-matched donor and

who can afford the costly treatment [11, 12]. Preconception screening for thalassemia is a prac-

tice that forms part of the national public health policy of many countries and is useful for

reducing the frequency of thalassemia disease in the population. In the early stages of preg-

nancy, prenatal diagnostic testing such as chorionic villus sampling (CVS), amniocentesis, or

cord blood sampling can be offered if a couple is identified as at risk of having a child with

thalassemia. Nevertheless, prenatal testing results showing that the fetus is affected may result

in the decision to terminate the pregnancy and cause psychological impact to the family

[13–16].

Preimplantation genetic testing (PGT) is an established procedure of embryo genetic analy-

sis using cells obtained from embryo biopsy process. Biopsy can be performed in either cleav-

age-stage embryos or trophectoderm of the blastocysts. This technology has been developed to

reduce the risk of genetic disease in couples who wish to identify genetic defects in embryos

obtained by in-vitro fertilization (IVF) [17–21]. The advantage of PGT over conventional pre-

natal diagnosis is the avoidance of pregnancy termination. The PGT for monogenic disease

(PGT-M) method, to diagnose beta thalassemia, was initially reported in 1998 and used either

restriction enzyme digestion methods or denaturing gradient gel electrophoresis to perform

the mutation analysis [19, 22, 23]. An important consideration to justify the use of PGT-M is

the accuracy of the diagnosis obtained using the PGT technique. One of the major problems

associated with PGT-M is the possibility of misdiagnosis due to allele drop out (ADO) and

DNA contamination [22]. Currently, the European Society of Human Reproduction and

Technology (ESHRE) recommends performing both direct and indirect mutation testing

using short tandem repeat (STR) linkage analysis in PGT-M to achieve the highest accuracy

rate [24, 25]. Recently, our center has demonstrated successful PGT-M for childhood neurode-

generative disease in cleavage-stage embryos using the power of linkage analysis and SNaP-

SHOT mini-sequencing for direct mutation detection [26].

Chromosomal aberration is a factor that contributes to the successful embryo implanta-

tion rate. Several techniques have been described to facilitate preimplantation genetic testing

for aneuploidy (PGT-A) including fluorescent in situ hybridization (FISH), array compara-

tive genomic hybridization (aCGH) and next-generation sequencing (NGS) [27]. In our

institute, most artificial reproductive technology (ART) protocols for monogenic disorders

encourage the use of combined PGT-M and PGT-A to maximize the chances of a successful

pregnancy.

In this report, we presented the retrospective review of the clinical utility of PGT utilizing

for couples at risk of having offspring with HbE/βthal disease obtaining reproductive service

in our single center.
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Materials and methods

Ethics statement

The study was approved by the Committee on Human Rights Related to Research Involving

Human Subjects of the Faculty of Medicine Ramathibodi Hospital, ID 09-56-20. Written

informed consent was performed to all participants.

Patients

This study was a retrospective review of patients who were couples at risk of having offspring

with HbE/βthal disease and requested for ART at the Faculty of Medicine Ramathibodi Hospi-

tal between January 2016 and December 2017. All couples received the similar controlled ovar-

ian stimulation and ICSI protocol, but PGT-A protocol might differ relying on the decision of

ART specialist and embryologist who were in charge at that period of time. PGT-M protocol

was controlled under the supervision of single medical genetics team.

Controlled ovarian stimulation and ICSI protocol

The antagonist protocol was started from day 2 of menstruation using 225 units of human

menopausal gonadotrophins (hMG) per day (IVF-M, LG Life Sciences, Iksan-si, Korea). The

gonadotropin-releasing hormone (GnRH) antagonist (Orgalutran, MSD, Ravensburg, Ger-

many) was injected between stimulation days 7–9. Oocyte maturation was induced with

human chorionic gonadotropin (hCG) treatment (IVF-C, LG Life Sciences, Iksan-si, Korea).

Oocytes were picked up 36–37 hours later and intra-cytoplasmic sperm injection (ICSI) was

performed within 6 hours. All embryos were doubly biopsied in trophectoderm at blastocyst

stages. All embryos were cryopreserved with the vitrified method.

Whole genome amplification (WGA)

For PGT-A, WGA were prepared in biopsied cells by PCR-based method. WGA was per-

formed using the SurePlex1DNA amplification system kit according to the manufacturer’s

protocol (Illumina, San Diego CA). For PGT-M, non-PCR-based preparation was utilized.

WGA was prepared by the multiple displacement amplification (MDA) method using REPLI-

g mini kit (Qiagen, Hilden, Germany).

Preimplantation genetic testing for the monogenic disorder (PGT-M)

Linkage analysis. Linkage analysis was performed using six STR markers focused around

the HBB gene (Table 1; 1–6). The reaction mixture was prepared with 50-ng DNA template,

0.2 μM of each primer, 1X PCR buffer (Qiagen, Hilden Germany), 0.2 mM of each dNTP, 1X

Sol Q, 1.5 mM MgCl2 and 0.5 U of HotStarTaq Plus DNA polymerase (Qiagen), in a final vol-

ume of 25 μl. The PCR program was as follows: (1) 95˚C for 5 minutes, (2) 10 cycles of 95˚C

for 30 seconds, 65˚C (step down temperature of 1˚C every cycle so the annealing temperature

in the final cycle was 55˚C) for 90 seconds, and 72˚C for 30 seconds, (3) 35 cycles of 95˚C for

30 seconds, 55˚C for 90 seconds, and 72˚C for 30 seconds, and (4) a final extension at 72˚C for

15 minutes (GeneAmp1 2400, Applied Biosystems, Foster City, CA). PCR products were ana-

lyzed by electrophoresis on a 2% agarose gel. The fragment size of each amplicon was analyzed

by capillary electrophoresis on an ABI Prism1 3500 automatic DNA sequencer (Applied Bio-

systems, Foster City, CA) using GeneScan1 analysis software (Applied Biosystems). A mini-

mum of two informative STR markers is preferred for PGT-M analysis.

SNaPSHOT mini-sequencing. Mini-sequencing was performed using a primer exten-

sion-based method using the SNaPshot1multiplex system (Life Technologies, Carlsbad, CA).
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The reaction contained three oligonucleotide primers (Table 1; 7–11) for subsequent analysis

by capillary electrophoresis on an ABI Prism1 3500 automatic DNA sequencer (Applied Bio-

systems). To visualize the electrophoresis data, the peak signal was analyzed using GeneScan1

analysis software (Applied Biosystems).

Preimplantation genetic testing for aneuploidy (PGT-A).

1. Next-generation sequencing

WGA was performed as described above. Results were quantified using the Qubit dsDNA

HS assay kit (Life Technologies). End-repair and purified DNA for Ion Torrent 200 bp

chemistry were processed before adapter ligation according to the IonXpress plus gDNA

fragment library preparation protocol (Life Technologies). Gel electrophoresis was per-

formed and the sample fraction at 330 bp was excised using E-Gel SizeSelect Gels (Life

Technologies). At least five cycles of adapter mediated amplification were required to

generate quantifiable sequence-ready libraries. All libraries were evaluated using the Bioa-

nalyzer High Sensitivity Chip (Agilent Technologies, Santa Clara, CA) before clonal ampli-

fication using the Ion OneTouch system (Life Technologies). Prior to sequencing, sample

Table 1. Summary of primers using in preimplantation genetic testing for beta thalassemia/hemoglobin E disease.

Primer’s name Nucleotide sequence (5’ to 3’) Distance between the STR

markers and HBB (Mb)

Tm (˚C)

1. D11S4181 F-(FAM) GGGCACCTGTAATCCCA 0.478 54.4

R- GAACTGAGACCAAGAACATTATTCC 53.7

2. D11S2351 F-(FAM)- AAGCTTCCTTCACATTCTTACAG 0.326 53.0

R AGGAGTCACTGGATCTACTC 52.6

3. D11S1871 F-(VIC) AAGAAGTTGCCCTGATGTCT 0.119 53.9

R- TAAAAGGAGCTGAATGCACA 52.1

4. D11S4891 F-(FAM)- GGAAATGGACCTCTGTCTC 0.002 52.3

R- CTTTTATTCCAGCCCCAC 50.8

5. D11S1760 F-(VIC) GATCTCAAGTGTTTCCCCAC 0.136 53.2

R- AAACGATGTCTGTCCACTCA 53.8

6. D11S1338 F-(FAM) GACGGTTTAACTGTATATCTAAGAC 0.739 50.9

R- TAATGCTACTTATTTGGAGTGTG 50.6

7.c.2 mini-sequencing F- AGGTACGGCTGTCATCACTT 56.0

R- TTCATCCACGTTCACCTTGC 55.7

F (Snapshot)- AAAAAAAAAAAAAAAAAAAAAAACTAGCAACCTCAAACAGACACCA 61.2

8.c.79 mini-sequencing F- CCATGGTGCATCTGACTCCT 57.0

R- GTAGACCACCAGCAGCCTAA 56.6

F (Snapshot)- AAAAAAAAAAAAGTGAACGTGGATGAAGTTGGTGGT 61.2

9. c.316-197 mini-sequencing F- ACAATGTATCATGCCTCTTTGC 53.7

R-TCCAGCCTTATCCCAACCAT 56.0

F (Snapshot)- AAAAAAAAAAAAAAAAAAAAAAACAGTGATAATTTCTGGGTTAAGG 58.7

10. c.126 mini-sequencing F- GCACTGACTCTCTCTGCCTA 55.9

R- CCATCACTAAAGGCACCGAG 55.6

F (Snapshot)- AAAAAAAAAAAAAAAAAAAAAAGGTCTACCCTTGGACCCAGAGGTT 63.1

11. c.52 mini-sequencing F- CCATGGTGCATCTGACTCCT 57.0

R- GTAGACCACCAGCAGCCTAA 56.6

F (Snapshot)- AAAAAAAAAAAAAAAAAAAAAATCTGCCGTTACTGCCCTGTGGGGC 65.0

12. HBB Amplicon 1 F- AGGTACGGCTGTCATCACTT 56.0

R- GTTTCCCATTCTAAACTGTACCCT 54.7

https://doi.org/10.1371/journal.pone.0225457.t001
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enrichment was completed using the Ion OneTouch ES module. Single-end sequencing

was performed following the Ion PGM Hi-Q sequencing workflow on the Ion PGM System

with the use of Ion PGM sequencing 200 kit v2 (Life Technologies). Data were analyzed

using the low-pass whole genome aneuploidy analysis workflow based on the hg19 genome

database using Ion Reporter Cloud v.5.2 which was not capable for mosaicism analysis at

that period of time (Life Technologies).

2. Array comparative genomic hybridization (aCGH)

WGA and reference DNA were co-hybridized to the 24SureV3 (BlueGnome, Cambridge,

UK). The reference DNA of both males and females were derived from SureRef (Blue-

Gnome, Cambridge, UK). Genomic DNA was labeled by random priming using 1 μl of

Cy3-dCTP or Cy5-dCTP (BlueGnome, Cambridge, UK), 1 μl Klenow enzyme, and 5 μl

dCTP per sample. For hybridization, labeling mixes were combined and co-precipitated

with Cot-1 DNA. The mixture was evaporated under centrifugation at 75 ˚C for 1 hour and

each pellet was resuspended in 21 μl of 75˚C hybridization buffer. The pellet was completely

dissolved before 18 μl was spread onto the array slide and covered with a 22 × 22 mm cover-

slip. The slide was put in a hybridization box presoaked with 2 × saline-sodium citrate

(SSC)/50% formamide and incubated at 47˚C for 16 hours. After hybridization, the slides

were agitated in 2 × SSC/0.05% Tween20 to remove the cover slips. The slides were then

washed with 2 × SSC/0.05% Tween20 at room temperature for 10 min, washed in 1 × SSC

at room temperature for 10 min, and washed in 0.1 × SSC, at 60˚C for 5 min. The last wash

was in 0.1 × SSC, at room temperature for 1 min before centrifugation at 170 × g for 3 min.

After hybridization and washing, all microarray slides were scanned using Agilent SureScan

(Santa Clara, CA, USA) with the Cy3 channel/photomultiplier tube setting at 450 and the

Cy5 channel setting at 550. The scanner resolution was 10 μm. The image files were ana-

lyzed with BlueFuse software (BlueGnome, Cambridge, UK). All detected copy number

changes were compared with known aberrations listed in publicly available databases,

including ENSEMBL (Ensembl; https://uswest.ensembl.org/index.html), DECIPHER

(https://decipher.sanger.ac.uk/), and the Database of Genomic Variants (DGV; http://

projects.tcag.ca/variation/) using NCBI36/ng18 University of California, Santa Cruz

(UCSC) assembly.

Embryo transfer

Endometrium preparation started at day 2–3 of menstruation with 6 mg/day estradiol valerate

(Bayer Schering Pharma AG, Austria) and 400 mg/day micronized progesterone (Basin

Healthcare, Belgium). A single unaffected embryo was thawed and transferred to the uterus

per cycle using a TDT catheter (Laboratoire CCD, Paris, France). Patients continued estradiol

valerate and micronized progesterone treatment until the gestation reached 8 weeks. The med-

ication was discontinued if the patient was not pregnant.

Prenatal and postnatal genetic confirmation

To validate the prenatal genetic determination result, genetic confirmation was performed

during the pre- and postnatal stages. Prenatal confirmation was performed at the 16th gesta-

tional week by amniocentesis. Postnatal confirmation was performed on a specimen collected

from cord blood after the baby was born. The biological samples were subsequently processed

for DNA extraction. Confirmation of mutation in all samples was performed by PCR-genomic

DNA sequencing using primer pairs spanning all detected HBB gene mutations (Table 1; 12–
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13). For sequence analysis, 20 ng of purified PCR products were sequenced by direct cycle

sequencing using fluorescent-labeled dideoxy terminators (Big Dye Terminator Cycle

Sequencing Ready Reaction Kit; Applied Biosystems, Foster City, CA), following the manufac-

turer’s protocol. Sequencing reactions were run on ABI Prism1 3500 automated DNA

sequencer (Applied Biosystems, Foster City, CA).

Results

Participant characteristics

During 2016–2017, there were 15 couples who requested ART and were at risk of having off-

spring with HbE/βthal disease, which was approximately 5% in total couples visited our center

for IVF treatment. The average maternal and paternal ages were 34.84 ± 3.56 and 36.20 ± 3.08

years, respectively. The majority of couples were healthy, with no underlying medical or gyne-

cological conditions. Eighty percent had no currently living children. Almost half of couples

had previous experience of thalassemia in their families and the others discovered their carrier

status during preconception screening. About twenty-six percent had terminated pregnancy

due the child being affected by HbE/βthal disease. β thalassemia mutations in the couples were

Table 2. Demographic data of the participants enrolled for preimplantation genetic testing for beta thalassemia/

hemoglobin E disease.

Average maternal age (years ± SD) 34.87 ± 3.56

Average paternal age (years ± SD) 36.20 ± 3.08

Underlying gynecological condition [n (%)]

• Endometriosis 1 (6.67)

• None 14 (93.33)

Experience on previous natural conception and pregnancy

• Yes 7 (46.67)

• No 8 (53.33)

Number of current living child(ren) [n (%)]

• 0 12 (80)

• 1 2 (13.33)

• 2 1 (6.67)

Reasons for referral [n (%)]

• Experience on thalassemia 7 (46.67)

• Carrier status found during preconception screening 8 (53.33)

Experience of thalassemia in the family [n (%)]

• Recent experience on prenatal diagnosis and termination of pregnancy 4 (26.67)

• Current children affected by thalassemia disease 2 (13.33)

• Current children affected by thalassemia trait 1 (6.67)

• No experience 8 (53.33)

Type of beta thalassemia mutation [n (%)]

• c.126_129delCTTT 3 (20)

• c.52A>T 4 (26.67)

• c.316-197 C>T 5 (33.33)

• c.2T>G 1 (6.67)

• c.92+5 G>C 1 (6.67)

• Whole gene deletion 1 (6.67)

https://doi.org/10.1371/journal.pone.0225457.t002
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diverse, including c.316-197 C>T (33.33%), c.52A>T (26.67%), c.126_129delCTTT (20%),

c.2T>G (6.67%), c.92+5 G>C (6.67%), and whole gene deletion (6.67%) (Table 2).

In vitro fertilization cycles and outcomes following preimplantation

genetic testing

IVF cycles and outcomes following PGT-M and PGT-A are described in Table 3. The majority

of couples underwent no more than two IVF cycles, except couple #005 who underwent four

attempts. PGT-M of most cases was performed by linkage analysis using STR markers around

the β-globin gene cluster in parallel with mini-sequencing of the mutation using the primer

extension-based method. Of them, one family had PGT-M done by only linkage analysis and

partial mini-sequencing on Hb E mutation without detecting HBB mutation since the primer

extension-based method was unable to form the reaction on large gene deletion mutation

(#011). Comprehensive PGT-A was performed either by microarray or next-generation

sequencing-based methods based on the experience and decision of the physician in charge.

To be deemed ready for transfer, embryos required PGT-M results showing that they were not

disease affected and PGT-A results showing no aneuploidy. Three couples had no suitable

embryos for transfer after PGT-M and PGT-A (#007, #012, and #013).

Table 3. Clinical and laboratory characterization of all couples obtaining assisted reproductive technology and preimplantation genetic testing for beta thalasse-

mia/hemoglobin E disease in this study.

ID Maternal Age

(years)

Paternal Age

(years)

Maternal HBB
Mutation

Paternal HBB
Mutation

No. of

Cycle

PGT-A

Choice

Outcome

001 35 33 c.126_129delCTTT c.79G>A 1 NGSa Successful pregnancy with live birth of a male

baby

002 33 33 c.79G>A c.52A>T 2 NGS Successful pregnancy with live birth of female

monozygotic twins

003 35 36 c.79G>A c.52A>T 1 NGS Successful pregnancy with first trimester

miscarriage

004 36 37 c.316-197C>T c.79G>A 1 NGS Failed implantation

005 36 36 c.79G>A c.2T>G 4 NGS Failed implantation

006 35 37 c.92+5 G>C c.79G>A 1 NGS Successful pregnancy with live birth of a male

baby

007 41 44 c.79G>A c.316-197C>T 2 NGS No embryos suitable for transfer

008 37 37 c.79G>A c.126_129delCTTT 2 aCGHb Successful pregnancy with live birth of a male

baby

009 37 39 c.316-197C>T c.79G>A 1 aCGH Successful pregnancy with live birth of a

female baby

010 38 39 c.316-197C>T c.79G>A 1 aCGH Failed implantation

011 32 36 c.79G>A Deletion 1 aCGH Successful pregnancy with live birth of male

monozygotic twins

012 38 33 c.79G>A c.126_129delCTTT 1 aCGH No embryos suitable for transfer

013 26 34 c.316-197C>T c.79G>A 1 NGS No embryos suitable for transfer

014 33 37 c.52A>T c.79G>A 1 NGS Successful pregnancy with live birth of a

female baby

015 31 32 c.79G>A c.52A>T 2 NGS Successful pregnancy with live birth of a

female baby

aNGS = next-generation sequencing;
baCGH = array comparative genomic hybridization

https://doi.org/10.1371/journal.pone.0225457.t003

Clinical utility of preimplantation genetic testing for beta thalassemia/Hb E disease

PLOS ONE | https://doi.org/10.1371/journal.pone.0225457 November 21, 2019 7 / 15

https://doi.org/10.1371/journal.pone.0225457.t003
https://doi.org/10.1371/journal.pone.0225457


Nine of fifteen couples (60%) had successful embryo implantation and pregnancy within

two IVF cycles. Unfortunately, one of them had spontaneous miscarriage in the first trimester

(#003). The eight remaining couples delivered healthy babies without complication, two of the

couples had monozygotic twins (#002 and #011).

Summary of clinical outcomes after preimplantation genetic testing for

beta thalassemia/hemoglobin E disease

The total number of IVF cycles was 22. Total 106 embryos were tested for PGT. The overall

ADO rate was 3.89%. Combining PGT-M and PGT-A methods resulted in 80% of couples

obtaining satisfactory genetic testing results. Successful genetic testing results were classified as

those indicating that the embryos were non-disease affected (wild-type or carrier), did not

have any chromosomal aberration, and transfer was able to occur within the first two cycles.

The successful implantation rate was 64.29% among all embryos transferred. PGT accuracy of

was evaluated by prenatal and postnatal genetic confirmation and the genetic status of 100% of

the newborn babies was consistent with the PGT results. The overall clinical outcome of suc-

cessful live birth, after the first two IVF cycles, for couple at risk of producing offspring with

HbE/βthal disease in our center was 53.33% (Table 4).

Table 4. Summary of clinical outcome in sixteen families requested for preimplantation genetic diagnosis for beta

thalassemia/hemoglobin E disease in fifteen families.

Total IVF cycles (n) 22

Embryos tested for thalassemia PGT-M [n (%)] 106 (100)

• Wild type 25 (23.58)

• Disease affected 43 (40.57)

• Carriers 28 (26.42)

• Inconclusive 4 (3.77)

• Failed whole genome amplification 6 (5.66)

Allele drop-out rate (%) 3.89

Number of couples obtaining successful genetic testing within the first 2 cycles [n (%)] 15 (100)

• Satisfactory embryo outcome 12 (80)

• Unsatisfactory embryo outcome (unable to transfer) 3 (20)

Implantation rate after embryo transfer [n (%)] 14 (100)

• Successful implantation 9 (64.29)

• Unsuccessful implantation 5 (35.71)

Accuracy of PGT by prenatal and postnatal confirmation (%) 100

Successful pregnancy after the first cycle of treatment (%) 40

Overall clinical outcome within the first 2 cycles of 15 families [n (%)] 15 (100)

• Successful pregnancy with live birth 8 (53.33)

• Successful pregnancy with first trimester miscarriage 1 (6.67)

• Failed implantation in both cycles 1 (6.67)

• Failed implantation in the first cycle and subsequent treatment cessation 2 (13.33)

• Unable to transfer in both cycles 1 (6.67)

• Unable to transfer in the first cycle and subsequent treatment cessation 2 (13.33)

Average IVF cycle number in nine women with successful pregnancy (mean ± SD) 1.33 ± 0.50

https://doi.org/10.1371/journal.pone.0225457.t004
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Discussion

Situation of preimplantation genetic testing for beta thalassemia/

hemoglobin E disease in developing countries

HbE/βthal disease is a major public health problem in Thailand and other developing coun-

tries. In Thailand, the β- thalassemia carrier rate is 10% and the HbE carrier rate varies, and in

many provinces in the north and northeastern parts of the country is up to 30%–50% [1, 8].

After three decades of increasing public awareness, the national policy is to perform thalasse-

mia carrier screening in all pregnant women who obtain antenatal care services at most public

hospitals [16]. The couple-at-risk will be offered prenatal diagnosis using amniocentesis or

cord blood sampling to diagnose the genetic status of the fetus, which results in pregnancy ter-

mination if the fetus is affected [28, 29]. While the importance of preconception carrier screen-

ing is widely recognized, couples need to afford to pay for testing. In this analysis, half of the

couples-at-risk that requested ART had thalassemia in their families, which led them to decide

to undergo PGT. The other half of the couples-at-risk were people who identified as carriers

during premarital or preconception screening who did not wish to take the risk of prenatal

diagnosis and pregnancy termination. The option of PGT was comprehensively discussed with

all couples during genetic counseling sessions with the clinical geneticist at the Genetics Clinic

before starting treatment with the IVF specialist. During 2016–2017, more than 50 couples

were referred to genetic counseling and, owing to the cost of treatment and the requirement to

remain in central Bangkok during ovarian stimulation, 15 couples decided to perform

ART-PGT. At our center, a university hospital, the cost of ICSI with combined PGT-A and

PGT-M is approximately 15,000 USD, while the gross domestic product per capita in Thailand

in 2017 was 6,125.70 USD (data from the World Bank Organization in 2017). Re-imbursement

for PGT-M is not possible in Thailand, and other developing countries owing to national

financial status and unclear regulation. Nevertheless, the cost would be lower if PGT-A is

applied only in the embryos that have been found to be disease-free following PGT-M. Cur-

rently, PGT-M service is limited in Thailand. Only three medical schools mention that they

are doing PGT-M for clinical research, and most PGT-M services are offered from IVF and

genetics laboratories in the private sector. HbE/βthal disease is the most common consultation

in each center, following by alpha thalassemia and Duchenne muscular dystrophy. In Euro-

pean countries, there are several centers that perform PGT-M as their main or sole activity and

approximately 50 centers offer PGT-M in addition to their ART service [30]. In these centers,

the most common referral is for cystic fibrosis, which is consistent with the high carrier rate in

people of north European descent [25].

Laboratory techniques used in preimplantation genetic testing for beta

thalassemia/hemoglobin E disease

In our center, we developed a PGT-M protocol following ESHRE guidelines and ensure that

both direct and indirect genetic testing was included in the procedure. Indirect genetic testing

was achieved through by the power of STR linkage analysis [24, 31]. Relying on our in-house

genetic database, we established six STR markers that were commonly informative for Thais

and Southeast Asian population. The main issue with STR linkage analysis is the distance

between the STR and the gene of interest and the high risk of recombination between these

loci. In some particular circumstances, the STR haplotype of disease causing and non-disease-

causing alleles is difficult to distinguish, making clinical prediction inconclusive. Based on the

ESHRE guidelines, at least two informative STR markers are preferred for PGT-M [24, 31].

One successful factor for STR application is the number of family members recruited for
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linkage analysis. All cases in our series had complete family DNA samples available for linkage

analysis in one of two categories: 1) both partners and previous child or fetus affected by the

disease, 2) both partners and all parents from both sides. Families with a previously affected

fetus that was terminated following prenatal diagnosis could request to transfer the DNA of

the deceased fetus from the laboratory that performed prenatal genetic testing. This allows

linkage analysis to be performed for families without enough relatives. This also allows these

families to decide if they want to risk relying on direct mutation testing only, the error rate of

which can be interfered with by the allele drop-out (ADO) rate. In addition to STR linkage

analysis, many studies support the use of NGS-based single nucleotide polymorphism (SNP)

haplotyping as a powerful tool for PGT-M [32–34].

Our primer extension-based direct mutation testing approach used the SNaPshot1multi-

plex system, reported to be able to detect an allele fraction as low as 5% [35]. However, direct

mutation testing is not appropriate for stand-alone use in the PGT-M process when there is

difficulty in WGA and when the mutant allele fraction may be lower than 5% because it can

result in false negative findings. Therefore, it is recommended to combine both indirect and

direct genetic testing in most PGT-M approaches. Nevertheless, for some mutations, there is

no need for DNA sequencing. This is illustrated by one of our participants (#011) who had a

large deletion of the β- globin gene, diagnosis of which only required the reliability of indirect

linkage analysis. This technical implication is also observed in other genetic conditions without

the potential for mini-sequencing reactions, such as the large gene deletion observed in

Duchenne muscular dystrophy and gene inversion commonly observed in Hemophilia A

[36, 37].

The PGT-M process is not 100% accurate due to the chance of misinterpretation of chro-

mosomal recombination and ADO. Therefore, all women who obtained a successful preg-

nancy following the PGT-M process were required to undergo prenatal diagnosis for

molecular confirmation. In our center, the accuracy of PGT-M, as evaluated by prenatal and

postnatal confirmation, is 100%.

Comprehensive chromosomal aneuploidy screening, the facilitating tool

for pregnancy outcome

For the families examined here, PGT-M was crucial for the select embryos unaffected by dis-

ease, and a successful implantation rate would be highly anticipated. A key factor of successful

implantation is embryo chromosome status. Although non-disease embryos were transferred,

chromosomal aneuploidy would be an obstacle resulting in an unsatisfactory pregnancy rate.

The chromosomal aneuploidy rate is related to maternal age. Therefore, women over 35 years

of age have up to a 50% chance of having an aneuploid embryo, and up to a 70% chance when

the maternal age reaches 40 [38, 39]. In this study, embryo transfer was not achievable for one

of 15 cases (#007). This was due to advanced maternal age of more than 40 years and only a

few ova were obtained after two cycles of ovarian stimulation. Another two families (#013 and

#014) had high rates of aneuploidy and the euploid embryos were unable to be transferred

because their thalassemia status was unsatisfactory and inconclusive. Several studies revealed

that the implantation rate after PGT-A using aCGH and NGS is up to 60 and 70%, respectively,

and that the rate of successful pregnancy with live birth was 54.4%–62%. Our results showed a

satisfactory implantation and a successful pregnancy with live birth rates of 64.29% and

53.33%, respectively, following PGT-A using either aCGH or NGS [40]. Hence, we have pro-

posed to implement combined PGT-A with PGT-M at our institute to identify embryos with-

out thalassemia disease, with the aim of achieving the highest implantation and successful

pregnancy with live birth rates.
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Factors contributing in the success rate of pregnancy

There are many factors that contribute to a successful pregnancy with live birth. The successful

implantation rate following the first treatment cycle in our cohort was 40% and overall success

rate for pregnancy with healthy live birth was 53.33% within two IVF attempts. Despite our

limited case numbers, there were no statistically significant differences (i.e., maternal age,

paternal age, underlying gynecological conditions, and underlying medical conditions)

between the groups that had success and those that did not. In this study, all women who

achieved successful pregnancy were under the age of 38 and had no underlying gynecological

conditions. One case, who achieved successful implantation but developed spontaneous mis-

carriage, was obese (#003). The possible failure factors in the other four cases included mater-

nal age> 38 years (#007, #010, and #012), obesity (#004), and endometriosis (#004). Two

cases had no distinctive factors (#005 and #013). Advanced maternal age and endometriosis

impact fertility [41–45]. Obesity is a detrimental factor for IVF outcome and requires a signifi-

cant higher dose of gonadotropins and longer ovarian stimulation duration [46].

Other applications of preimplantation genetic testing for beta thalassemia/

Hb E disease

HbE/βthal disease is a hereditary blood disorder that can be cured by SCT. Initially, SCT

requires a donor with a Human Leukocyte Antigen (HLA) profile that is matched to the recip-

ient [47]. In families that have child(ren) affected by HbE/βthal disease and are awaiting SCT,

PGT-M can help in the selection of embryos with HLA genetics consistent with the affected

child using STR linkage analysis around the HLA gene region on chromosome 6. Moreover,

there have been reports of the use of NGS in preimplantation high-resolution HLA sequenc-

ing [48].

Conclusion

HbE/βthal disease is a common serious medical condition prevalent in many developing coun-

tries. PGT can be used by the couple-at-risk to reduce the chance of passing deleterious muta-

tions onto their offspring which prevents the burden in the family. We propose a strategy of

combining PGT-M and PGT-A to achieve the highest chance for successful implantation and

pregnancy. Application of STR linkage analysis and direct mutation testing is standard prac-

tice for PGT-M, but chromosomal recombination and ADO may lead to misinterpretation of

results. Therefore, a robust PGT-M protocol should be able to detect ADO and recombination

and result in higher accuracy. PGT-A, using either aCGH or NGS, is helpful to select euploid

embryos and increase the rate of successful implantation.
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