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The �-thalassemias are a group of hereditary disor-
ders caused by reduced synthesis of the �-chain of
hemoglobin. We have developed and tested an
�-thalassemia assay that uses both multiplex ligation-
dependent probe amplification (MLPA) with Lu-
minex-based detection and deletion PCR technolo-
gies. The MLPA assay consisted of 20 probes, 15 of
which hybridized to the �-globin gene cluster and 5
that served as control probes. A PCR assay was devel-
oped to confirm the presence of heterozygous/ho-
mozygous 3.7-kb and 4.2-kb deletions. MLPA and PCR
results were compared to Southern blot (SB) results
from 758 and 133 specimens, respectively. Lastly,
MLPA and PCR results were reviewed and summarized
from 5386 clinically tested specimens. SB and MLPA
results were concordant in 678/687 (99%) specimens.
PCR detected all deletions detected by SB with no false
positives. No deletions or duplications were identified
in 2630 (49%) clinically tested specimens. Extra �-glo-
bin copies were identified in 76 patients. A deletion of
one or two �-globin genes was identified in 1251
(23%) and 1349 (25%) specimens, respectively, in-
cluding 15 different genotypes. A deletion of three
(hemoglobin H) and four �-globin genes (Hb Bart’s)
was observed in 65 or 3 specimens, respectively. Six
patients had a deletion within the �-globin regulatory
region MCS-R2. Thus, MLPA plus deletion PCR identify
multiple �-globin gene deletions/duplications in pa-
tients being tested for �-thalassemia. (J Mol Diagn
2011, 13:549–557; DOI: 10.1016/j.jmoldx.2011.04.001)

The �-thalassemias are a group of recessively inherited
disorders caused by reduced or absent synthesis of the

�-chain of hemoglobin (Hb). Approximately 5% of the
world’s population is thought to be affected by �-thalas-
semia, making it one of the most common genetic disor-
ders.1 Because of its selective advantage, the carrier rate
of �-thalassemia is extremely high (�90%) in tropical and
subtropical regions with a history of endemic malaria.2

The phenotype of patients with �-thalassemia is variable
depending on the number of dysfunctional or absent
�-globin genes. Patients with one dysfunctional �-globin
gene (silent carrier) are often asymptomatic and unaware
they have the genetic disorder unless they have a com-
plete blood count examined. Similarly, patients with a
deletion of two of the four �-globin genes (�-thalassemia
trait) may be asymptomatic and require no specific treat-
ment. Hemoglobin H (three �-globin genes deleted/dys-
functional) is often more serious and is characterized by
microcytic hypochromic hemolytic anemia, splenomeg-
aly, and jaundice. All four of the �-globin alleles are
dysfunctional in patients with Hb Bart’s, the most severe
and often fatal form of �-thalassemia.2,3

The two genes responsible for synthesis of the �-chain
of Hb, HBA1 and HBA2, are located in the telomeric
region on chromosome 16 (16p13.3) and encode �1-
globin and �2-globin, respectively.2 These two genes are
embedded within two highly homologous 4-kb duplica-
tion units that can be subdivided into separate homology
blocks, written X, Y, and Z.2 Misalignment and recombi-
nation within these different homologous regions result in
a variety of deletions and duplications that alter the num-
ber of �-globin genes, and represent the primary mech-
anism for �-thalassemia.4,5 There are currently more than
125 classified molecular defects that decrease the pro-
duction of �-globin chains, including over 50 different
deletions and 75 unique mutations.2,3

Numerous testing strategies have been used to detect
deletions and mutations within the �-globin gene cluster,
including Southern blot (SB), PCR, multiplex ligation-depen-
dent probe amplification (MLPA), and sequence analysis.
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SB is not as commonly used today because it is time con-
suming, labor intensive, and requires the use of radioactive
materials. The Sanger method of sequencing promoters,
exons, and exon–intron boundaries is sensitive for detecting
mutations in the �-globin gene cluster, but is currently ex-
pensive, time consuming, and unable to detect large dele-
tions. Since its first description in 2002, MLPA has become
a favorable technique to assess for deletions or duplications
within the �-globin gene region.6 Our institution recently
implemented a combined laboratory–developed Luminex-
based MLPA and deletion PCR assay (Luminex Corpora-
tion, Austin, TX) that can identify a majority of the deletions
or duplications that occur in the �-globin gene cluster. This
report reviews the development and implementation of this
combined assay, and reviews the results from the first 5386
clinically tested specimens.

Materials and Methods

Development of MLPA Assay

A laboratory-developed MLPA assay was used for de-
tecting deletions and duplications within the �-thalasse-
mia gene cluster using both Luminex FlexMAP tag/anti-
tag system7,8 and MLPA technologies.6 Twenty MLPA
probes were prepared by Integrated DNA Technologies
(Coralville, IA). The 20 probes included 4 control probes
targeting chromosomal regions 1p22 (probe 1), 3p22
(probe 2), 12p13 (probe 3), and 22q11 (probe 4), 1
gender control probe targeting Xp21 (probe 5), and 15
probes (probes 6 to 20) that spanned from the 5= regu-
latory region to the 3= hypervariable region of the �-globin
gene cluster. All MLPA probes were designed using uni-
versal primers and an anti-tag sequence complimentary
to sequences on Luminex FlexMap beads.

To assess the performance characteristics of this
MLPA assay, we performed testing on 678 specimens
whose DNA had been extracted using standard tech-
niques and clinically tested by SB for �-thalassemia.
MLPA testing began by denaturing 5 �L of patient DNA
(diluted to 80 ng/�L) at 98°C for 5 minutes and cooling it
to 25°C for 1 minute. The denatured DNA is then mixed
with 3 �L of probe mix, which contains equal volumes of
the MLPA probe mix and MLPA buffer, and then hybrid-
ized at 95°C for 1 minute, followed by incubation at 60°C
for 16 to 24 hours. All ligation reagents for MLPA testing
were purchased from MRC-Holland (Amsterdam, the
Netherlands). Ligation was performed by adding 32 �L of
Ligase-65 master mix to the specimen DNA, which was
incubated at 54°C for 15 minutes, followed by 95°C for 5
minutes, and a 4°C hold. PCR amplification was then
performed using 40 �L of a PCR master mix [26-�L
water, 5-�L 10� buffer, 4-�L dNTP (10 mmol/L), 3-�L
MgCl2 (25 mmol/L), 0.5 �L of forward and reverse prim-
ers, and 1 �L of Platinum Taq polymerase (Life Technol-
ogies)] and a 10-�L aliquot of the ligated product.

PCR conditions were as follows: 95°C for 5 minutes, 23
cycles of 95°C for 30 seconds, 60°C for 30 seconds, and
72°C for 60 seconds, followed by a 20-minute final ex-

tension at 72°C and a 4°C hold.
After amplification, beads were hybridized by mixing 40
�L of FlexMap bead mix with 10 �L of PCR product in a
96-well plate. The plate was heated to 96°C for 2 minutes
followed by incubation at 37°C for 60 minutes. Immediately
following bead hybridization, 25 �L of streptavidin phyco-
erythrin/tetramethylammonium chloride reporter solution [1
�L of streptavidin, R-Phycoerythrin conjugate (1 mg/mL)
per 150 �L of 1� TMAC solution] was added to each
reaction well. The number of FlexMap beads that success-
fully hybridized was then enumerated with a Luminex
LX100. A median fluorescence intensity value was gener-
ated for each of the 20 probe sets for each sample by the
Luminex LX100 and saved as a .csv file.

For quantitative data analysis, data from the Luminex
LX100 were evaluated using a customized GeneMarker
Software program (SoftGenetics, State College, PA). The
median fluorescence intensity that was generated for
each sample was normalized and compared to control
probes (expressed as peak ratio) to determine gene dos-
age. Probes with a ratio greater than 1.2 (relative to the
control probes) were considered gained, whereas
probes with ratios below 0.80 were interpreted as deleted
for that specific probe region. The thresholds were se-
lected from previous work at our institution where we
evaluated six different control probes on 102 specimens
and selected threshold ratio values (0.8 and 1.2 for loss
and gain, respectively) that exceeded the mean normal-
ized ratio � 2 SD for each of the control probes.

Multiplex PCR

A multiplex PCR assay was also developed along with
MLPA in our laboratory to assess for heterozygous and
homozygous 3.7-kb and 4.2-kb deletions within the �-glo-
bin gene cluster. The PCR multiplex, first described by
Tan et al,9 was prepared by combining 1.2 mmol/L of the
forward and reverse 3.7 primers and 5.0 mmol/L of the
forward and reverse 4.2 primers. We also added 3.8
mmol/L of the forward and reverse control primers target-
ing exon 1 of the NPC1 gene (18q11.2) to the PCR mul-
tiplex. Three microliters (20 mmol/L) of the PCR primer
multiplex, along with 1 �L of patient DNA, was then added
to the PCR master mix containing 7.13-�L water, 3.125-�L
Platinum Taq buffer, 1.5-�L MgCl2 (25 mmol/L), 2.0-�L
dNTP (10 mmol/L), 1.25-�L DMSO, 1.0-�L Platinum Taq
polymerase (5 U/�L), and 5-�L betaine. PCR amplification
was carried out for 30 cycles (45 seconds at 98°C, 90
seconds at 63.4°C, and 135 seconds at 72°C). Twenty-five
microliters of the PCR product, along with appropriate as-
say controls, were then run on a 2% agarose gel for 2 hours
at 110 V and captured using an AlphaImager imaging sys-
tem (Alpha Innotech, San Leandro, CA).

Clinical Testing Results

The Luminex-based MLPA and deletion PCR �-thalasse-
mia test was clinically implemented at our institution in
June 2007. A retrospective review of results obtained
from patients undergoing �-thalassemia clinical testing
between June 2007 and April 2010 was collected from

our reporting system for analysis. Specimens analyzed
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during this timeframe represented both Mayo Clinic pa-
tient specimens and specimens tested through Mayo
Medical Laboratories. This study was approved by the
Mayo Clinic institutional review board.

Results

MLPA Test Development

The probes for MPLA (Figure 1) were used on residual DNA
from 758 patients being tested for �-thalassemia (Table 1).
All specimens underwent prior SB analysis as part of routine
clinical testing. Interpretable MLPA results were obtained in
687 (91%) of the 758 tested specimens, with 71 (9%)
being classified as uninterpretable due to poor sample
quality or low sample volume. SB and MLPA results were
concordant in 678 (99%) of the 687 interpretable speci-
mens (Table 2). Among the nine discordant cases, five
had an ���anti-3.7/-�3.7 SB result, whereas the MLPA find-
ings suggested ��/�� (although ���anti-3.7/-�3.7 could
not be ruled out without the deletion PCR). Two other
discordant specimens had an SB ��/-�3.7 and MLPA
-�3.7/-�3.7 result. Further investigation of both specimens
revealed that the incorrect result was reported by SB and
that the MLPA results (-�3.7/-�3.7) were accurate. MLPA
identified a deletion in the MSC-R2 (HS-40) regulatory
region from another discordant case. The SB result was
normal on this specimen because the deletion was out-

Figure 1. Location of MLPA probes (probes 6 to 20) and corresponding diffe
Probes 1 to 5 are excluded from this figure because they represent control/g
�-globin gene cluster.
side the detection range of the SB assay. The last dis-
cordant specimen was interpreted as an ��/���anti-3.7

mosaic by SB, whereas the MLPA result was ��/��. A
re-review of the MLPA result hinted at a mosaic finding
similar to that observed on the SB, but would have been
too ambiguous to report in a clinical setting.

PCR Deletion Test Development

Deletion PCR was performed on 133 residual DNA spec-
imens with the following SB results: heterozygous 3.7-kb
deletion (n � 26; 20%), homozygous 3.7-kb deletion (n �
27; 20%), heterozygous 4.2-kb deletion (n � 7; 5%),
homozygous 4.2-kb deletions (n � 1; 1%), both
heterozygous 3.7-kb and 4.2-kb deletions (n � 2; 2%),
and specimens without a 3.7-kb or 4.2-b deletion (n �
70; 53%). The 70 tested patients without a 3.7-kb or
4.2-kb deletion by SB included those with an: ��/�� (n �
46); ��/���anti-3.7 (n � 5); ��/����anti-3.7 (n � 1);
��/�����anti-3.7 (n � 3); ��/����large duplication (n � 1);
��/–SEA (n � 9); and ��/–Fil (n � 5) result. The overall
concordance between deletion PCR and SB was 100%,
with PCR detecting all 63 specimens with a 3.7-kb and/or
4.2-kb deletion but not detecting the targeted deletions in
the 70 remaining specimens.

Clinical Testing

A total of 5386 specimens was clinically tested using the

ed deletions that were observed during clinical testing within our laboratory.
robes specific for other chromosomal regions that are not located within the
rent-siz
MLPA and PCR assay between June 2007 and April
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2010. The results of these findings (Table 3, Figures 2
and 3) are summarized. Overall, 50% (n � 2711) of
individuals had at least four �-globin genes. This in-
cluded 2630 patients with no identifiable deletions
(��/��; Figure 2, A and B), 76 patients with no deletions
and five or more �-globin genes (Figure 2G), and 5 pa-
tients with a 3.7-kb deletion on one allele and three or four
�-globin genes on the other allele (Figure 2E). The five
patients with the 3.7-kb deletion and extra copies of the
�-globin gene have a sufficient number (four or five) of

Table 1. Primer and Probe Sequences

Deletion

Primer ID Probe*

3.7 Forward 5=-CCCCTCGCCAAGTCCACCC-
Reverse 5=-AAAGCACTCTAGGGTCCAGC

4.2 Forward 5=-GGTTTACCCATGTGGTGCCT
Reverse 5=-CCCGTTGGATCTTCTCATTT

Control
18q11.2

NPC1 forward 5=-CCCCAGAACAGCACTAC-3=
NPC1 reverse 5=-CATCGCCAGACCAACTTC-3

Multiplex-ligation pr

Probe ID Probe*

Control 1
1p22.1

BCAR3-P1 5=-GTTCCTCAAGGTTCCCTCGT
BCAR3-P2 5=-CCTCTGCCTGGCTCAACTCAG

Control 2
3p22.1

CTNNB-P1 5=-GTATGCAATGACTCGAGCTC
CTNNB-P2 5=-GGTACGAGCTGCTATGTTCCC

Control 3
12p13.3

TNFRSF7-P1 5=-GCAACTGCACCATCACTGCC
TNFRSF7-P2 5=-CTGAGTGTGCCTGTCGCAATG

Control 4
12p13.3

HIRA-P1 5=-GCATTCACCAGTCCACCTAT
HIRA-P2 5=-GCAAGAGCCTAGCCATCATGA

Gender Probe
Xp21.1

DMD-P1 5=-TTTGTTTTTCCATGCTAGCT
DMD-P2 5=-TTCCCATCTTGAATTTAGGA

6 UPPrev-P1 5=-AGCAGGGGAATCAGCACCAT
UPPrev-P2 5=-GGTGTTTTCTGATCTGTGTG

7 HS40-P1 5=-GTGAATGGTACTGCTGATTA
HS40-P2 5=-CTGTTTATCTGAGAGGGAAG

8 DNPrev-P1 5=-ATCAGCATGGTCGCCCGTGT
DNPrev-P2 5=-GCAGCGTATCTGCTACGCGG

9 L0-P1 5=-GTGACCAGGGAGGGCCAGTT
L0-P2 5=-CCCAGATGAGCAAAGGATAC

10 HBZrev-P1 5=-CTGGATTCCTGGGTTTCCTC
HBZrev-P2 5=-GTTAGGTCCACCCAGCGCTG

11 HBZP-P1 5=-CTCTAGGTCACCCTGTCATC
HBZP-P2 5=-GTCAAGGACAGTCACTCCTG

12 HBAP2rev-P1 5=-TTTTCGGTCAGCACCACGGC
HBAP2rev-P2 5=-GAACTTGTCCCACGCCGCTT

13 HBAP1-P1 5=-GACTCAGAAATAAGCTGCCG
HBAP1-P2 5=-CTGAGGACAAGGCTAACACC

14 BPA1-A2-P1 5=-CATCCCATGCTGAGGGAACA
BPA1-A2-P2 5=-CTACATCTACAACTACTGCC

15 HBA2-HBA1-P1 5=-GTGCCAGAACATTTCTCTCA
HBA2-HBA1-P2 5=-CACCCCTTCCTGCCAGAGGG

16 HBA2-P1 5=-GAAGATCCAACGGGGGAAGC
HBA2-P2 5=-CTAAGCTGGTCGGAGCTACT

17 HBA1-P1 5=-GTGCCAGAACATTTCTCTCA
HBA1-P2 5=-CACCCCTTCCTGCCAGAGGG

18 HBQ-P1 5=-CTGGACAAGTTCCTGAGCCA
HBQ-P2 5=-GTTATCTCGGCGCTGGTTTC

19 3=HVRTRrev-P1 5=-GAGTGTGAGTTTGCACCTGG
3=HVRTRrev-P2 5=-GCCTTAAGCAGACAGCGTCA

20 3=HVRcen-P1 5=-CTCAAGGGTGGCATGTGTAC
3=HVRcen-P2 5=-CCTGCAGAAACAGAGCGGAT

*This is the genomic-specific portion of the MLPA probe. Each probe w
FlexMap AntiTag sequences.
�-globin genes for their own protein production; however,
these patients are at risk for having a child with hemo-
globin H if their partner has an ��/– genotype. A large
proportion (91%) of the 76 individuals with extra copies of
the �-globin gene and no deletions had ��/���anti-3.7

(n � 57) and ��/���anti-4.2 (n � 12) genotypes. Five (7%)
individuals had a large duplication of the �-globin gene
cluster ranging in size from �20.9 kb to �87.0 kb, with
the largest duplication spanning beyond the detectable
range of our MLPA assay. In one patient, we were unable
to determine whether the patient had a genotype of

primers

Sequence

=

plification probes*

Sequence

=
AACTACTGTGAACTGAACCAATCTACACTAACAATTTCATAAC-3=
3=
CATTAGATGAGGGCATGCAGTACACTTTATCAAATCTTACAATC-3=
3=
CAGTGCAGGGACAAGGAGTGCTTCAATCATTCAAATCTCAACTTT-3=

GCCCAGCTCTCCACAGCAATCCTTTTTACTCAATTCAATCA-3=
GAGGCA-3=
ATCTGCTCTTGTACCTATAAACATATTACATTCACATC-3=
AG-3=
TTAGTTACCTTTATACCTTTCTTTTTAC-3=
TCTGGTGCTGCCTCCCCCTC-3=
GCCCAAAGTGCTTTTCATCTTTTCATCTTTCAAT-3=
-3=
CTTTCAATTACAATACTCATTACA-3=
CGGTCTGAAAGAAGC-3=
CCTCCTGTACACTTTCTTTCTTTCTTTCTTT-3=
AAGCAAGG-3=
AGATGTACTGGATCTGCTTTAATCCTTTATCACTTTATCA-3=
GACAGGGAG-3=
ACTTTAATCTCAATCAATACAAATC-3=
CAGTCAG-3=
TGCACATCATACATACATACAAATCTACA-3=
CTGTCTC-3=
GGTCTGGGAGATCAAAATCTCAAATACTCAAATCA-3=
=
CTCTCTCTACAAACAAACAAACATTATCAA-3=
3=
GTACACAATCTTTTCATTACATCAT-3=
3=
CTCATTCATATACATACCAATTCAT-3=
3=
GTACACAATCTTTTCATTACATCAT-3=

AATCATACTCAACTAATCATTCAA-3=
CCTGG-3=
AGAGCCATCCTACATATTCAAATTACTACTTAC-3=

CAATTTACTCATATACATCACTTT-3=

have a Universal Primer Sequence included. The P2 probes also contain
PCR

3=
G-3=
C-3=
CCC-3

=

obe am

CTC-3
AGGCC
AGAG-
TGAGA
AATG-
GCTGG
G-3=
CCGAG
ACCCT
GATTC
TGAGC
CATGG
CAACC
GCCAT
TGCTG
CTTAC
CATCT
ACTGG
CAAGA
AGGGG
ACAGG
AGGCC
CACAC
GCATT
TGGTG
AAGGC
CAG-3
ACAGG
TTCC-
TAGGT
ATTG-
TCCTT
TTCC-
TAGGT
C-3=
CGAGT
GTTTC
CCCTC
C-3=
GAGGA
��/��, ��/-�other deletion, or ���anti-3.7/-�20.5. This patient
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had a deletion that encompassed the targets of MLPA
probes 11 to 14 (Figure 3H), suggesting that the deletion
could range from 8.2 to 21.7 kb and, depending on the
size of the deletion, might delete the �2 gene. It is also
possible that the genotype of this individual is ���anti-3.7/-
�20.5, suggesting a larger deletion (probes 11 to 16) that
would not be evident by MLPA if an extra anti-3.7 �-glo-
bin gene was present.

A deletion of one �-globin gene (silent carrier) was
identified in 23% (n � 1251) of tested individuals repre-
senting four different genotypes. The four genotypes in-
cluded the ��/-�3.7 (n � 1216; Figure 2D), ��/-�4.2

(n � 31; Figure 2C), ���anti-3.7/–SEA (n � 3), and
���anti-4.2/–SEA (n � 1). Eleven different-sized deletions
were identified in 1349 patients with �-thalassemia trait
(Table 3). Of those, the most common deletions included
-�3.7/-�3.7 (n � 911; Figure 2H), ��/–SEA (n � 337; Figure
3B), ��/–Fil (n � 46; Figure 3E), and -�3.7/-�4.2 (n � 19;
Figure 2I). Ten patients had a genotype of ��/–Brit or SA

(Figure 2D). Although the ��/–Brit genotype is more com-
mon than the ��/–SA (South African) genotype, the size
(�23 and 26 kb for the –SA and –Brit deletions, respec-
tively) and location of the deletions are similar between
the two and give the same MLPA result (reduction in
probes 11 to 18; Figure 3D).

Five patients had a deletion within MSC-R2 (HS-40;
Figures 1 and 3A) regulatory region, suggesting that
these patients would also have a phenotype of �-thalas-

Table 2. Comparison of MLPA and Southern Blot Analysis

Southern blot Concor

No apparent deletions (��/��) 317
No apparent deletions with extra � copies 16

��/���anti-3.7 11
��/���anti-3.7(mosaic) 0
��/���anti-4.2 1
��/����anti-3.7 1
��/�����anti-3.7 3

Deletion and extra � copies (4 copies total) 0
���anti-3.7“/-�3.7 0

Silent (3 �-globin genes present) 143
��/-�3.7 138
��/-�4.2 5

Trait (2 �-globin genes present) 190
-�3.7/-�3.7 130
-�3.7/-�4.2 4
��/–Other deletion 9
��/–SEA 1
��/–Other deletion 1
��/–20.5 1
��/—Brit 1
��/–Fil 4
��/–SEA 39

Hemoglobin H (1 �-globin gene present) 11
-�3.7/–Other deletion 1
-�3.7/–SEA 6
-�3.7/–Thai 1
-�4.2/–Other deletion 2
-�4.2/–SEA 1

Bart (–/–) (no �-globin genes present) 1
Total 678 (8

*Deletion identified in MCS-R2 (HS-40) regulatory region by MLPA (o
†MLPA interpreted as ��/��.
‡MLPA result (-�3.7/-�3.7) was correct (SB result was misinterpreted).
semia trait. Interestingly, we also had a patient with a
deletion within the MSC-R2 region in conjunction with a
-�3.7 deletion (Figure 2F), suggesting either ��/(-�3.7)T

(trait), or -�3.7/(��)T (HbH) depending on whether the
deletions are in cis or trans. A diagnosis of Hemoglobin H
was assigned to 65 patients with genotypes -�3.7/–SEA

(n � 42), -�3.7/–Fil (n � 8), -�3.7/–Brit or SA (n � 6),
-�4.2/–SEA (n � 3), -�3.7/–Other deletion (n � 3; Figure 3G),
-�3.7/–Med (n � 2), and -�3.7/–20.5 (n � 1). Lastly, the most
severe and lethal form of �-thalassemia, Hb Bart’s (�/�),
was diagnosed in 3 of the 5386 specimens tested.

Discussion

In this study, we describe the development and imple-
mentation of a laboratory-developed Luminex-based
MLPA and deletion PCR assay used to screen for dele-
tions and duplications within the �-globin gene cluster.
The first report describing the MLPA technique was pub-
lished by Schouten et al6 in 2002. Three years later,
Harteveld and colleagues10 designed multiple MLPA
probe sets targeting novel deletions in and around both
the �- and �-globin gene clusters. Since then, multiple
investigators have used MLPA to assess for a variety of
deletions and mutations within the �-globin gene cluster
and flanking genes.11–15 A majority of these publications
use MLPA primarily as a tool for detecting and classifying
novel deletions that remain uncharacterized by prior test-

Not concordant MLPA failed Total

1* 38 356
1 1 18
0 1 12
1† 0 1
0 0 1
0 0 1
0 0 3
5 0 5
5† 0 5
2 17 162
2‡ 17 157
0 0 5
0 15 205
0 11 141
0 0 4
0 0 9
0 0 1
0 0 1
0 0 1
0 0 1
0 0 4
0 4 43
0 0 11
0 0 1
0 0 6
0 0 1
0 0 2
0 0 1
0 0 1

9 (1%) 71 (9%) 758

ange of SB).
dant

9%)

utside r
ing methods such as SB, sequence analysis, and gap-
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PCR. To date, there are no known studies other than this
study describing the utility of MLPA for detecting �-thala-
ssemia in a routine clinical laboratory setting.

Before implementing this test clinically, our laboratory-
developed MLPA assay was validated by comparing our
MLPA testing results to clinically validated SB results. As
summarized in Table 2, the overall concordance between
interpretable MLPA and SB results was 99%, suggesting
that MLPA is an accurate technique for diagnosing
�-thalassemia. There were, however, nine discordant
cases that required further investigation. On further re-
view, MLPA was actually correct in three of the nine
specimens due to errors of SB interpretation and due to a
MCS-R2 deletion that was not detectable using our SB
method. Nonetheless, MLPA failed to produce the correct
genotype in the remaining six discordant cases. Because
MLPA is a technique that assesses total gene dosage,
this assay is only able to determine the total number of
HBA1 and HBA2 genes, not the number of genes on each
allele. As a result, there were five specimens that had a
3.7-kb duplication on one allele and a 3.7-kb deletion on
the other allele (���anti-3.7/-�3.7) that were incorrectly in-

Table 3. Summary of Clinical Testing Results

Result

No deletions (��/��)
No deletions with extra � copies

��/���anti-3.7

��/���anti-4.2

��/����Large duplication

��/����anti-3.7or ���anti-3.7/���anti-3.7

��/���Large duplication

Deletion and extra � copies (total of �4 � copies)
���anti-3.7/-�3.7

����anti-3.7/-�3.7

Normal or Silent (��/��, ��/-�other deletion or ���anti-3.7/-�20.5)
Silent (3 �-globin genes present)

��/-�3.7

��/-�4.2

���anti-3.7/–SEA

���anti-4.2/–SEA

Trait (2 �-globin genes present)
-�3.7/-�3.7

��/–SEA

��/–FIL

-�3.7/-�4.2

��/—BRIT or SA

��/–Other deletion

��/–MED

-�4.2/-�4.2

��/–CAL

��/–THAI or MC

��/–20.5

MCS-R2 (HS-40) deletion (4 �-globin genes present)
Trait or HbH (HS-40 deletion with ��/-�3.7)
Hemoglobin H (1 �-globin gene present)

-�3.7/–SEA

-�3.7/–FIL

-�3.7/–BRIT or SA

-�4.2/–SEA

-�3.7/–Other deletion

-�3.7/–MED

-�3.7/–20.5

Bart (–/–) (no �-globin genes present)
Total
terpreted as ��/�� by MLPA because there were four
�-globin genes present (Figure 2E). It was apparent from
these findings that a deletion assay targeting the com-
mon 3.7-kb and 4.2-kb deletions was needed in conjunc-
tion with MLPA to differentiate ��/�� from the ���anti-3.7/-
�3.7 and ���anti-4.2/-�4.2 genotypes, respectively.

In 2001, Tan en al9 described the development of a
PCR assay that could reliably detect seven common de-
letions (-�3.7, -�4.2,-�20.5,–SEA, –FIL, –MED, and –THAI)
known to be associated with �-thalassemia. On the basis
of this information, we tested the accuracy of this PCR
deletion assay using -�3.7 and -�4.2 primers (Table 1). In
our PCR validation cohort, PCR detected all of the -�3.7

and -�4.2 deletions that were identified by SB. In addition,
none of the patients without the -�3.7 and -�4.2 deletions
were positive using these primers. On the basis of the
results from both our MLPA and PCR development data,
we implemented the combined MLPA/deletion PCR as-
say in our laboratory in June 2007.

Since introduction of this combined test clinically, we
have observed 21 different-sized deletions (Figures 1–3).
Eight of these deletions are unclassifiable because they
have not been described elsewhere (n � 2; Figure 1) or

Patients (N) Total population (%)

2630 49
76 1
57 1
12 �1
4 �1
2 �1
1 �1
5 �1
4 �1
1 �1
1 �1

1251 23
1216 23

31 1
3 �1
1 �1

1349 25
911 17
337 6
46 1
19 �1
10 �1
10 �1
7 �1
4 �1
3 �1
1 �1
1 �1
5 �1
1 �1

65 1
42 1
8 �1
6 �1
3 �1
3 �1
2 �1
1 �1
3 �1

5386 100
because they extend beyond the limits of our MLPA as-
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say (n � 6; Figures 1 and 3F). There are also some
deletions that we cannot differentiate because they are
similar in size and location. For example, our MLPA assay
is not able to differentiate between the –Brit and –SA de-
letions (Figure 3D) because the 5= end of these deletions
are only 3 kb apart and the deletions are similar in size
(�23 and 26 kb for the –SA and –Brit deletions, respec-

Figure 2. Matched PCR (top) and MLPA results (middle) from nine specimen
targeting chromosomes 1p22, 3p22, 12p13, and 22q11, respectively. Probe
(probes 6 to 20) target the �-globin gene cluster. MLPA probes 6 to 20 a
heterozygous; Hom, homozygous.
tively) (A Database of Human Hemoglobin Variants and
Thalassemias, http://globin.bx.psu.edu/hbvar/menu.html,
last accessed June 22, 2010). Similarly, we are unable to
distinguish between the –MC and –TAI because both en-
compass probes 9 to 18 in our MLPA assay; however,
determining whether a deletion is –Brit, –SA, –MC, or –TAI is
of limited clinical value because all of these deletions
remove both �-globin genes on that allele. As a result, it

A–I. Probes 1 to 4 (in small boxes, in panels A–I) represent control probes
ed) represents the gender probe targeting Xp21. The remaining 15 probes
b/4.2-kb PCR primer targets are shown at the bottom of the figure. Het,
s labeled
5 (circl
is common practice for us to simply report these findings

http://globin.bx.psu.edu/hbvar/menu.html
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as a deletion of two �-globin genes in cis without report-
ing the actual size of the deletion.

One exception to not reporting the size of deletions
when both �-globin genes are deleted is when the dele-
tion extends beyond the range of our MLPA assay (Figure
3F). In these patients, an unusual form of �-thalassemia
called ATR-16 syndrome (OMIM: 141750) must be con-
sidered. ATR-16 is a contiguous gene syndrome causing
�-thalassemia, developmental abnormalities, and mental
retardation.2,12 This syndrome is thought to arise from
large chromosomal rearrangements (translocations, in-
versions/deletions, and subtelomeric truncations) that
delete many genes on the short arm of chromosome 16.4

The phenotype of patents with ATR-16 is variable de-
pending on the size of the deletion, which can range from
�800 to 2000 kb.4,12 Patients with deletions larger than
2000 kb often have more severe mental retardation, tu-
berous sclerosis, and polycystic kidney disease.2,4 Fur-
ther testing (eg, conventional cytogenetics, MLPA using
additional probes, array comparative genomic hybridiza-
tion, fluorescence in situ hybridization) may be warranted
in individuals who harbor large deletions by MLPA to rule
out ATR-16 syndrome, especially if the patient has evi-
dence of developmental delay and/or mental retardation.

Not all types of �-thalassemia are caused by deletions
involving the �-globin genes. Deletions in the regulatory
region of these genes are also associated with �-thalas-

Figure 3. MLPA results representing eight unique deletions. Probes 1 to 4 (in
small boxes, in panels A–H) represent control probes targeting chromo-
somes 1p22, 3p22, 12p13, and 22q11, respectively. Probe 5 (circled) repre-
sents the gender probe targeting Xp21. The remaining 15 probes (probes 6 to
20) target the �-globin gene cluster as shown at the bottom of the figure.
*��/(��)T � deletion in MCS-R2 regulatory region.
semia.2 Human �-globin genes appear to be regulated
by one or more regulatory multispecies conserved se-
quences (MSC-R1 to R4), which correspond to erythroid-
specific DNAse1 hypersensitive sites HS-48, HS-40, HS-
33, and HS-10, respectively.3,16,17 These regulatory
elements are located 10 to 48 kb upstream of the �-glo-
bin gene cluster. Deletion of MCS-R2, a 1.1-kb fragment
containing HS-40, results in down-regulation of human
�-globin gene expression to � 5% of normal.16,17 The
exact mechanism of how MSC-R2 regulates gene ex-
pression is still unclear. Recent data suggest that intra-
chromosomal looping allows interaction between protein
complexes at the MCS-R2 region and �-globin gene pro-
moters.16,17 Other mechanisms, including tracking, facil-
itated tracking, and linking, have been proposed by
which the regulatory region and promoters interact.16 In
our study, there were six patients with a deletion of the
MSC-R2 region. Five of these patients had a deletion
within the MSC-R2 region without another identifiable de-
letion [written as ��/(��)T; Figure 3A].3 However, one
patient had a 3.7-kb deletion in addition to the HS-40
deletion suggesting either ��/(-�3.7)T or -�3.7/(��)T, de-
pending on whether the deletions were in cis or trans.
Unfortunately, our current MLPA/PCR assay is unable to
determine whether noncontiguous deletions are on the
same allele. In rare cases where MLPA identifies noncon-
tiguous deletions, SB analysis, follow-up molecular stud-
ies of parents, and/or other clinical/laboratory findings
may be necessary to help genotype the individual.

Since the first report on nondeletion �-thalassemia in
1977,18 approximately 70 disease-causing mutations have
been reported within the �-thalassemia critical region,
nearly two-thirds occurring in the HBA2 gene (written
��/�T�).2 These pathogenic mutations affect mRNA pro-
cessing (cryptic splicing and altered polyadenylation site
sequences), mRNA translation (nonsense mutations and
mutations in initiation or termination codons), or �-globin
protein stability.2,3 As a group, nondeletion types of �-thala-
ssemia appear to have a more severe clinical phenotype as
compared to patients with a simple deletion. It is for this
reason that some MLPA assays include probes that detect
some of the common mutations associated with �-thalasse-
mia.13 Because of the increasing number of mutations be-
ing identified, it may be beneficial to incorporate additional
MLPA probes into our current assay, especially the frequent
mutations. A better solution may be to sequence the �-glo-
bin gene region in patients where �-thalassemia is still sus-
pected after negative �-globin gene deletion testing. Unfor-
tunately, there is currently no one test that detects all of the
known causes of �-thalassemia.

In conclusion, this report is the largest report to date
describing the use of a combined laboratory–developed
Luminex-based MLPA and deletion PCR assay for the
detection of �-thalassemia. In the last 4 years, we have
identified 21 different-sized deletions representing 23 dif-
ferent genotypes. Some of the identified deletions would
not be detectable using commonly used PCR or SB meth-
ods. The findings of this study are similar to previous
reports suggesting that both MLPA and PCR are reliable
techniques for detecting a variety of pathogenic deletions
within the �-globin gene cluster. When used together,

however, MLPA plus a deletion PCR assay can more
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accurately identify the wide variety of �-globin gene de-
letions or duplications that occur in patients undergoing
�-thalassemia testing.
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