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Abstract The high incidence of double-gene deletions in a-thalassaemia increases the risk of having pregnancies with homozygous
o0-thalassaemia, the cause of the lethal haemoglobin (Hb) Bart’s hydrops fetalis syndrome. Preimplantation genetic diagnosis (PGD)
has played an important role in preventing such cases. However, the current gap-PCR based PGD protocol for deletional o-thalas-
saemia requires specific primer design for each specific deletion. A universal PGD assay applicable to all common deletional deter-
minants of Hb Bart’s hydrops fetalis syndrome has been developed. Microsatellite markers 16PTELO5 and 16PTELO6 within the
a-globin gene cluster were co-amplified with a third microsatellite marker outside the affected region in a multiplex-PCR reaction
and analysed by capillary electrophoresis. Eight informed couples at risk of having Hb Bart’s hydrops fetalis were recruited in this
study and all patients underwent standard procedures associated with IVF. A total of 47 embryos were analysed. Three pregnancies
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were achieved from three couples, with the births of two healthy babies and one ongoing pregnancy. This work has successfully
adapted an earlier protocol and developed a simple and reliable single-cell assay applicable to PGD of Hb Bart’s hydrops fetalis syn-

drome regardless of type of deletion. D
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Introduction

As one of the most common genetic disorders worldwide,
a-thalassaemia constitutes a significant healthcare burden
in many countries. Homozygosity for double a-globin gene
deletions in cis, which results in complete lack of the a-glo-
bin peptide, accounts for most of the severe lethal cases
(Weatherall and Clegg, 2001). Among the double-gene dele-
tions in cis, - -°E4, - -Flt and - -T"! are prevalent in Southeast
Asia, while - -t and —(o)%°-> are common in the Mediterra-
nean region (Ng and Law, 2003; Weatherall, 2001). In South-
ern China, the double-gene deletion carrier frequency is
11.9% (Cai et al., 2002). This high incidence of double-gene
deletions increases the risk of having pregnancies with
homozygous o°-thalassaemia, the cause of the lethal Hb
Bart’s hydrops fetalis syndrome. For example, the - -SEA
and - -f'* deletions account for 98.8% of Hb Bart’s hydrops
fetalis syndrome cases in Taiwan (Higgs et al., 1999; Ko
et al., 1991). This disorder also carries risks to the mother,
including eclampsia and other post-partum complications
(Chui and Waye, 1998; Guy et al., 1985; Ko et al., 1991;
Liang et al., 1985). Prenatal diagnosis and preimplantation
genetic diagnosis (PGD) play an important role in preventing
such cases. PGD involves IVF followed by determination of
the genetic status of embryos so that only the unaffected
embryos are transferred to establish pregnancy. Therefore,
PGD may be an attractive option for at-risk couples who
have had multiple affected pregnancies and resultant termi-
nations, who have religious or cultural objections to preg-
nancy terminations or who are secondarily sub-fertile and
require assisted reproduction.

Previously reported PGD tests for Hb Bart’s hydrops
fetalis syndrome utilize gap polymerase chain reaction
(gap-PCR) to amplify across the specific deletion junction
(Chan et al., 2006; Deng et al., 2006; Kuliev et al., 2005;
Xu et al., 2009; Yap et al., 2009b). To detect the dou-
ble-gene deletions in the a-globin gene cluster, specific
gap-PCR primer sets have to be employed. In cases where
the at-risk partners each carry a different a-thalassaemia
double-gene deletion, multiplex gap-PCR involving two
primer sets are necessary to detect the two different dele-
tions. As a result, depending on the types of deletions
present in the at-risk couple, different combinations of
gap-PCR primer sets may need to be optimized. Moreover,
if repetitive Alu sequences reside close to a deletion
breakpoint junction, this may place constraints on the abil-
ity to design close proximity primers that generate easily
amplifiable small gap-PCR fragments. As a result,
pre-amplification of larger fragments (>500 bp) prior to
nested PCR of smaller fragments may be necessary to
achieve specific amplification and detection of the dele-
tion junction from single cells.

A fluorescent multiplex PCR assay has been recently
developed for prenatal diagnosis of Hb Bart’s hydrops fetalis
syndrome, based on the amplification of two polymorphic
microsatellite markers located in the a-globin gene cluster
and lying within the deletion breakpoints of several common
double-gene deletions (- -4, --FIL ..THAL _ MED apnd
—()*®5) (Ho et al., 2007). This strategy has now been
adapted to enable simplified PGD of Hb Bart’s hydrops fetalis
syndrome. This study describes the first eight cases of PGD
for Hb Bart’s that have been performed using this new strat-
egy, with two unaffected births and one ongoing pregnancy.

Materials and methods
Patients

Eight couples were recruited for this study. In six couples,
both partners carried the common Southeast Asian a-globin
double-gene deletion (aa/- -°E4). In the other two couples,
one partner was heterozygous for the - -¥* deletion while
the other partner carried the - -™'* double-gene deletion.
The PGD procedures were performed under a study protocol
approved by the Domain-Specific Review Board of the
National Healthcare Group (C/00/549) and under the Health
Services Development Program of the Singapore Ministry of
Health. Oocytes were obtained from female partners after
ovarian stimulation with recombinant FSH and were fertil-
ized by intra-cytoplasmic sperm injection resulting in
embryos. On day 3, embryos at the 6—10 cell stage were
biopsied by zona drilling, using either an acidic Tyrodes
solution (Yap et al., 2009a) or a 1.44 um diode laser
(Research Instruments, UK) after a 5-min incubation in
Ca?*/Mg?* free biopsy medium (Irvine Scientific, USA)
(Dumoulin et al., 1998). Up to two blastomeres were
removed through the zona opening. Blastomeres were
washed by sequential transfer into five droplets containing
1x phosphate buffered saline (PBS) containing 0.4% bovine
serum albumin (BSA) before being transferred ina 0.5 pl vol-
ume into 0.2 ml tubes. From the last wash droplet, a 0.5 pl
volume of wash buffer was transferred into a 0.2 ml tube to
serve as a media blank.

Single-cell processing

For preclinical validation of the 16PTEL markers, lympho-
blasts were isolated from a normal cell line that was hetero-
zygous at the 16PTELO5 and 16PTELO6 microsatellite loci.
For each case, genomic DNA from the couple was tested
to select an informative unlinked marker for use in the PGD,
after which validation was performed on their single lym-
phocytes. Cells were washed three times in 15 ml of wash
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buffer (1x PBS containing 0.4% BSA) by centrifugation at 300 g
for 5 min each time. The final cell pellet was re-suspended
in 1-2 ml of wash buffer and individual lymphocytes were
isolated under a compound microscope (Olympus, BHT) at
x100 magnification.

Single-cell multiplex-PCR assay

Each cell/blastomere was transferred into a 0.2 ml reaction
tube containing 5 ul of lysis buffer (0.2 mol/l potassium
hydroxide, pH 14.0). Reaction tubes were incubated at 65 °C
for 10 min, after which 5ul of neutralization buffer
(0.2 mol/l Tricine, pH 5.7) was added. A single round of
multiplex-PCR amplification was employed, involving previ-
ously published primers for the 16PTELO5 and 16PTELO6
microsatellite markers (Ho et al., 2007) that reside within
the a-globin gene cluster (Figure 1) and a third informative
microsatellite marker that is unlinked to this region. The
unlinked markers were HUMTHOT1 (Kuliev et al., 1998),
D752847 (Goh et al., 2007) D165539 (Ho et al., 2007), and
D18S51. Amplifications were performed in a volume of 50 pl
containing the three pairs of fluorescently-labelled PCR
primers at different concentrations (Table 1), 0.2 mmol/l
of each deoxyribonucleotide triphosphate (dNTP) (Roche
Biochemicals) and 2 units of HotStarTaq DNA polymerase
(Qiagen) in 1x PCR buffer containing 1.5 mmol/l MgCl,.
Thermal cycling was performed in a GeneAmp PCR System
9700 (Applied Biosystems), with an initial 15 min enzyme
activation at 95 °C, followed by 45 cycles of 98 °C denatur-
ation for 45 sec, 60 °C annealing for 1 min and 72 °C exten-
sion for 1 min, and a final 5 min extension at 72 °C. PCR
products were resolved in an ABI PRISM 3130XL Genetic Ana-
lyzer with GeneScan —500 ROX size standard and analysed
using GeneMapper software v4.0 (Applied Biosystems).

Results

Both the 16PTELO5 and 16PTELO6 microsatellites lie within
the deletion intervals of the three most common Southeast
Asian double-gene deletions (- -4, - -F* and - -y (Fig-
ure 1). The multiplex PCR amplifies the 16PTELO5 and
16PTELO6 microsatellites together with a third microsatel-
lite locus (D752847, D165539, D18551 or HUMTHO1), which
serves as a control for PCR success while simultaneously
monitoring for exogenous DNA contamination and bi-allelic
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inheritance of parental alleles. When a carrier couple is
fully informative at the 716PTELO5 and 16PTELO6 loci, an
unaffected embryo should carry both the maternal and
paternal alleles at both loci, while a carrier embryo will
carry either the maternal or paternal alleles at both loci.
In marked contrast, complete absence of any allele in both
16PTELO5 and 16PTELO6 indicates inheritance of the chro-
mosome 16 with the double-gene deletion from both par-
ents and the embryo is expected to be affected with Hb
Bart’s hydrops fetalis syndrome.

Prior to clinical application, the assay was validated on
single lymphoblasts from a normal cell line that was hetero-
zygous at the 16PTELO5 and 16PTELO6 loci and the results
are summarized in Table 2. Of 96 cells tested, 92 cells
(95.8%) generated an amplification signal from at least
one 16PTEL locus, of which 88 cells (95.7%) successfully
amplified both loci. The allele dropout (ADO) rates for
16PTELO5 and 16PTELO6 were 4.5% and 6.6%, respectively.
However, among the cells where both loci amplified, the
incidence of concurrent ADO of both 16PTELO5 and
16PTELO6 was only 2.3% (2/88). These results illustrate
the importance of multiplexing the 16PTELO5 and 16PTEL06
loci to increase the genotyping accuracy of this PGD assay.

Prior to the start of each PGD case, lymphocytes were
isolated from the peripheral blood of each couple, and a
trial assay was performed to check for successful amplifica-
tion of the expected alleles at each locus. Amplification suc-
cess of lymphocytes tested in triplex PCR assays using the
different unlinked third markers ranged from 83.3% (case
4) to 97.7% (case 7), with ADO ranging from 0% (D165539)
to 12.5% (D18551) depending on marker as well as allele size
differences. A total of nine PGD cycles were performed on
eight couples that were recruited for this protocol. Seven
cycles involved couples who were both carriers for the
- -SEA double-gene deletion, while two cycles involved cou-
ples who were carriers for different double-gene deletions
(- -84 and - -f%). The details of each cycle are summarized
in Table 3. Three pregnancies were achieved from three
couples, one arising from a frozen—thawed embryo transfer
and the other two from fresh embryo transfers. The preg-
nancy from the frozen—thawed embryo transfer resulted
in the birth of a healthy baby girl, whose a-globin genotype
was subsequently confirmed to be aa/- -¥4. The second
pregnancy arose from a fresh transfer cycle, culminating
in the birth of a healthy baby boy. The parents’ consent
for genotyping of the boy to confirm the PGD result could
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Figure 1

Schematic illustration of the a-globin gene cluster, indicating the extents of five common deletional determinants of Hb

Bart’s hydrops fetalis syndrome. The locations of the microsatellite markers 16PTELO5 and 16PTELO6 are indicated. Locations of the
X, Y and Z sequence homology boxes and hypervariable regions (HVR) are also shown. *Also known as o (previously named @o2).
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Table 1 Primers used in single-cell multiplex PCR amplification of the a-globin locus and other microsatellite markers.

Name 5—-3' sequence GenBank ID: Concentration ~ Amplicon size
Nucleotides (wmol/1) range (bp)

16PTELO5-F (Fam) Fam-ACTAAAATCTATCCATGCTTTCACACA  AE006462: 160810—160836 0.3 77—-89

16PTELO5-R GACACTCTCCTACTTTAAGTAACACAAAAAA  AE006462: 160894—160864 0.3

16PTELO6-F (Hex) Hex-AAACAAGAACAGGACATGGCTGT AE006462: 171925—171947 0.2 100—142

16PTELO6-R GTGTGGATGAGGCCTGCC AE006462: 172030—172013 0.2

D16S539-F (Fam) Fam-GATCCCAAGCTCTTCCTCTT G07925: 224243 0.2 140—162

D16S539-R ACGTTTGTGTGTGCATCTGT G07925: 380—361 0.2

D752847-F TCACCTTCAGAAAGTATTGCC G08621: 66—86 0.2 174-201

D752847-R (Fam) Fam-TGAGGTGTTTCTCCAAGCTC G08621: 261—242 0.2

D18S51-F (Fam) Fam-TGAGTGACAAATTGAGACCTGTCTC X91253: 31-55 0.2 163—223

D18S51-R CTAAGGTGGACATGTTGGCTTC X91253: 253232 0.2

HUMTHO1-F (Fam) Fam-AGGGTATCTGGGCTCTGG AF536811: 11613—11630 0.2 115—-131

HUMTHO1-R CTTCCGAGTGCAGGTCAC AF536811: 11735—11718 0.2

Table 2 Summary of single-cell validation of the 16PTELO5
and 16PTELO6 loci.

Test n (%)
Cells with successful amplification of 92/96
either or both 16PTEL loci (95.8)
16PTELO5 locus 89/92
(96.7)
ADO at 16PTEL05 locus® 4/89 (4.5)
16PTELO6 locus 91/92
(98.9)
ADO at 16PTEL06 locus® 6/91 (6.6)
Both 16PTEL loci 88/92
(95.7)
ADO at either or both 16PTEL loci 6/88 (6.8)
ADO at 16PTELO5 locus only 2/88 (2.3)
ADO at 16PTELO6 locus only 2/88 (2.3)
ADO at both 16PTEL loci 2/88 (2.3)
Media blanks with any amplification product 0/48 (0)
Reagent blanks with any amplification product 0/8 (0)

3ADO of allele 1 (79 bp) in three cells and allele 2 (83 bp) in one cell.
PADO of allele 2 (123 bp) only; ADO of allele 1 (100 bp) was not
observed.

ADO = allele dropout.

not be obtained. However, his healthy phenotype is confir-
mation of his clinically unaffected status. The third preg-
nancy has just entered into the third trimester and a
confirmatory prenatal diagnosis was not performed.
Genotyping results from two PGD cases following sin-
gle-round multiplex PCR are shown in Figure 2. The Gene-
Scan electropherograms from cycle one of case 1 (Table 3)
are shown in Panel A. Both partners are carriers for the
- -5EA double-gene deletion (ao/- ->E4). Eleven embryos were
biopsied and analysed and embryos with the three possible
genotypes of oao/oo, oo/--F* and - -SEA/- SEA were
observed. Panel B shows the results for case 4, where one
partner is a carrier for - -> and the other the - -F'* dou-
ble-gene deletion (aat/- -5 and o/ - -7'). Only two embryos

developed sufficiently for biopsy and analysis. One embryo
was genotyped as normal (ao/ao) while the other embryo
was genotyped as a carrier of the - -f'" deletion (atot/- -'1).

Discussion

Gap-PCR amplification across the - -4 double-gene dele-
tion junction is currently the only method available for
the preimplantation prevention of Hb Bart’s hydrops fetalis
syndrome (Chan et al., 2006; Deng et al., 2006; Kuliev et al.,
2005; Xu et al., 2009; Yap et al., 2009b). However, there are
many other deletional determinants of this disorder and all
published protocols thus far are only applicable for detec-
tion of the - ->® double-gene deletion. For detection of
other double-gene deletions using the gap-PCR strategy,
specific primers and amplification protocols for each dele-
tion need to be designed and optimized.

The multiplex microsatellite PCR strategy involves the
amplification of two a-globin gene cluster microsatellite
markers 16PTELO5 and 16PTELO6 and a third unlinked micro-
satellite marker (Ho et al., 2007). 16PTELO5 is located in
between the Yol and o2 globin genes and lies within the
deletion intervals of the three most common Southeast Asian
double-gene deletions - ->%4, - -FI* and - -TMA! and the two
common Mediterranean double-gene deletions - -M¥° and
— ()3 (Figure 1). 16PTELO6 is located downstream of the
61 globin gene and also lies within the deletion intervals of
- SEAL L FIL and - -THAT but not - -MEP and —(a)%°5. Thus
16PTELOG is only useful for PGD of Hb Bart’s hydrops fetalis
syndrome arising from homozygosity or compound heterozy-
gosity of the Southeast Asian double-gene deletions.

The small amplicon sizes of both 16PTELO5 and 16PTEL06
(<150 bp) ensure highly efficient amplification, which is
ideal for single-cell PGD applications. As a result, only a sin-
gle round of PCR is sufficient to generate highly specific
products that can be detected on a fluorescent fragment
analyser. The elimination of a nested PCR protocol, as is
used in some gap-PCR methods, saves labour and time and
reduces opportunities for exogenous DNA cross contamina-
tion. Furthermore, unlike gap-PCR strategies, this method
represents a ‘one-protocol-fits-all strategy’ that can be
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Table 3 Summary of the nine a-thalassaemia PGD cycles performed using the a-globin locus 16PTELO5 and 16PTELO6 markers.
Case/ Maternal/  No. of No. of No. of  Embryo Embryos Unlinked Outcome
cycle paternal oocytes oocytes  embryos genotypes transferred microsatellite (baby’s
deletions  recovered fertilized biopsied (n) (n) marker used  genotype)
1/1 - SEA/. SEA 45 13 11 oot/ oo (1) oot/ oo (1) D752847 No pregnancy
oo/ - ->EA (3) oo/ - -SEA (1)
. .SEA;_ SEA (6)
No result (1)?
1/2° NA NA NA NA Baby girl
(aat/ - _SEA)
2/1 - Fiby SEA 4 1 1 oot/ oot oF D752847 Baby boy©
oo/ - -BA (1)
3/1 - SEA/LSEA 12 4 2 oo/ - ->EA (1) HUMTHO1 No pregnancy
No result (1)?
4/1 - SEAyLFIL 4 2 2 oo/ oo (1) oo/ (1) D752847 No pregnancy
ao/- -8 (1) ao/- -8 (1)
5/1 - SEA/.SEA 45 12 10 ot/ - ->EA (4) ot/ - A (2) D752847 No pregnancy
. SEA;_ SEA @)
No result (4)?
6/1 - SEA/L SEA - 48 8 4 oot/ oot oF D165539 No pregnancy
o/ - -5FA (1)
. SEA;_ SEA 1)
No result (2)?
6/2 14 10 4 oo/ oL or No pregnancy
oo/ - ->EA (1)
No result (3)?
7/1 - SEAJLSEA 46 10 8 oot/ ot (2) HUMTHO1 On-going
ao/- -EA (1) pregnancy
. SEA;_ SEA 3)
No result (2)?
8/1 - SEAyL SEA 48 9 5 oo/ oo (2) D18551 No pregnancy
oo/ - ->EA (2)
. .SEA;_ SEA 1)

#No genotype could be determined due to amplification failure at the 16PTELO5 and/or 16PTEL06 loci.

PFreeze-thaw cycle. Two of the three oo/~ -5E4

developed.

embryos from cycle 1 were frozen away and thawed out in this cycle, of which one embryo

Clinically unaffected; however, patient declined to have baby’s carrier genotype confirmed.

NA = not applicable.

applied to PGD for any combination of the common South-
east Asian double-gene deletions using either or both
16PTELO5 and 16PTELO6 or to any combination of the com-
mon Mediterranean and Southeast Asian double-gene dele-
tions when using 16PTELO5 only.

One minor drawback of this strategy is that when the
parental 16PTELO5 and 16PTELO6 alleles are identical, it is
not possible to differentiate between a carrier (aa/—) and
a normal (oo/at) embryo, since both genotypes will have
essentially identical electropherogram profiles. Neverthe-
less, the presence of 16PTEL product itself indicates that
the embryo is not affected with Hb Bart’s while absence
of both markers indicates homozygous or compound hetero-
zygous affected status. However, given the high heterozy-
gosity index of 0.82 and 0.87 for 16PTELO5 and 16PTELQ6,
respectively (Ho et al., 2007), the frequency of such a situ-
ation arising is expected to be low.

When the double-gene deletions of the partners are dif-
ferent, it is possible to infer the origin and even type of dou-

ble-gene deletion a carrier embryo inherits if the 16PTELO5
and 16PTELO6 loci are informative. This is achieved through
observing the amplicon sizes of 16PTELO5 and 16PTELO6
alleles present in the embryo, which inform on the parental
origin of the intact chromosome 16. By inference, there-
fore, the parental origin and thus type of double-gene dele-
tion of the deleted chromosome 16 can be determined, as
illustrated in case 4 (Figure 2B).

Of the 47 embryos analysed in this series, 34 yielded
clear diagnostic results while seven completely failed to
generate any amplification product. Results for the remain-
ing six embryos were insufficient to produce a clear diagno-
sis. The 85.1% of embryos (40/47) that generated an
amplification signal is at the lower end of the percentage
range observed preclinically (83.3—97.7%). Thirteen of the
47 embryos (27.7%) that were tested were diagnosed as
Hb Bart’s affected embryos, which is close to the expected
25%. However, because there were no results from certain
embryos, it is not possible to determine the true number
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Figure 2  Microsatellite electropherograms from (A) PGD case 1 and (B) case 4 after PCR amplification, showing the peak patterns
for 16PTELO5, 16PTELO6 and D752847. The maternal and paternal electropherograms were generated from PCR-amplified single
lymphocytes. Examples of normal (owot/ o), carrier (oo/- -F4 or o/ - -F') and affected (- -54/- -5E4) genotyping results from embryo
blastomeres are shown. Allele fragment sizes are indicated in base pairs.

and percentage of embryos with the three different geno-
types. Amplification success and ADO are affected by many
biological and technical factors that are unrelated to the
accuracy of the PCR assay itself. Unlike preclinical data gen-
erated using lymphoblasts or lymphocytes picked under
identical controlled conditions, clinical PGD data are gener-
ated from blastomeres of variable biological quality,
derived from embryos cultured and biopsied using different
techniques in different IVF laboratories. The different
amplification efficiencies and ADO rates observed from the
different patients’ lymphocytes also reflect the different
unlinked markers used and allele size differences of the
three markers in the different cases, as amplification effi-
ciencies and ADO rates would be expected to differ between
the different triplex PCR assays and also vary according to
the size differences between alleles at each of the three
marker loci.

Of the three pregnancies arising from this study, the first
pregnancy resulted in a healthy baby girl whose genotype
has been confirmed as ao/- ->®. The second pregnancy
resulted in a healthy baby boy, for whom parental consent
for genotype confirmation could not be obtained but whose
current clinically normal status is entirely consistent with a
homozygous normal or carrier genotype. This is because
homozygosity or compound heterozygosity for the double
a-globin gene deletion is incompatible with post-natal life
even if the fetus were to survive gestation to term. For
the third pregnancy, the patient has also opted against pre-
natal genotype confirmation of the fetus. However, the
pregnancy is now into its third trimester and there is no clin-
ical evidence of fetal distress to suggest a Hb Bart’s concep-

tion. Therefore, it is concluded that the earlier protocol has
been successfully adapted and a simple and reliable sin-
gle-cell assay applicable to PGD of Hb Bart’s hydrops fetalis
syndrome, regardless of type of deletion, has been
developed.
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