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Background: In view of the therapeutic benefits resulting from early intervention for Fabry disease, our team has
implemented an enzyme-based newborn screening in Taiwan since 2008. However, we found that most hetero-
zygous females cannot be detected. To improve the screening efficiency, a more effective method for GLA gene
genotyping is necessary.
Methods: As the suspected mutations are limited to only 29 different spots in Taiwanese, a panel of Sequenom
iPLEX assay was designed for rapid screening of GLA variations. To determine the accuracy and sensitivity of
this assay, previously diagnosed and undiagnosed DNA samples were analyzed by this genotyping assay and
Sanger sequencing. In addition, DNA extracted from dried blood spots was also tested.
Results: Sequenom iPLEX assay is accurate and cost-effective, identifying the sequence variations, which were
designated in the panel. It identified common GLA variants in DNA samples extracted from whole blood or

dried blood spots with 100% accuracy and sensitivity.
Conclusions: Sequenom iPLEX assay is suitable for Fabry newborn screening when hotspot mutations and com-
mon variations are known in a well-studied population. In addition, this assay can also be applied for first-line
determination of GLA variant sequences in suspected subjects of high-risk patients, or newborns.
© 2014 Elsevier Inc. All rights reserved.
1. Introduction

Fabry disease (MIM 301500) (FD) is an X-linked inborn error of the
GLA gene, which leads to deficient activity of the lysosomal hydrolase
enzyme α‐galactosidase A (α‐Gal A) [1–3]. In patients with FD,
globotriaosylceramide (Gb3) accumulates in the lysosome due to the
lack of α‐Gal A. The accumulation of Gb3 occurs in the walls of small
blood vessels, nerves, dorsal root ganglia, tubular epithelial cells, and
cardiomyocytes. Typically, patients who have little or no GLA activity
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lly to this study.
suffer from acroparesthesias, angiokeratomas, and hypohidrosis in
early childhood. Alternatively, some patients present with renal insuffi-
ciency, cardiomyopathy, and cerebrovascular disease in adult life. The
wide spectrum of phenotypic expression in heterozygous females is
generally considered an effect of X-chromosome random inactivation.
Heterozygous females may possibly develop vital organ damage, lead-
ing to severe morbidity and mortality [4–6].

Increasingly, FD has been identified as atypical types [7,8], which
have caught the attention of physicians. These affected individuals
have higher residual enzyme activities than those with the classical
type. They present with symptoms such as hypertrophic cardiomyopa-
thy, renal failure, or cryptogenic stroke at later stages in life, but lack the
classic symptoms of FD [7–10]. The estimated incidence of classic FD is 1
in 40,000–60,000males in the general population [11]. Previous studies
of FD newborn screening, however, revealed a remarkably higher prev-
alence of about 1:900 to 1:4000 inmales and 1:400 to 1:2000 in females
for atypical FD [12–15]. These findings indicate that atypical FD might
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represent a major neglected public health problem in certain ethnic
groups.

Our pilot study of newborn screening for FDwas initiated in Taiwan
in 2008 [13], and it revealed a surprisingly high incidence (≈1 in 1600
males) of a cardiac variant GLAmutation, IVS4+ 919G N A. However, in
the same study, we also found that our enzyme-based screening has a
high false-negative rate for heterozygous females. Similarly, several
studies have reported that false-negative results are up to 40% in enzy-
matic assays for female carriers [16,17]. Therefore, genotyping is be-
lieved to be the most accurate screening method for FD females.

In order to accelerate the sequencing process, the high resolution
melting (HRM) technique has been applied for this purpose [6].
Although HRM has the advantage of high throughput and economy, it
cannot detect specific mutations directly and further DNA sequencing
is still required to confirm the screening results. In addition, HRM re-
quires experienced persons to analyze the study results because of
many parameters that need periodic adjustment. Furthermore, HRM is
not reliable for detecting male individuals who carry a hemizygous
Fabry mutation, as the assay procedure depends on the formation of
the heteroduplex.

Up to March 2013, more than 580,000 newborns in Taiwan have
been screened by our team. Via this newborn screening, family studies
of identified newborns and the patients found from our clinics, a total
of 783 individuals carrying FD mutations have been identified in our
center. Of them, the GLA mutations are limited to only 29 different
spots. Under this condition, a custom-made genotyping assay is a feasi-
ble method to accelerate the speed and reduce the cost of conventional
genotyping. Sequenom iPLEX assay is Sequenom's MassARRAY®
genotyping platform, which analyzes nucleotide variations by mass
Table 1
Previously diagnosed samples for determining the accuracy and sensitivity of the panel on Seq

Sequence variations Sequenom iPLEX assay

Sample size Gender

Intronic type
IVS4 + 919G N A 3 Female

1 Male
IVS4 + 890 T N C 1 Female

1 Male
Classical type

c.274G N T (p.D92Y) 1 Female
c.319C N T (p.Q107X) 2 Female
c.394G N A (p.G132R) 1 Male
c.612G N A (p.W204X) 1 Male
c.901C N T (p.R301X) 1 Male
c.1066C N T (p.R356W) 1 Female
c.1081G N T (p.G361X) 1 Female
c.1095delT (p.Y365X) 1 Female
c.1194delA (p.E398DfsX6) 1 Female
c.1228A N G (p.T410A) 1 Female

Non-classical type
c.335G N A (p.R112H) 1 Male
c.427G N A (p.A143T) 1 Male
c.902G N A (p.R301Q) 1 Male

Novel mutation
c.157A N G (p.N53D) 1 Male
c.194G N C (p.S65T) 1 Female
c.311G N T (p.G104V) 1 Female
c.322G N A (p.A108T) 1 Male
c.695 T N C (p.I232T) 1 Female
c.886A N T (p.M296L) 1 Female

1 Male
c.911G N C (p.S304T) 1 Female
c.1034C N G (p.S345X) 1 Female
c.1067G N A (p.R356Q) 1 Female

1 Male
c.1078G N T (p.G360C) 1 Female
c.1084C N A (p.P362T) 1 Male
c.1172A N C (p.K391T) 2 Female

2 Male
spectrometry (MALDI-TOF) with a distinguishing allele-specific primer
to amplify extension products [18,19]. Sequenom iPLEX assay is a pow-
erful and flexible method for detecting up to a few thousand gene vari-
ations within hundreds of individuals at the same time [18]. It has been
used for the detection of many genetic variations, but its use in FD
genotyping has not yet been reported.

In this study, we established a Fabry hotspot mutation panel for the
Han population, which comprised 29 variations located on 7 exons and
intron 4. The accuracy and sensitivity of the panel on Sequenom iPLEX
assaywere testedwith previously diagnosed sampleswith 100% accura-
cy. Later, because dried blood spots (DBS) are themost common form of
samples in newborn screening, the feasibility of thismethod onDBSwas
also tested. We concluded that, while the panel showed very high sen-
sitivity (100%) and accuracy (100%) to detect the common variations in
the Taiwanese population, a systematic sequencing-basedmethod is re-
quired to detect the variations which are not included in the assay
panel. Note that the procedure presented here is more economic and
efficient than other previously usedmethods, such asHRMor Sanger se-
quencing. Thus our study demonstrates the feasibility of applying
Sequenom iPLEX assay in mass screening of a population whose most
prevalent GLAmutations and variations are known.

2. Materials and methods

2.1. Materials

Both genders were chosen for the study of eachmutation, except for
thosemutations only present in one gender. Thirty-seven previously di-
agnosed sampleswere used to determine the accuracy and sensitivity of
uenom iPLEX assay.

References

Results

IVS4 + 919G N A, heterozygous [24]
IVS4 + 919G N A, hemizygous
IVS4 + 890 T N C, heterozygous
IVS4 + 890 T N C, hemizygous

c.274G N T, heterozygous [25]
c.319C N T, heterozygous [26]
c.394G N A, hemizygous [27]
c.612G N A, hemizygous [28]
c.901C N T, hemizygous [29]
c.1066C N T, heterozygous [30]
c.1081G N T, heterozygous
c.1095del T, heterozygous [31]
c.1194del T, heterozygous
c.1228A N G, heterozygous [32]

c.335G N A, hemizygous [29]
c.427G N A, hemizygous [25]
c.902G N A, hemizygous [33]

c.157A N G, hemizygous [6]
c.196G N C, heterozygous [34]
c.311G N T, heterozygous [35]
c.322G N A, hemizygous [6]
c.695 T N C, heterozygous [6]
c.886A N T, heterozygous [3]
c.886A N T, hemizygous
c.911G N C, heterozygous
c.1034C N G, heterozygous [36]
c.1067G N A, heterozygous [37]
c.1067G N A, hemizygous
c.1078G N T, heterozygous [38]
c.1084C N A, hemizygous
c.1172A N C, heterozygous [3]
c.1172A N C, hemizygous



Table 2
Sequenom iPLEX PCR primers designed for 29 mutations in Taiwan.

Sequence variations Forward primer Reverse primer Length of product

IVS4 + 919G N A ACGTTGGATGTCAAAGTCAGACAAGGTCCC ACGTTGGATGTCAGAGCTCCACACTATTTG 119
IVS4 + 890 T N C ACGTTGGATGTCAAAGTCAGACAAGGTCCC ACGTTGGATGTCAGAGCTCCACACTATTTG 119
c.157A N G (p.N53D) ACGTTGGATGTTGGCAAGGACGCCTACCAT ACGTTGGATGAGGAATCTGGCTCTTCCTG 102
c.194G N C (p.S65T) ACGTTGGATGTTCTGAGACCATGAGCTCTG ACGTTGGATGTGGGAGGTACCTAAGTGTTC 123
c.274G N T (p.D92Y) ACGTTGGATGGGAAGGATGCAGGTTATGAG ACGTTGGATGATCCCATGAGGAAAGCGCTG 129
c.311G N T (p.G104V) ACGTTGGATGGGAAGGATGCAGGTTATGAG ACGTTGGATGATCCCATGAGGAAAGCGCTG 129
c.319C N T (p.Q107X) ACGTTGGATGATTAGCTAGCTGGCGAATCC ACGTTGGATGTGATGACTGTTGGATGGCTC 114
c.322G N A (p.A108T) ACGTTGGATGATTAGCTAGCTGGCGAATCC ACGTTGGATGTGATGACTGTTGGATGGCTC 114
c.335G N A (p.R112H) ACGTTGGATGACATAATTAGCTAGCTGGCG ACGTTGGATGCCCAAAGAGATTCAGAAGGC 100
c.394G N A (p.G132R) ACGTTGGATGGGTTCACAGCAAAGGACTGA ACGTTGGATGGTAGTATCCAAAACTCCCAG 109
c.427G N A (p.A143T) ACGTTGGATGGGTTCACAGCAAAGGACTGA ACGTTGGATGGTAGTATCCAAAACTCCCAG 109
c.612G N A (p.W204X) ACGTTGGATGATGTCCTTGGCCCTGAATAG ACGTTGGATGCCTTTTGAAAGGGCCACATA 102
c.656 T N C (p.I219T) ACGTTGGATGATGTCCAGTCCAAGATACTC ACGTTGGATGTTTTCACAGCCCAATTATA 130
c.695 T N C (p.I232T) ACGTTGGATGATGTCCAGTCCAAGATACTC ACGTTGGATGTTTTCACAGCCCAATTATA 130
c.886A N T (p.M296L) ACGTTGGATGAAGGAGAGCTTTGGCTTGAG ACGTTGGATGCAGCAAGTAACTCAGATGGC 121
c.901C N T (p.R301X) ACGTTGGATGTCCTTATCCTGAAGGAGAGC ACGTTGGATGTCATGGCTGCTCCTTTATTC 99
c.902G N A (p.R301Q) ACGTTGGATGAAGGAGAGCTTTGGCTTGAG ACGTTGGATGCAGCAAGTAACTCAGATGGC 121
c.911G N C (p.S304T) ACGTTGGATGTTCATGTCTAATGACCTCCG ACGTTGGATGGATTGATGGCAATTACGTCC 100
c.1034C N G (p.S345X) ACGTTGGATGGAAGCAACTGCGATGGTATA ACGTTGGATGCTTTGAAGTGTGGGAACGAC 126
c.1066C N T (p.R356W) ACGTTGGATGTGCGATGGTATAAGAGCGAG ACGTTGGATGCTTTGAAGTGTGGGAACGAC 117
c.1067G N A (p.R356Q) ACGTTGGATGTGCGATGGTATAAGAGCGAG ACGTTGGATGCTTTGAAGTGTGGGAACGAC 117
c.1078G N T (p.G360C) ACGTTGGATGTAGCTATGATAAACCGGCAG ACGTTGGATGTTACAGGCCACTCCTTTACC 105
c.1081G N T (p.G361X) ACGTTGGATGTAGCTATGATAAACCGGCAG ACGTTGGATGTTACAGGCCACTCCTTTACC 105
c.1084C N A (p.P362T) ACGTTGGATGTTACAGGCCACTCCTTTACC ACGTTGGATGCTATGATAAACCGGCAGGAG 102
c.1087C N T (p.R363C) ACGTTGGATGGAAGCAACTGCGATGGTATA ACGTTGGATGCTTTGAAGTGTGGGAACGAC 126
c.1095delT (p.Y365X) ACGTTGGATGTTACAGGCCACTCCTTTACC ACGTTGGATGCTATGATAAACCGGCAGGAG 102
c.1172A N C (p.K391T) ACGTTGGATGCTTCATCACACAGCTCCTCC ACGTTGGATGCTAGCTGAAGCAAAACAG 127
c.1194delA (p.E398DfsX6) ACGTTGGATGCTTCATCACACAGCTCCTCC ACGTTGGATGCTAGCTGAAGCAAAACAG 127
c.1228A N G (p.T410A) ACGTTGGATGCTTCATCACACAGCTCCTCC ACGTTGGATGCTAGCTGAAGCAAAACAG 127
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the panel on Sequenom iPLEX assay (Table 1). A single-blind test was
designed to test the sensitivity of Sequenom iPLEX assay on old DBS
samples, which were stored at the newborn screening center. Twelve
DBS testing samples were retrieved from 2010 to 2012. Finally, 30
double-blind samples were randomly chosen from the identified new-
borns or their candidate family members via our newborn screening
program from July to September 2013, to compare the sensitivity and
specificity between Sanger sequencing and Sequenom iPLEX assay.
Table 3
Primers for single base extension amplification after the first PCR amplification.

Sequence variations Direction of primer

IVS4_919GA Reverse
IVS4_890TC Forward
157AG Reverse
194GC Forward
274GT Reverse
311GT Forward
319CT Forward
322GA Reverse
335GA Forward
394GA Reverse
427GA Forward
612GA Reverse
656TC Forward
695TC Forward
886AT Forward
901CT Forward
902GA Reverse
911GC Reverse
1034CG Forward
1066CT Forward
1067GA Reverse
1078GT Forward
1081GT Reverse
1084CA Forward
1087CT Forward
1095delT Reverse
1172AC Forward
1194dA Forward
1228AG Reverse
2.2. DNA isolation from samples

DNA was extracted from two types of samples in this study.
(a) Whole blood: Genomic DNA was extracted with an automatic
DNA extraction machine (MagCore HF16, RBC Bioscience Corp.,
Taiwan) by using the MagCore tissue genomic DNA extraction kit
(Cartridge Code 102). DNA was finally eluted into 150 μL TE buffer.
(b) DBS: A 5 mm diameter sample was punched from each DBS and
Molecular mass of product Primers for single base extension

5691.7 CCCTCATGAAACTTACACT
6091 CCACACTATTTGGAAGTATT
5201.4 TTCCTGGCAGTCAAGGT
6088 ATTGGAATTTCTCTTTCAGT
7352.8 TTTGGGGAGCCATCCAACAGTCAT
6737.4 GCTCCCCAAAGAGATTCAGAAG
5547.6 GATTCAGAAGGCAGACTT
4649 AGCGCTGAGGGTCTG
4547 AGGCAGACCCTCAGC
5700.7 CCAACATCTGCATAAATCC
7409.8 GCAGATGTTGGAAATAAAACCTGC
5894.9 AGGGCCACATATAAAGAGG
6984.6 TTCACAGCCCAATTATACAGAAA
6445.2 ACTGGCGAAATTTTGCTGACA
5118.3 TGGCTGCTCCTTTATTC
6650.3 TTTATTCATGTCTAATGACCTC
5272.4 CTTGAGGGCTGATGTGT
4655 GCTTTGGCTTGAGGG
4553 GGGAACGACCTCTCT
6181 GGGCTGTAGCTATGATAAAC
4432.9 CCACCAATCTCCTGC
4626 AACCGGCAGGAGATT
5628.7 GGGTATAAGAGCGAGGTC
5026.3 GCAGGAGATTGGTGGA
4977.2 GGAGATTGGTGGACCT
4617 AGCAACTGCGATGGT
4817.1 AAGCTCCTCCCTGTGA
5578.6 GAAGCTAGGGTTCTATGA
5845.8 TGAAGCAAAACAGTGCCTG
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fixed with 20 μL equivalent methanol/acetone mixture, then dried at
55 °C for 30–60min. DNAwas then extracted using 100 μL 0.1× TEbuff-
er, followed by boiling twice at 95 °C for 5 min, 60 °C for 20 min, and
25 °C for 5min. After boiling, DNAwas eluted into 100 μL TE buffer [20].

2.3. MassARRAY based mutation genotyping

Nineteen pairs of Sequenom iPLEX PCR primer (Table 2) and 29
extension primers (Table 3)were on for 29mutations using the assay De-
signer v.3.1 software (Sequenom, Inc., CA, USA). Genomic DNA was am-
plified by PCR reaction by the following procedures: 94 °C for 2 min,
[94 °C for 30 s, 56 °C for 30 s, 72 °C for 1 min] × 45 cycles, 72 °C for
1 min, then 4 °C. Subsequently, excess dNTPs of PCR products were re-
moved by the treatment with shrimp alkaline phosphatase, and single-
base extensions were performed according to the following procedures:
94 °C for 30 s, [94 °C for 5 s, (52 °C for 5 s, 80 °C for 5 s) × 5 cycles] ×
40 cycles, 72 °C for 3min, then 4 °C. After desalting, the reaction products
were spotted for detection in a mass spectrometer (Sequenom's
MassARRAY®), and the data were analyzed by Typer V.4.0 software
(Sequenom®).

2.4. Sanger sequencing

Eight pairs of primers for sequencing 7 exons and intron 4 (IVS4) of
GLA gene were applied according to the manufacturer's manual of the
Sanger dideoxy method. The product size after PCR ranged from 241
to 970 base pairs in length. The detailed protocol and primer informa-
tion were as previously described [21].
Fig. 1. Examples of spectra and cluster plots of Sequenom iPLEX assays for two variations (IVS4
the different gene variations shown as the peaks on the right part of the figure. Heterozygous a
886A N T are shown in B.
3. Results

In the first part of this study, all of the previously confirmed muta-
tions and variations could be accurately and simply identified through
our panel of Sequenom iPLEX assay (Table 1). The spectra and cluster
plots of some of the mutations are demonstrated in Fig. 1.

From the single-blind test of the DBS analysis, 5 cases were found to
be FD positive (three females and twomales). Of these, all females carry-
ing an FDmutation in this assaywere heterozygous for IVS4+919G N A,
and the twomales were hemizygous for the IVS4 + 919G N Amutation.
Seven cases were proved to be without genetic variation by both. All re-
sults were confirmed to be seven exons by Sanger sequencing before
iPLEX assay. The results of Sequenom iPLEX assay and Sanger were
100% matched without misdiagnosis. For the double blind study, 19 out
of 30 samples with a GLA gene mutation were identified by Sanger
sequencing and Sequenom iPLEX assay, while no mutation could be de-
tected in the remaining 11 samples by these two methods. Although
Sanger sequencing and Sequenom iPLEX assay gave consistent results,
Sequenom iPLEX assay is much simpler, more rapid and cost-effective
than Sanger sequencing.

4. Discussion

The results of our study have demonstrated that Sequenom iPLEX
assay analysis is a reliable and sensitive method for rapid screening of
known GLA mutations in Taiwan. The enzymatic test for α-Gal A in fe-
males has long been shown to be inaccurate for the diagnosis of FD in
many studies. Up to 40% of female FD carriers will have a false negative
result by the enzymatic assay [6,17]. A newborn screening study for FD
+ 919G N A and 886A N T). The lines on the left indicate the mass of unextended primer,
nd hemizygous IVS4 + 919G N A samples are shown in A. Heterozygous and hemizygous
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revealed that enzyme-based method is insensitive in identifying
female FD carriers. For the Chinese hotspot cardiac type mutation,
IVS4+919G N A, 80–90%of female carrierswould bemissed by the cur-
rent Fabry newborn screening program. Because female FD carriers,
even with sufficient residual enzymatic activity, could still suffer from
significant systemic disease, it is important to develop a reliablemethod
of newborn screening to detect female FD carriers.

Sequenom iPLEX assay analysis is a genotyping technique based on
theMALDI-TOFMS. This method combines simple, reproducible primer
extension reaction chemistry with state of the art MALDI-TOF mass
spectrometry to quickly and cost effectively characterize the genotypes.
Several studies have exploited its advantages in polymorphism analysis,
detection of fusion genes and high-throughput genotyping [22,23].
Furthermore, the assay procedure is relatively easy to perform, and
the results can be interpreted by the physicians and medical technolo-
gists. By contrast, HRM was used to facilitate FD screening [6], requires
a well-trained, experienced operator and is for optimizing the reaction
conditions and interpreting the data.

One advantage of the Sequenom iPLEX assay for newborn screening
is that a stringent DNA quality of samples is not required. DBS is the
most common form of samples for mass screening, and genomic DNA
can be extracted from DBS with minimum labor. Unlike Sanger se-
quencing or HRM, where the DNA quality of the samples can severely
affect the results, the Sequenom iPLEX assay has shown great adaptabil-
ity with DBS samples.

We have estimated the average cost of the reagents used in this
study at about $1 (USD) per spot per person, making Sequenom iPLEX
assay a cost-effective gene variation analysis technique. The Sequenom
iPLEX assay also has the advantage of flexibility. Any novel mutations
discovered later can be incorporated to the panel — the assay can be
modified should there be a new addition of sequence variations.

Sequenom iPLEX assay analysis is a very effective method for FD
genotyping. It takes less than one day, analyzing as many as 384 wells
at one time. Since a large percentage of female FD patients cannot be
identified by the existing screening method based on α-Gal A activity,
accurate diagnosis largely relies on DNA sequencing. Therefore, the
Sequenom iPLEX assay has the potential to be an effective alternative
method for Fabry newborn screening, especially considering the fact
that current screening methods are not reliable in females.

A major limitation of the Sequenom iPLEX assay is that it can only
detect the knownmutations that have been designated in the panel. Be-
cause there are only 29 genetic variations in our screening panel, pa-
tients with undesignated mutations may be missed during screening.
However, the 29 hotspots in our panel have been established based on
the results of 580,000 newborn screening and another 51 patients
from our clinics. This panel with 29 hotspots is representative of the
majority of FD gene variations in Taiwan.

With the implementation of the Fabry newborn screening in Taiwan,
as well as the family study of the identified newborns and the high-risk
patient screening for FD, there are many suspected cases, especially fe-
male subjects, referred to our center for mutation analysis. It would be
costly if all these suspected patients underwent Sanger sequencing.
Therefore, besides newborn screening, this assay can also be applied
in a laboratory handling large numbers of Fabry samples, for first-line
mutation screening of suspected subjects. Only when no mutation
could be found in the first-linemutation screeningwould further muta-
tion analyses such as Sanger sequencing become necessary. This could
save a lot of time and money.

image of Fig.�1
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5. Conclusion

Based on the developed Sequenom iPLEX platform, we have
established an optimized workflow for FD newborn screening in
Taiwan. In this protocol, samples from the hospital will be initially
screened for enzyme activity by tandem mass spectrometry. Due to
the high incidence of Fabry mutations in Taiwan, the Sequenom iPLEX
assay can effectively reduce theworkload, as compared to the tradition-
al diagnostic procedure using Sanger sequencing. Our results indicate
that the Sequenom iPLEX assay is a powerful tool that provides high
specificity and sensitivity for mass screening. Considering the low cost,
rapidity and flexibility of the Sequenom iPLEX assay, it has a great
potential to be incorporated into newborn screening in Taiwan.
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