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Background and Aims. Thalassemia is curable by bone marrow transplantation; however,
finding suitable donors with defined HLA combination remains a major challenge. Cord
blood stem cells with preselected HLA system through preimplantation genetic diagnosis
(PGD) proved very useful for resolving scarce HLA-matched bone marrow donors.

Methods. A thalassemia trait couple with an affected child was included in this study. We
used informative STR markers at the HLA and beta globin loci to develop a single cell
multiplex fluorescent PCR protocol. The protocol was extensively optimized on single
lymphocytes isolated from the couple’s peripheral blood. The optimized protocol was
applied on single blastomeres biopsied from day 3 cleavage stage IVF embryos of the
couple.

Results. Four IVF embryos biopsied on day 3 and a single blastomere of each were pro-
vided for genetic diagnosis of combined b-thalassemia mutations and HLA typing. Of
these, one embryo was diagnosed as homozygous normal for the thalassemia mutation
and HLA matched with the existing affected sibling.

Conclusion. The optimized protocol worked well in PGD clinical cycle for selection of
thalassemia-unaffected embryos with the desired HLA system. � 2016 IMSS.
Published by Elsevier Inc.
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Introduction transfusion for maintaining hemoglobin level results in iron
b-thalassemia (OMIM No.613985) is an autosomal reces-
sive hereditary anemia caused by more than 200 different
mutations, resulting in absence or low production of b-
chain hemoglobin (1).

In severe form, b-thalassemia major patients suffer from
drastic anemia with abnormally ineffective erythropoiesis,
osteopenia, hepatosplenomegaly and bone deformities.

Severely affected patients require periodic and lifelong
blood transfusion therapy to retain life. Repeated
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overload and consequently chelation therapy is required. In
this regard, a large number of patients will ultimately
develop organ damage, particularly the liver and heart, with
reduced life quality and expectancy (2).

Hematopoietic stem cell transplantation (HSCT) is the
most efficient and one of the best curative options for defin-
itive treatment of the disease (3e5). The success of trans-
plantation will depend on the closeness of human
leukocyte antigen (HLA) types between donor and recipient
and the best survival result expected when a HLA compat-
ible sibling act as donor. However, in most cases, the pos-
sibility of finding an HLA-matched donor within the
family is very limited.

The HLA super locus located on the short arm of chro-
mosome 6 represents an extremely polymorphic locus with
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different regions and more than 4000 alleles (6). Moreover,
recombination through HLA genes has been observed (7,8)
indicating that HLA alleles exhibit a high degree of genetic
diversity among the populations. Thus, the chance of
finding individuals with the same HLA alleles on all loci
is very unlikely.

PGD as an alternative technique offers the possibility of
pre-selecting not only disease-free embryos but also HLA
compatible with the expected affected sibling that will be
an appropriate donor of cord blood at birth or future bone
marrow stem cells.

Based on the above considerations, the development of a
valid and reliable single cell PCR for typing HLA alleles
would be labor intensive, especially when we need to
include the gene(s) responsible for a disease in a PGD
setup.

STRs scattered throughout the HLA region are used for
HLA typing with satisfactory outcome (9,10). In earlier
studies using allele-specific polymerase chain reaction or
minisequencing, the nucleotide variations associated with
some HLA specific genes were directly genotyped. For this,
we need to develop a unique protocol for each family
(11,12). When HLA genotyping by linkage analysis was re-
ported in 2004 for the first time, it was regarded as a suit-
able method for PGD-HLA typing (9,13).

b-thalassemia mutations do not exhibit uniform distribu-
tion throughout the thalassemia-endemic countries as well
as in different locations of countries with multiethnic popu-
lations. High numbers of thalassemia mutations reported in
many Mediterranean and Middle Eastern countries,
including Iran, is indicative of population heterogeneity
and co-inhabitation of a mixture of various ethnic groups
(14e16). In view of such a vast variety of thalassemia-
causing mutations, an indirect protocol based on linked
STR markers for thalassemia diagnosis in the embryo would
be very advantageous. Development of a PGD protocol for
each mutation is time consuming, costly and labor intensive,
whereas a STR based PGD protocol may be offered to
various families with a variety of b-thalassemia mutations.

In the present study, using STRs along with the HLA lo-
cus combined with polymorphic linked beta globin STR
markers, a nested multiplex fluorescent PCR was developed
to simultaneously carry out HLA typing and PGD for b-
thalassemia.
Materials and Methods

Patients

A thalassemia trait couple with an affected child was
referred for thalassemia-HLA PGD. Although the couples’
mutations were known (IVSII-1 G/A and CD39 C/T), a
STR-based PGD protocol for beta globin and HLA loci was
developed and used.
Selection of b Globin and HLA STR Markers

Based on our STR analysis at beta globin and HLA loci in a
normal Iranian population (data not shown), a panel of six
STRs flanking the HBB gene (D11S988, D11S4181,
D11S2362, D11S4891, D11S1760, D11S1338) and eight
STRs spanning the HLA locus (MOG, D6S510, MIB,
LH1, HLA BC, DRA CA, RING3, D6S1560) was selected.
This cohort of STR markers would provide proper allele
segregation tracking for the majority of families seeking
PGD services for b-thalassemia alone or in combination
with HLA typing.

To develop a personalized PGD protocol for the present
family under study, informativity testing was performed us-
ing parental genomic DNA samples of all members of the
family (for this family: father, mother and affected child).
The selected cohort of informative beta globin and HLA
markers was assessed on several single lymphocytes isolated
from the family members’ peripheral blood for assessing
multiplex PCR efficiency, rate of allele drop out (ADO)
and occurrence of contamination. Because an inverse corre-
lation was determined to exist between cell lysis efficiency
and ADO rate, we examined different cell lysis protocols
and compared the results in multiplex single-cell PCR setup.

Lymphocyte Preparation

Lymphocytes were separated by centrifugation of whole
blood on Ficollpaque (Amersham Biosciences, UK) accord-
ing to instruction provided by the manufacturer. Isolated
lymphocytes were then washed in droplets of Caþþ/
Mgþþ-free medium supplemented with 15 mg/mL bovine
serum albumin (BSA) under a layer of mineral oil. Individ-
ual single cells were picked up under an inverted micro-
scope and transferred into a 0.2 mL nuclease-free tube on
ice containing 3 mL lysis buffer (125 mg/mL proteinase
K, 17 mM SDS). A few microliters of the medium from
the last droplet were transferred into another PCR tube to
serve as negative control in order to assess any potential
contamination.

Assisted Reproductive and Embryo Biopsy Procedure

Vaginal oocyte retrieval was performed 36 h after the
administration of human chorionic gonadotrophin (hCG)
using an ultrasound-guided technique. hCG injection was
given following controlled ovarian stimulation (17) and
was performed in an agonist protocol using GnRH ana-
logues along with human menopausal gonadotropins
(hMG) or recombinant FSH (18,19).

In order to prevent contamination with sperm and
cumulus cells, intracytoplasmic sperm injection (ICSI)
was used for in vitro fertilization (IVF) according to the
previously reported protocol (20).

On day 3 after fertilization and using laser zona drilling,
biopsy of one blastomere from each embryo was carried
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out. Following the biopsy, blastomeres were transferred into
sterile PCR tubes containing 3 mL of lysis solution and cry-
opreserved at �80�C for at least 30 min.

Multiplex PCR Protocol

After cell lysing by incubation for 30 min at 37�C and
15 min at 96�C, the multiplex PCR, including two sequen-
tial rounds of amplification, was performed. In the first
round, all primers were used together. The second round
of PCR was performed separately for HLA and beta globin
markers using 3 mL of the first round PCR as template for
the second round of amplification.

The PCR reaction was adjusted to a final volume of
25 mL, which included 2x Qiagen Multiplex PCR Master
Mix, 5x Q solution and between 2 and 7 pmol of each
primer. The thermal profile of the two PCR rounds is shown
in Table 1.

Fragment Analysis of Fluorescent PCR Products

PCR products were analyzed by capillary electrophoresis
using ABI Prism 3130 genetic analyzers (Applied Bio-
systems, UK). For each family (mother, father, affected
child and embryos), segregation of the markers was defined
by Gene Mapper Software (Applied Biosystems, Foster
City, CA).

Optimization of an Efficient DNA Extraction Method

In order to select an optimal cell lysis method, we
compared the efficiency of four lysis buffers (detailed
below) and evaluated the rate of ADO and amplification ef-
ficiency at the single lymphocyte level following multiplex
nested single-cell PCR.

a) Alkaline lysis buffer containing 200 mmol KOH and
50 mmol dithiothreitol (DTT) heated for 10 min at
65�C and followed by adding neutralization buffer
composed of 900 mmol TrisHCl, 300 mmol KCl and
200 mmol HCl.

b) Lysis buffer containing 600 mmol NaOH, 10 mmol
EDTA and 100 mmol dithiothreitol (DTT) and cell
Table 1. Cycling conditions for multiplex PCR

Step Temperature ( �C) Time No. of cycles

First round

Initial denaturation 95 15 min 1

Denaturation 94 30 sec

Annealing 60 90 sec 10

Elongation 72 90 sec

Second round

Initial denaturation 95 5 min 1

Denaturation 94 30 sec

Annealing 58 30 sec 30

Elongation 72 30 sec

Final elongation 72 10 min 1

Hold 4
lysis was carried out for 10 min at 65�C followed by
addition of neutralization buffer.

c) N-lauroylsarcosine salt buffer containing 10 mmol
EDTA, 250 mmol dithiothreitol, 250 ng/mL polyade-
nylic acid and 0.5% N-lauroylsarcosine salt stored at
�20�C until PCR was performed.

d) Proteinase K/SDS lysis buffer contained 17 mM SDS
and 125 mg/mL proteinase K incubated for 30 min
at 37�C, 20 min at 55�C followed by 15 min at
96�C for enzyme inactivation.

PCR reaction and cycling condition were then per-
formed as above using Qiagen multiplex PCR kit.
Results

For assessment of different cell lysis methods and in order
to compare their role on amplification efficiency and ADO
rates, 58 single lymphocytes isolated from the patients’ pe-
ripheral blood were evaluated. ADO rates ranged from
1.7e17.3% in connection with different lysis buffers used.
ADO rate was 7.1% following alkaline lysis buffer method,
1.7% for the Proteinase K/SDS lysis method, 17.3% for N-
lauroylsarcosine salt buffer and 8.9% following lysis with
buffer containing NaOH. The amplification efficiency was
96.5, 98.2, 84.4, and 96.5%, respectively, for the above-
mentioned methods. A summary of the ADO and amplifica-
tion efficiency rate is shown in Table 2.

Based on these results, it was found that the Proteinase
K/SDS lysis buffer was a more efficient single cell lysis
method with a lower rate of ADO, less amplification failure
rates and higher PCR success compared to other methods
used.

Analysis of the STR markers in HLA and beta globin
loci in the family under study resulted in selection of four
informative linked telomeric and centromeric markers for
beta globin and six markers for HLA genotyping.

In Tables 3 and 4 the results of beta globin and HLA
haplotyping in parents and biopsied blastomers are summa-
rized. In clinical thalassemia-HLA PGD cycle for the
couple, eight cumulus oocyte complexes were retrieved.
All were subjected to ICSI, but five oocytes were fertilized.
Finally, four embryos with suitable scores were biopsied
Table 2. Comparison of ADO and amplification efficiency rates using

different DNA extraction methods

Lysis method ADO rate

Amplification

efficiency rate

Alkaline lysis buffer method 7.1% (4/57) 96.5% (56/58)

Lysis buffer contained NaOH 8.9% (5/56) 96.5% (56/58)

N-lauroylsarcosine salt buffer method 17.3% (9/52) 84.4% (49/58)

Proteinase K/SDS lysis method 1.7% (1/58) 98.2% (57/58)

ADO, allele drop out.



Table 3. Analysis of the STR markers in beta globin

D11S988 D11S4181 D11S4891 D11S1338 IVSII-1 G/A Cd39 C/T

Genotype according

to linkage

Father 186/194 109/113 137/137 138/138 N/N N/M N/M

Mother 182/194 115/111 132/134 134/136 N/M N/N N/M

Affected child 186/194 109/111 137/134 138/136 N/M N/M M/M

Blastomere 1 194/182 113/115 137/132 138/134 N/N

Blastomere 2 194/182 113/115 137/132 138/134 N/N

Blastomere 3 ADO/194 109/111 137/134 138/136 N/M

Blastomere 4 186/182/194 109/115/111 137/132/134 138/134/136 Trisomy

N, Normal; M, mutant; ADO, allele drop out.

Numbers refer to the size of the amplification product.
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and blastomeres provided for PGD. One of the embryos
was homozygous normal for thalassemia mutation and
HLA matched with the affected sibling (Table 5). This em-
bryo was transferred and resulted in pregnancy.
Discussion

Although bone marrow transplantation from HLA-matched
siblings confers the best results for treating patients with a
wide variety of hemoglobinopathies, suitable HLA-
identical donor is rarely available among the genetic rela-
tives. It is estimated that only 30% of patients who are in
need of hematopoietic stem cell transplantation may benefit
from an available HLA-matched sibling (21e23). Conse-
quently, this led to the use of grafts from unrelated donors
among remaining patients, which may be associated with
severe complications and poorer survival in more than half
of the cases (24).

Cord blood as an alternative source of stem cells could
be accompanied by lower complications and immunoge-
nicity rate compared to bone marrow transplantation
(25,26). A reduced risk of transmitting infection is another
advantage of using cord blood transplantation (27). In addi-
tion to hemoglobinopathies, other hematologic diseases,
neoplasms and metabolic storage disorders are also curable
by HLA-matched cord blood transplantation (22).

Preimplantation HLA typing is the only alternative for
families who are facing difficulty in finding compatible
Table 4. Analysis of the STR markers in HLA loci

MOG D6S510 MIB

Father 225/221 166/166 186/197

Mother 219/219 170/152 188/177

Affected child 225/219 166/170 186/188

Blastomere 1 FA 166/170 186/188

Blastomere 2 225/219 166/152 186/177

Blastomere 3 225/219 166/170 186/188

Blastomere 4 221/219/219 166/170/152 197/188/177

FA, failed amplification; ADO, allele drop out.
unrelated HLA-matched donors. The first combined PGD-
HLA matching procedure was reported in 2001 for a case
of Fanconi anemia (11). Since then, according to the Euro-
pean Society of Human Reproduction and Embryology
(ESHRE), the number of reported cases is steadily
increasing. However, due to the technically complicated
and challenging nature of the procedure, limited centers,
especially in developing countries, are offering this service.
To this end, only a few hundred children are cured by hu-
man stem cell transplantation following PGD-HLA selec-
tion (28). This limited number perhaps reflects the limited
number of centers performing this procedure (29). If this
technology becomes more widely accessible, preimplanta-
tion HLA typing can be used for the establishment of
healthy suitable stem cell donors for many other congenital
or acquired disorders (10,30,31).

Many technical and practical limitations resulted in
fewer centers committed to offer PGD-HLA (32). In addi-
tion, advanced maternal age can affect IVF success
(2,32,33) due to the decrease in the number of retrievable
oocytes and the number of oocytes accessible for analysis,
or reduced quality of eggs and embryos (34), which may
result in decreasing the chance of conceiving a matched
child. The timely availability of this technique could help
to improve the current situation.

All the above limitations along with the required time
for development and validation of PGD-HLA typing proce-
dure might extend the time period that will take for the
HLA BC DRA CA D6S1560 HLA result

136/143 130/132 145/147

139/136 134/120 137/154

136/139 130/134 145/137

136/139 130/134 145/137 Compatible

136/136 130/120 145/ADO Incompatible

136/139 ADO/134 145/137 Compatible

143/139/136 132/134/120 147/137/154 Trisomy



Table 5. Summary of HLA-PGD cycle results

Oocytes retrieved 8

Oocytes fertilized after ICSI 5

Embryos diagnosed 4

Normal embryo (N/N) 2

Carrier embryo (N/M) 1

HLA-matched embryo 2

Homozygous normal and HLA-matched embryo 1

Embryos transferred 1

Outcome Singleton
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affected sibling to have the chance for HLA-matched
transplantation.

Unfortunately, such a delay may result in the fact that
some children with acute forms of disease die during the
waiting time for HSCT before their HLA-identical sibling
was born or immediately afterwards. According to Tur-
Kaspa and Jeeloni (21), if this option is presented to fam-
ilies who profit from this technology in appropriate time,
these adverse outcomes would be prevented with better pa-
tient surveillance.

Considering the guidelines suggested by Tur-Kaspa and
Jeeloni (21), these pitfalls prompted us to develop this tech-
nique in our laboratory for quick accession of families who
are in need of such services with less time spent on protocol
development and reduced costs for the patients.
Optimization of an Efficient DNA Extraction Method

Initially, by using alkaline lysis buffer as a DNA extraction
method (35) and performing multiplex PCR, we did not
obtain acceptable results due to the high percentage of
ADO and amplification failure of some loci. In the next
step, amplification inefficiency could be improved by the
addition of some PCR additives (36e38), but the ADO rate
remained comparatively high. As reported, the cell lysis
step has an outstanding effect on occurrence of high
ADO rate (39). To obtain better results and in order to
select an optimal cell lysis method, four extraction methods
were compared and the ADO rate and amplification effi-
ciencies were evaluated.

Based on results obtained, it was shown that the Protein-
ase K/SDS lysis buffer can be used as a more acceptable
lysis method with a lower rate of allele drop out and less
amplification failure rates. These results confirmed the find-
ings of EL-Hashemite et al. on elimination of ADO using
proteinase K-based lysis buffer (40). However, controver-
sial views exist regarding the role and protocol used for cell
lysis. There are instances that claim no difference was
observed in ADO incidence between different lysis
methods (41) or based on another study ALB lysis method
concluded to be the most efficient extraction method with
the lowest rate of ADO as well as amplification failure (35).

In conclusion, we developed a reliable multiplex proto-
col covering the most important STR markers at HLA
and beta globin loci, which is readily applicable to the ma-
jority of families who are in need of PGD-HLA selection.
The protocol is extremely useful in reducing the time
requirement for PGD-HLA protocol development for each
family and could be applicable for preimplantation HLA
selection alone or in combination with other indications
such as b-thalassemia or other disorders curable by applica-
tion of hemopoietic stem cells.
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