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Abstract

Preimplantation genetic diagnosis (PGD) to select histocompatible siblings to facilitate curative
haematopoeitic stem-cell transplantation (HSCT) is now an acceptable option in the absence of
an available human leukocyte antigen (HLA) compatible donor. We describe a case where the
couple who requested HLA-PGD, were both carriers of two serious haematological diseases,
beta-thalassaemia and sideroblastic anaemia. Their daughter, affected with sideroblastic
anaemia, was programmed to have HSCT. A multiplex-fluorescent-touchdown-PCR protocol
was optimized for the simultaneous amplification of: the two HBB-gene mutated regions
(c.118C4T, c.25-26delAA), four short tandem repeats (STRs) in chr11p15.5 linked to the HBB
gene, the SLC25A38 gene mutation (c.726C4T), two STRs in chr3p22.1 linked to the SLC25A38
gene, plus eleven informative STRs for HLA-haplotyping (chr6p22.1-21.3). This was followed by
real-time nested PCR and high-resolution melting analysis (HRMA) for the detection of HBB and
SLC25A38 gene mutations, as well as the analysis of all STRs on an automatic genetic analyzer
(sequencer). The couple completed four clinical in vitro fertilization (IVF)/PGD cycles. At least
one matched unaffected embryo was identified and transferred in each cycle. A twin pregnancy
was established in the fourth PGD cycle and genotyping results at all loci were confirmed by
prenatal diagnosis. Two healthy baby girls were delivered at week 38 of pregnancy. The need to
exclude two familial disorders for HLA-PGD is rarely encountered. The methodological
approach described here is fast, accurate, clinically-validated, and of relatively low cost.

Abbreviations: ART: Assisted Reproductive Technology; ESHRE: European Society of Human
Reproduction and Embryology; HLA: human leukocyte antigen; HRMA: high-resolution melting
analysis; HSCT: haematopoeitic stem-cell transplantation; IVF: in vitro fertilization; PGD:
preimplantation genetic diagnosis; STR: short tandem repeat
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Introduction

Preimplantation genetic diagnosis (PGD) with human leuko-

cyte antigen (HLA)-matching to establish a pregnancy with

histocompatible siblings to support a curative haematopoietic

stem cell transplantation (HSCT) for an existing affected child

in the family, was first reported in 2001 for a case of Fanconi

anaemia. It is now a well-established procedure, with an

increasing number of cycles performed every year [Moutou

et al. 2014]. The present worldwide experience of preim-

plantation HLA typing probably includes more than a

thousand cases, most of which have been performed within

the last few years [Kuliev and Rechitsky 2014a].

Preimplantation HLA-typing can be performed as a sole

indication, when the affected child requires transplantation to

treat a non-inherited disorder related to the hematopoietic

and/or immune system, for example certain leukemias, or

simultaneously with PGD to exclude a familial single gene

disease and establish a pregnancy with an unaffected and at

the same time HLA compatible embryo. HSCT from an

identical HLA sibling-stem cell donor provides the best

treatment option, reducing the incidence of graft rejection and

other complications [Soni et al. 2014; Tucunduva et al. 2014;

Tur-Kaspa and Jeelani 2015].

Recent studies have provided data on a large number of

HLA-PGD cycles, demonstrating the overall success of the

procedure and the positive outcome following HSCT treat-

ment. Kahraman et al. [2014] report 461 PGD cycles initiated
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for multiple HLA indications, performed within a period of 10

years, resulting in 80 live births and 44/48 successful HSCTs,

using either cord blood as a sole source (in only three cases)

or bone marrow, or a combination of bone marrow and cord

blood. In the four unsuccessful cases graft failure occurred

after HSCT for treatment of beta thalassaemia in older

children with a high number of previous blood transfusions

[Kahraman et al. 2014]. Kuliev and Rechitsky [2014a; 2014b;

2014c] have also presented their significant work of over 300

HLA-PGD cycles for haemoglobinopathies, immunodeficien-

cies or HLA-typing as a sole indicator, resulting in the birth

and so far complete cure of affected siblings that underwent

HSCT [Kuliev and Rechitsky 2014a; 2014b; 2014c].

According to the data from the European Society of

Human Reproduction and Embryology (ESHRE) PGD con-

sortium and published data from the aforementioned centers,

beta-thalassaemia/sickle cell anaemia is the most common

indication for PGD with concurrent HLA-typing. The need to

exclude two familial hereditary disorders for HLA-PGD has

not been previously reported. Here we describe the develop-

ment and application of a PGD protocol for the diagnosis of

two monogenic disorders plus HLA compatibility testing,

involving a couple known to be both carriers for beta-

thalassaemia mutations and also carriers for an identical

mutation causing autosomal recessive nonsyndromic con-

genital sideroblastic anaemia.

Patient History: Case Report

The couple was referred to the Department of Medical

Genetics of the University of Athens from the transfusion

centre of the First Department of Paediatrics, University of

Athens, in January 2012. At the time of referral, the maternal

and paternal ages were 25 and 34 years, respectively. Both

parents were known carriers of two different beta-thalassae-

mia mutations in the HBB gene (maternal mutation: c.118

C4T (Cd39 C4T) and paternal mutation: c.25-26 delAA

(Cd8 delAA)). Their reproductive history indicated one

previous pregnancy where prenatal diagnosis for b-thalassae-

mia was performed, which resulted in the birth of their

daughter in 2010, unaffected for b-thalassaemia. However, at

the age of 24 days she presented with febrile illness and

pallor. She was found to have severe anaemia (haemoglobin

61 mg/L) which was hypochromic (MCHC 26.7 pg/dl) and

microcytic (MCV 70fl) and was started on a transfusion

regimen every three-four weeks. The clinical diagnosis of

congenital sideroblastic anaemia was established at four

months of age with the demonstration of ringed sideroblasts in

bone marrow erythropoietic progenitors. The diagnosis was

confirmed by analysis of the molecular defects for side-

roblastic anaemia, performed at the Department of

Biochemistry and Medical Biotechnologies, University

Federico II of Naples, Italy (kindly provided by Professor

Achille Iolascon). The results of this analysis showed that the

propositus was homozygous for the mutation c.726C4T in

the SLC25A38 gene. This mutation, which was first reported

in 2009 [Guernsey et al. 2009], was also identified in a

heterozygous state in both parents. The patient continued

regular transfusions, while iron chelation therapy was

initiated after 15 transfusions, when iron overload became

apparent. The patient responded well to the regular transfu-

sion and chelation therapy, and her development milestones

were in concordance with her age.

The only cure for congenital sideroblastic anaemia is

HSCT [Wong et al. 2015]. In the absence of an HLA-

compatible donor, the parents of the child were interested in

undergoing PGD for HLA-typing to identify an embryo HLA

compatible with their affected daughter and in addition

unaffected for both familial single gene conditions, to support

bone marrow transplantation. The decision to embark on the

assisted reproductive technology (ART)-PGD-HSCT proced-

ure was endorsed by the treating clinician and the pediatric

bone marrow transplant unit of the ‘‘Aghia Sophia’’

Children’s Hospital, Athens. The couple received reproduct-

ive assessment and a full consultation on the ART procedure

with fertility specialists, as well as a separate consultation

with the genetics team at the Department of Medical

Genetics, University of Athens, on the procedure of genetic

analysis (PGD). Ethical approval for performing an IVF/PGD

cycle was acquired by the IVF center and the couple provided

their informed consent prior to initiating cycle treatment.

Development of a PGD Protocol

A PGD protocol was developed for diagnosis of both

monogenic disorders along with HLA-typing, following

published guidelines from the ESHRE [Harton et al. 2011].

The strategy was based on a previously published generic

PGD protocol for HLA-typing combined with concurrent

diagnosis for beta-thalassaemia, modified to additionally

include diagnosis for sideroblastic anaemia, in the first

PCR, directly on the biopsied single embryo cells

[Kakourou et al. 2014]. DNA was extracted from blood

samples from the parents and their affected child for initial

protocol optimization, while optimization at the single cell

level was performed on isolated single lymphocytes from

freshly drawn parental blood.

The couple was tested for a panel of 26 STRs covering the

HLA-region, along with six STRs linked to the b-globin gene

and newly identified STRs linked to the SLC25A38 gene (for

indirect disease genotyping). Of these, 17 informative STRs

were selected for amplification in a first-round PCR, along

with primers for amplification of the mutated regions in the

HBB and SLC25A38 genes, to enable direct mutation

detection.

The first-round multiplex PCR involved the simultaneous

amplification of 19 genetic regions in a single cell: (1) the

HBB gene mutated region, (2) four STRs linked to the HBB

gene: D11S1243, D11S2352, D11S1871 and D11S4891

(distance 4-138 kb), (3) the SLC25A38 gene mutated region,

(4) two STRs linked to the SLC25A38 gene: 23TG, 24TG

(distance 208-245kb), and (5) 11 STRs for HLA-haplotyping:

31C, 113, RF, D6S388, MIB, 9N, 16A, DQCAR-II, G5S1152,

148, D6S1560. All STRs were analyzed directly from the first

round PCR product, on an automatic sequencer, apart from

the MIB HLA STR and the 24TG STR, for which a nested

PCR preceded fragment analysis on the automatic sequencer.

Most primer sequences for direct and indirect mutation

detection and HLA typing have been previously published and

any re-designed or new primer sets are presented in Table 1
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[Kakourou et al. 2014; Vrettou et al. 2004; Zachaki et al.

2011].

The first round multiplex PCR was performed using

Multiplex HotStart Taq (Qiagen GmbH, Hilden, Germany)

according to the manufacturer’s instructions. PCR was set-up

in a final volume of 50 ml, including 35 ml of Multiplex

HotStar Taq, 5 ml Q solution (Qiagen GmbH), 0.2 mM of the

forward and the reverse primers for amplification of the HBB

mutated region, 0.2 mM of the forward and reverse primers for

amplification of the SLC25A38 mutated region, 0.2 mM of

each of the STRs linked to the HBB gene, 0.2 mM of each of

the STRs linked to the SLC25A38 gene, 0.4 mM of the MIB

HLA STR, and 0.2 mM of each of the remaining HLA STRs.

Amplification was achieved by the following touchdown

cycling conditions: an initial step at 95 �C for 15 minutes,

followed by 12 amplification cycles of denaturation at 96 �C
for 30 seconds (94 �C for the last 2 cycles), annealing at 60 �C
for 2 minutes (decreasing 0.5 �C/cycle down to 54 �C), and

extension at 72 �C for 1.5 minutes. This was followed by 32

amplification cycles of: denaturation at 94 �C for 30 seconds,

annealing at 54 �C for 2 minutes, and extension at 72 �C for

1 minute, followed by a final extension at 72 �C for 15 minutes.

The nested PCR used to amplify the MIB HLA STR and

the 24TG HLA STR was performed on diluted first round

PCR products (1:1500) and PCR was set-up in a final volume

of 15 ml, including 7.5 ml of HotStar Taq (Qiagen GmbH),

0.2mM of the forward and the reverse primers for each STR.

Amplification was achieved by a primary step at 95 �C for 15

minutes, followed by 35 amplification cycles of denaturation

at 96 �C for 30 seconds, annealing at 58 �C for 1 minute and

extension at 72 �C for 30 seconds, followed by a final

extension at 72 �C for 15 minutes.

Mutation Detection for Beta-Thalassaemia and
Sideroblastic Anaemia

For beta-thalassaemia, mutation detection was performed on

diluted first round PCR products by real-time nested PCR using

LightCycler hybridization probes as previously described

[Vrettou et al. 2004]. For detection of the sideroblastic anaemia

mutation, a second round PCR was performed on diluted

(1:1000) first round PCR products. The second PCR reaction

was an asymmetric PCR, performed in a final volume of 10 ml,

including 4 ml of Idaho’s LightScanner� master mix (Idaho

Technology Inc., Salt Lake City, UT, USA), 1 mM of the SBL-

mut Forward primer, 0,2 mM of the SBL-mut Reverse primer,

2 mM of the simple unlabelled oligo probe (Roche Molecular

Diagnostics, GmbH, Germany), and 2 ml of diluted first round

PCR product (Table 1). This was followed by high resolution

melting analysis. Melting curves were imaged in a 96-well

LightScanner system (Idaho Technology Inc.), using the

commercial LightScanner software (Figure 1).

Optimization and Testing at the Single Cell Level

The PGD protocol was optimized and tested on single

lymphocytes isolated from both parents. The final optimized

protocol was tested on thirty single lymphocytes isolated from

the mother as she was heterozygous at all amplified loci except

HLA STR RF, and twenty lymphocytes from the father, to

allow evaluation of amplification and allele drop-out rates

(ADO) for each tested locus separately (beta-thalassaemia,

sideroblastic anaemia, linked STRs, and HLA loci). Results on

amplification efficiency and ADO adhered to PGD guidelines

and the protocol was deemed ready for clinical application.

In the final optimized protocol, amplification efficiency

was 95.5% for the beta-thalassaemia mutated region, 90% for

the MIB HLA STR, and 100% for the remaining sixteen STRs

included in the multiplex as well as the sideroblastic anaemia

mutated region. The ADO rate was 0% for almost all of the

amplified regions, with the following exceptions: 13% ADO

for the HLA STR DQCAR-II, 10% ADO for the STRs

D11S1243 and 24TG, and 4.7% for the sideroblastic anaemia

mutated region. The high ADO for the HLA STR DQCAR-II

was accepted as there were two flanking HLA STRs (16A and

G5S1152, distance 403 kb and 56 kb, respectively) with 0%

ADO.

Clinical PGD Cycles

The couple underwent a total of four clinical IVF-PGD

cycles. ART treatment (stimulation, oocyte collection,

intracytoplasmic sperm injection (ICSI), biopsy, and embryo

transfer procedures) was performed by two assisted repro-

duction clinics following standard procedures [Kokkali et al.

Table 1. Primer sequences for STRs linked to the HBB gene and primers used for direct and indirect diagnosis of sideroblastic anaemia.

STR name Primer sequence (50-30, F/R) Fluorescent label

Beta-thalassaemia
HBB gene

Linked STRs D11S1243 F: CAGGCTGCTCTTTTGTTTGA TAMRA
R: AGTGAGCCTGGCCAAAGATA,

D11S2352 F: GCCGTAAATTCTTATGCCACT HEX
R: TGTGCAGAGTTGCTGGACTT

D11S1871 F: AGAAGTTGCCCTGATGTCTGA TAMRA
R: TGCCTCCCTTCTCATTTCTG

D11S4891 F: AAATGGACCTCTGTCTCTCTCG HEX
R: GCAGGTGCAGGTCTATTCTACTT

Sideroblastic anaemia
SLC25A38 gene

Mutated region SBL-mut F: TGTTCCTTCCACACCTTAAACAA
SBL-mut R: TGATAGGTGACATACAGACCCCTG

Linked STRs 23TG F: ACCCCTCCAGGATGGTATTC, TAMRA
R: AGCAGTGTGGGAAGGCTCTA

24TG F: GCTTAGCTGTCTGCATGGCTA FAM
R: AGAACTACAACACTGGTTCTCCTG

LightScanner Probe 50-TGGCCTCACAAGAAATXIACTGCTTCA—PH-30

Fluorescent label: where indicated, one primer of each pair was fluorescently labeled to facilitate fragment analysis of PCR products on the automatic
sequencer.

DOI: 10.3109/19396368.2015.1100692 Triple factor HLA-PGD from a single biopsy sample 71



2007; Traeger-Synodinos et al. 2003]. Overall, 77 oocytes were

collected, 67 were fertilized (87.01%), and 56 embryos were

successfully biopsied on day 3. Embryo biopsy was performed

on cleavage stage (day 3) embryos, each biopsied blastomere

was washed in PBS, transferred in 5 ml of alkaline lysis buffer

(50 mM DTT/200 mM KOH), and incubated at 65 �C for 10

minutes, prior to PCR set-up. The molecular analysis was

performed at the Department of Medical Genetics, University

of Athens. One blastomere failed to amplify at all loci.

Amplification efficiency for all 19 loci ranged from 87.8–

100% and ADO from 0–10% (average 2.79%).

A complete diagnosis (diagnosis for beta-thalassaemia,

sideroblastic anaemia, and HLA typing) was obtained for 49

out of 55 amplified blastomeres. Reasons for incomplete

diagnosis were failure of amplification for all loci tested on

chromosome 6 (1 blastomere), failure of amplification or

ADO at some of the tested loci, resulting in insufficient

evidence for the presence of unaffected or matched alleles

(3 blastomeres), or detection of maternal-only or paternal-

only alleles in the tested sample (2 blastomeres in cycle 1, one

showing maternal alleles for b-thalassaemia, another showing

paternal HLA STRs). There was another blastomere in cycle

4 showing only maternal alleles for the HLA region; however,

these were not matched to those of the affected child, so this

embryo was scored as not-matched. Results from the four

PGD cycles are summarized in Table 2. Diagnosis was

completed within 24 hours, enabling fresh embryo transfer.

Unaffected HLA-matched embryos were identified in each

cycle and seven unaffected HLA-matched embryos were

identified in total.

One blastocyst stage embryo was transferred in the first

cycle on day 5 but a pregnancy was not established; two

embryos were transferred in the second cycle on day 5 (an

eight cell embryo and a morula), the patient indicated positive

human chorionic gondadotropin (hCG) but the pregnancy was

lost; one blastocyst-stage embryo was transferred on day 5 in

the third PGD cycle but a pregnancy was not established.

Finally in the fourth cycle, three unaffected good quality

hatching blastocysts HLA-matched embryos were identified

and transferred on day 6 post insemination and a triplet

pregnancy was established. One of the embryos was lost at the

eighth week of gestation. Prenatal diagnosis testing was

performed at 17 weeks of pregnancy following an amniocen-

tesis of the twin pregnancy and the genotypes characterized

Figure 1. Detection of the sideroblastic anaemia mutation by high resolution melting analysis. A Luna probe was used to obtain the melting profiles for
genotyping. Melting curves were analyzed with the commercial LightScanner software. (A) DNA samples of the carrier parents (black peaks), the
affected child (light grey peak), and a wild-type sample (dark grey peak) were run parallel to the blastomere samples, as controls. (B) Melting profile
result examples from four single blastomere samples, run in duplicate. Black: carrier, light grey: affected, dark grey: unaffected. The medium grey
sample indicates a single blastomere of carrier status, showing preferential amplification of the mutant allele. N: unaffected allele melting profile, M:
affected allele melting profile.
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during the HLA-PGD analysis were successfully confirmed in

both fetuses. Two healthy baby girls were delivered at week

38 of pregnancy. Cord blood was collected at birth and HSCT

with a combination of cord blood and bone marrow is planned

for when the donor reaches one year of age.

Discussion

Preimplantation HLA haplotyping by linkage analysis was

first described by Verlisnky et al. [2001] and since then,

several approaches have been reported with the aim of

developing flexible and reliable methodologies for HLA-PGD

analysis [Fiorentino et al. 2004; Van de Velde et al. 2004;

Verlinsky et al. 2001]. To our knowledge this is the first report

whereby a 19-plex PCR is applied directly on a single cell

followed by direct analysis of almost all STR loci from the

first round PCR product, without either prior whole genome

amplification (WGA) of the biopsied sample or the need of

subsequent multiple separate nested or hemi-nested PCR

steps, which significantly increase the laboratory expense,

workload, and time to diagnosis [Altarescu et al. 2007;

Brezina et al. 2011; Fernandez et al. 2014; Fiorentino et al.

2006; Fiorentino et al. 2005; Kahraman et al. 2014; Natesan

et al. 2014; Shen et al. 2013; Van de Velde et al. 2009].

The protocol described here employed three different

technologies for single-cell genotyping, following the initial

multiplex PCR: fragment analysis, real-time PCR, and high-

resolution melting analysis (HRMA). Use of the HRMA

methodology was recently reported by our group for prenatal

diagnosis of cystic fibrosis, while a robust, single-cell HRMA

protocol has also been employed on other preimplantation

genetic diagnosis cycles [Poulou et al. 2014].

In this study four PGD cycles were completed for the

couple, who were both carriers of beta-thalassaemia and

sideroblastic anaemia mutations. In each cycle one or two

embryos were genetically suitable and selected for transfer.

To our knowledge, this is the first report of a ‘triple factor’

preimplantation genetic diagnosis for HLA matching invol-

ving parallel testing for two single gene disorders. Most

previously published protocols combining diagnosis of more

than one indication in a PGD cycle, either employed an initial

step of WGA of the biopsied embryo sample or involved

double embryo biopsy (either double blastomere biopsy or

biopsy at more than one stages of development). It should be

noted, however, that WGA has been associated with high

ADO, while double embryo biopsy may be detrimental to

subsequent embryo development [Obradors et al. 2008;

Obradors et al. 2009; Rechitsky et al. 2013]. Another reported

case involved trophectoderm biopsy followed by analysis of

each half of the biopsied sample by different protocols. This

strategy also required cryopreservation to allow completion of

the genetic analysis [Treff et al. 2009].

The case described here has demonstrated that direct

amplification of multiple loci from a single cell biopsy

sample remains a satisfactory strategy. In addition, the case

highlights the need to develop an appropriate diagnostic

protocol to maximize the chance of identifying transferable

embryos in order to achieve a pregnancy. For diagnosis of two

autosomal recessive monogenic conditions along with HLA

matching, the chance for detection of an unaffected HLA

matched embryo was: 0.75 � 0.75 � 0.25¼ 0.14 (14%). The

real number of embryos, however, found to be unaffected or

affected, matched or non-matched, during diagnosis cannot be

predicted and therefore, the successful outcome of the

diagnosis in each PGD cycle cannot be assured. The high

diagnostic efficiency of the protocol was ensured prior to

clinical application based on results from single cell testing. In

the 4 HLA-PGD cycles performed, seven out of the fifty-six

(12.5%) biopsied embryos were found to be genetically

suitable. The number of transferable embryos identified was

also limited by some additional findings, such as evidence of

recombination in the HLA region in three out of the 55

embryos (5.45%) (in agreement with reports from other

studies), and the indication of only maternal or paternal alleles

for loci on one of the analyzed chromosomes, which was

observed in three embryos [Kuliev and Rechitsky 2014c]. With

regards to potential recombination issues and monogenic

disease diagnosis, it is worth underlining that the protocol

developed enables both direct and indirect mutation detection

by use of polymorphic markers on either side of the mutated

region. For this reason, a recombination event near the mutated

region would most likely not prevent a confident diagnosis of

the mutational status of an embryo, and therefore, not limit the

number of diagnosed embryos, unlike approaches that rely on

linkage analysis alone. In any case, all potential limitations

noted above (recombination, ADO, aneuploidy, failure of

amplification) should be communicated to the patients before

starting treatment [Tur-Kaspa and Jeelani 2015].

It was recently reported that due to the advanced maternal

age of many couples requesting PGD with HLA typing, there

may be benefit from additional preselection of euploid

preimplantation embryos. The combined approach of PGD

with HLA typing and 24-chromosome aneuploidy testing was

applied in 26 HLA-PGD and 5 HLA-only cycles. The

methodology involved WGA from a single biopsied blasto-

mere, followed by a multiplex nested PCR approach using a

specific custom-made PGD design for each couple. This

resulted in a decreased number of transferable embryos

identified (the authors estimate the chance of identifying a

transferable embryo between 6.25-9.4% depending on the

monogenic condition diagnosed), but a higher pregnancy rate

per embryo transfer in these cycles compared to HLA-PGD

cycles performed without concurrent aneuploidy testing

[Rechitsky et al. 2015]. The usefulness of this approach

could be further validated by collecting data from a greater

number of cycles. In addition to this, results from ongoing

randomized controlled trials are expected to clarify the value

of aneuploidy screening for different patient groups.

Finally, it is worth noting that new technologies such as

SNP arrays and next-generation sequencing are expected to

further facilitate simultaneous testing of different conditions

in a single cell and may offer more generic approaches for

genetic diagnosis, simplifying protocol work-up and allowing

wider application. However, it may be some time until they

become available to a great number of PGD centers, mostly

due to the high cost of equipment and reagents involved

[Natesan et al. 2014; Thornhill et al. 2015; Treff et al. 2013;

Vendrell and Bautista-Llacer 2012].

The described single multiplex touchdown PCR protocol

allowed completion on the day of PGD, enabling fresh
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embryo transfer. The PCR protocol has shown high flexibility

for multiple primer combinations and has previously been

applied in several other PGD protocols, maintaining success-

ful amplification of all loci from a single cell and excluding

the need for multiple nested PCR reactions in most cases.

For the time being, as demonstrated here, the optimization

of simple multiplex PCR protocols, employing different

analytical methodologies on a single cell sample, remains an

adequate strategy even for the most complex PGD indications.

In this particular case the family is expected to benefit by the

birth of two healthy siblings for their affected daughter, along

with the potential of curing their child through the option of

having a HSCT treatment with fully compatible donors.
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