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Fabry disease is a panethnic, X-linked, inborn error of glycosphingolipid metabolism resulfing from mutations in the

a-galactosidase A gene (GLA) that lead to the deficient activity of the lysosomal enzyme, a-galactosidase A (a-Gal A). Affected
males with no a-Gal A activity have the early-onset classic phenotype, whereas those with residual activity present with the later-
onset subtype. Recently, we reported that newborn enzyme-based screening using dried blood spots (DBS) in Taiwan revealed a
high incidence of newborn males who had the GLA ¢.936+919G—A (IVS4+919G—A) mutation. This lesion causes cryptic splicing,
markedly reducing the amount of wild-type GLA mRNA, and has been found in males with the later-onset Fabry phenotype, man-
ifesting as cardiac, renal and/or cerebrovascular disease. To more accurately determine the incidence of the IVS4+919G—A mu-
tation, 20,063 consecutive newborns were screened by a deoxyribonucleic acid (DNA)-based assay. Of the 10,499 males, 12
(1/875) and 24 of the 9,564 females (1/399) had the mutation. On the basis of these frequencies, the previous newborn enzyme-
based DBS screening (cutoff: <30% of the normal mean) only identified 67% and 17% of mutation-positive males and females, re-
spectively. The mean DBS a-Gal A activities in the mutation-positive males and females were 23% (1.54 U) and 55% (3.63 U) of nor-
mal mean male/female values, respectively. These studies confirm the high incidence of the IVS4+919G—A mutation in the
Taiwanese population and indicate that its detectability by enzyme-based DBS screening is unreliable, especially in females. These
studies emphasize the superiority of DNA-based newborn screening for commmon mutations, particularly for X-linked diseases.
Online address: hitp://www.molmed.org
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INTRODUCTION

Fabry disease (MIM 301500) is an
X-linked lysosomal storage disorder
caused by the markedly deficient activ-
ity of the lysosomal glycohydrolase,
o-galactosidase A (a-Gal A) (1). This en-
zymatic defect leads to the progressive
accumulation of globotriaosylceramide

(GL-3) and related glycosphingolipids,
primarily in the vascular endothelium of
the heart, kidney, skin and brain. Af-
fected males with the classic phenotype
have little, if any, a-Gal A enzyme activ-
ity (<1% of mean normal), whereas
males with the later-onset phenotype
have residual enzymatic activity, typi-
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cally >1% of normal. In classically af-
fected males, the microvascular pathol-
ogy leads to the onset of angioker-
atomas, acroparesthesias, hypohidrosis,
gastrointestinal abnormalities and a
characteristic corneal opacity early in
childhood or adolescence. With advanc-
ing age, manifestations include renal in-
sufficiency and failure, cardiac involve-
ment and cerebrovascular disease.
Affected males with the later-onset phe-
notype present in adulthood usually
lack the classic early manifestations and
typically develop renal and/or cardiac
disease in the third to sixth decades of
life. Clinical manifestations in heterozy-
gous females from Fabry families with
the classic phenotype range from
asymptomatic to as severe as affected
males, whereas heterozygous females
from later-onset families may have



milder symptoms later in life, including
cardiac and renal manifestations (1).

Previous studies revealed that enzyme
replacement therapy with recombinant a-
Gal A can improve the outcome of pa-
tients with Fabry disease, particularly
when initiated before significant renal
(2,3) or cardiac involvement (4). There-
fore, we and others have initiated pilot
newborn screening programs for Fabry
disease on the basis of dried blood spot
(DBS) o-Gal A activity (5-7). These stud-
ies revealed a surprisingly high incidence
of the disease-causing a-Gal A (GLA) gene
mutations, particularly those causing the
later-onset phenotype. In Italy, enzyme-
based screening of over 37,000 consecu-
tive newborn males identified 1 in ~3,100
who were subsequently confirmed to
have GLA mutations; the ratio of classic to
later-onset GLA mutations was 11 to 1 (7).
In Taiwan, enzyme-based screening of
over 90,000 males by our group identified
1in ~1,250 as having confirmed GLA mu-
tations. Of these, 81.9% (or 1 in ~1,530
males) had the ¢.936+919G—A
(IVS4+919G—A) later-onset cryptic splice
mutation, whereas the frequency causing
the classic phenotype was 1 in ~22,570;
the ratio of classic to later-onset GLA mu-
tations was 16 to 1 (5). Lin et al. (6) also
screened over 57,000 Taiwanese males, of
which 1 in ~1,370 males had confirmed
GLA mutations (6). Of these, 83% (or 1 in
~1,640) had the IVS4+919G—A mutation.
Of the over 600 known mutations causing
Fabry disease, the IV4+919G—A is the
first common disease-causing mutation in
any racial, ethnic or demographic group
(www.hgmd.cf.ac.uk).

In the Taiwanese studies, the detection
of newborn females by enzyme screening
was dramatically inefficient, since only
five enzyme-positive and mutation-con-
firmed females of the 134,265 screened (1
in ~26,850) were detected in the two re-
ported studies (5,6). Thus, newborn
screening by DBS a-Gal A activity under-
estimated the incidence of this mutation
in females, since most female heterozy-
gotes had >30% of normal mean o-Gal A
activity (5) due to random X-inactivation
(1,8-11). Therefore, an investigation was

undertaken to determine the incidence of
the IVS4+919G— A mutation by direct
mutation analysis in over 20,000 consec-
utive newborn males and females in
Taiwan.

MATERIALS AND METHODS

Newborn screening for Fabry disease
was carried out by the Taiwanese New-
born Screening Program, and over 92%
of newborns were from mothers of
Southern Chinese ancestry, while ~4%
each were from other parts of China or
from Southeastern Asia. The study was
approved by the Ethics Committee of the
National Taiwan University Hospital.

Genomic deoxyribonucleic acid (DNA)
was extracted from DBS as previously
described (12). Genotyping for the GLA
IVS4+919G—A mutation was performed
by a TagMan® assay designed and manu-
factured by Applied Biosystem’s Custom
TagMan Assays Service using the
StepOnePlus™ Real-Time PCR System
(Applied Biosystems, Foster City, CA,
USA). DBS a-Gal A activity was mea-
sured as previously described, and neu-
tral a-glucosidase (NAG) served as a
control enzyme activity (5). One unit (U)
of enzymatic activity was defined as
1 umol/h of substrate cleaved per liter
whole blood.

The following studies documented the
sensitivity and specificity of the TagMan
assay for the IVS4+919G—A mutation.
The first 200 DNA samples were also
Sanger sequenced to confirm the TagMan
assay results (see the supplementary
material for primer sequences). All
IVS4+919G—A—positive DNA samples
were confirmed by Sanger sequencing as
previously described (13). In addition, all
newborn DBS with low a-Gal A levels
(<30% of normal) were sequenced to de-
tect a-Gal A mutations, including
IVS4+919G—A.

All supplementary materials are available
online at www.molmed.org.

RESULTS
Among 20,063 consecutive newborn
samples analyzed specifically for the
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GLA IVS4+919G—A mutation, 12 of the
10,499 males (0.114% or 1 in ~875) and 24
of the 9,564 (0.25% or 1 in ~399) female
newborns had the IVS4+919G— A muta-
tion. The combined frequency of this mu-
tation was 1 in 823 X-chromosomes.
There were no distribution anomalies in
either the sequence of newborns or their
geographical distribution.

The mean and median DBS a-Gal A
activities of 12 male newborns with the
mutation were 1.54 and 1.30 U (standard
deviation [SD] 0.612, range 0.91-2.97),
which were 23.4% and 19.8%, respec-
tively, of the population mean (6.58 U,
SD 3.13, range 0.26-60.6, n = 20,027;
mean of normal male 6.45 U and normal
female 6.73 U). The mean and median
a-Gal A activities of the 24 female new-
borns with the mutation were 3.63 and
3.41 U (SD 1.52, range 1.77-7.66), which
were 55.2% and 51.8% of the normal
mean (Figure 1A). For DBS newborn
screening, the initial cutoff level of a-Gal
A activity was <30% of the normal mean
for both males and females. Using that
cutoff, DBS screening would have de-
tected 67% of the mutation-positive male
newborns and only 17% of the mutation-
positive female newborns.

Because the a-Gal A activities of af-
fected Fabry newborns and normal
newborns overlapped, we used the
NAG/a-Gal A ratio as the cutoff for
Fabry disease screening (Figure 1B). With
this activity ratio, a cutoff ratio of 20
would have identified 83% of the
mutation-positive male newborns, but
none of the mutation-positive females.

Of particular note, by raising the cutoff
activity ratio to 40 (avoiding detection

for newborns with the later-onset
IVS4+919G—A), only two IVS4+919G—A
males would be detected in this series of
over 10,000 male newborns.

DISCUSSION

Previously, our group (5) and an inde-
pendent Taiwanese group (6) performed
a-Gal A DBS enzyme-based screening,
and both reported that the GLA
IVS4+919G—A mutation was the most
common detected. When combined, the
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Figure 1. Distribution of a-Gal A activity and different GLA genotypes. (A) Distribution of
a-Gal A activity and IVS4+919 G (wild type) or A (mutant) genotype. Note that the a-Gal A
activity in the different genotypes of males and females overlapped. (B) Distribution of
NAG/a-Gal A activity rafio and IVS4+919 genotypes. By use of this ratio cutoff, male pa-
tients, but not female herterozygotes, were more accurately detected. Male-G, males
with IV§4+919G; Male-A, males with [VS4+919A; Female-GG, females with IVS4+919 GG;
Female-AG, females with IVS4+919 AG; AGAL a-Gal A.

two groups screened by the enzyme-
based assay had >147,700 and >134,260
newborn males and females, respectively.
Sequencing the enzyme-positive DBS
DNA samples revealed a combined inci-
dence of the IVS4+919G—A later-onset
mutation of 1 in ~1,570 Taiwanese males
and 1 in ~41,420 females. Since the
1VS4+919G—A mutation encoded a mu-
tant enzyme with residual activity,
enzyme-based detection in males might
be decreased, whereas detection of fe-
males was clearly decreased from that
expected (that is, twice the male fre-
quency) by the presence of one normal
allele and random X-inactivation
(1,8-11). Thus, to accurately determine
the incidence of the IV54+919G—A mu-
tation in the Taiwanese newborns and to
compare the detection rates of the
enzyme- and molecular-based assays, an
additional 20,063 consecutive newborn
male and female DBS samples were
screened by both assays.

Molecular detection of the
IVS4+919G—A mutation revealed a

higher incidence than that detected
using our previously described a-Gal A
DBS assay (5). Among the >20,000 new-
borns tested by the molecular-based
assay, 1 in ~875 males and 1 in ~399 fe-
males had the IVS4+919G—A mutation
(a ratio of 2.2:1, close to the expected 2:1
male-to-female ratio). On the basis of
these findings, the IVS4+919G—A is
clearly the most common mutation iden-
tified among over 600 mutations causing
Fabry disease. When compared with the
molecular assay, the DBS enzyme assay
detected only 67% of the males and 17%
of the females with the later-onset muta-
tion. The difference was because the rel-
atively common IVS4+919G—A muta-
tion causes a splicing defect that
generates both mutant and normal a-Gal
A mRNAs (13). Therefore, detection by
a-Gal A enzymatic activity in DBS is not
sensitive or specific enough to detect all
males and most females with this muta-
tion. The reduced detection of female
IVS4+919G—A heterozygotes by enzyme
assay was due to the inherent 50% of
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normal activity of the wild-type allele
and the skewing of X-chromosomal inac-
tivation. Those with >50% inactivation
of the X-chromosome carrying the wild-
type GLA gene were more likely to be
detected. The level of a-Gal A activity,
therefore, could range from that seen in
1IVS54+919G—A-positive newborn males
to normal levels. Thus, most mutation-
positive female newborns will have
more DBS a-Gal A activity than the cut-
off value of 30% of mean normal activity.

The finding that enzyme-based DBS
newborn screening did not identify
most of the mutation-positive females
and missed one-third of the
IVS4+919G— A-positive males has di-
rect implications for detecting patients
with common later-onset a-Gal A muta-
tions by DBS enzyme-based screening of
newborns or of adults in hemodialysis,
cardiac or stroke clinics. For newborn
screening, it would be recommended
that all enzyme-positive males and fe-
males first be tested for the common
later-onset mutation(s) in their respec-
tive populations using rapid, relatively
inexpensive and reliable mutation-spe-
cific techniques such as the TagMan
assay used to detect the IV54+919G—A
mutation. Second, newborn screening
programs should consider at least a
pilot screening of all males for selected,
relatively common, later-onset muta-
tions in their population. If these muta-
tions are known to cause disease mani-
festations in heterozygous females, then
pilot screening should include female
newborns. Mutation-based detection of
later-onset a-Gal A mutations in new-
borns should more reliably determine
the penetrance and natural history of
these mutations in their maternal grand-
parents, thereby providing more accu-
rate genetic counseling for the parents
of mutation-positive newborns. In addi-
tion, it will permit identification of
older at-risk relatives who may benefit
from more frequent medical monitoring
and treatment by enzyme replacement
therapy.

The IVS4+919G— A mutation has been
identified in Japan (13) and Taiwan (5).



We also encountered individuals with
the mutation from Vietnam, Indonesia
and the United States who had Chinese
ancestors. Because this mutation has not
been identified in Northern China,
Korea and Japan (except in the
Kagoshima area), the observation of a
north—south differentiation of East Asian
populations suggests a “southern ori-
gin” of the ancient mutation (14,15), al-
though its distribution due to more re-
cent migrations in the last centuries may
be quite substantial. Subsequent studies
in various Asian communities will fur-
ther establish the distribution of this
mutation. To date, the mutation has not
been reported in other ethnic, racial or
demographic groups.

The IVS4+919G—A mutation was first
reported in a Japanese male who had
later-onset Fabry disease, as manifested
by left ventricular hypertrophy (LVH),
which lead to hypertrophic cardiomy-
opathy (HCM) (13). Affected males
with later-onset mutations such as
IVS4+919G—A typically lack the angio-
keratomas, acroparesthesias, hypohidro-
sis, gastrointestinal abnormalities and
corneal opacities that are characteristic
of the classic, early-onset, more severe
phenotype and may manifest renal
and/or cardiac disease with LVH lead-
ing to HCM in the third to sixth decades
of life (1,16-18). Most later-onset males
have been identified by a-Gal A enzyme
screening or GLA mutation analyses in
hemodialysis, cardiac and stroke clinics
(for example, 17-22). Screening of male
patients with LVH or HCM revealed
that up to 3.0% had previously unrecog-
nized Fabry disease, all having been
confirmed by GLA mutation analyses
(17,22-27). A recent European collabora-
tive study of over 1,380 European pa-
tients (64% males) with unexplained
LVH and/or HCM who were >40 years
of age identified 0.5% (1 in ~200) who
had previously unrecognized Fabry dis-
ease. Of these, 0.34% (3/887 or 1 in 296)
were males and 0.8% (4/499 or 1 in 112)
were females, all with known later-
onset GLA mutations including A143T,
N215S, R118C, D244N and T410A (21).

Thus, the mutation-based incidence of
the IVS4+919G—A mutation in Tai-
wanese males (1 in ~875) was high, but
was reasonably consistent with the
prevalence (0.5%) of GLA mutations
causing the later-onset Fabry cardiac
phenotype in European males with un-
explained LVH or HCM (21).

Although the prevalence of Fabry
disease among LVH and HCM patients
in Taiwan is unknown, the finding of
the IVS4+919G—A mutation in 1 in
~875 newborn males and 1 in ~400
newborn females should contribute to
the prevalence of cardiac and renal dis-
ease in Taiwan. However, no systematic
studies have evaluated the frequency of
this mutation in older men and women
with LVH, HCM or renal disease in Tai-
wan. The only relevant information, re-
ported by Lin et al. (6), identified the
1VS4+919G—A mutation in 9 maternal
grandfathers and 11 maternal grand-
mothers of mutation-positive new-
borns, of which 33% of the grandfathers
and none of the grandmothers had
HCM (6). They also evaluated 16 un-
related Taiwanese adult males with
HCM and found that 25% had the
IVS4+919G—A mutation. Subsequently,
echocardiography of mutation-positive
men and women >40 years of age re-
vealed that 67% (14/21) of the men
and 20% (5/25) of the women had LVH
(28). They also documented the pres-
ence of microalbuminuria in 20% of 86
mutation-positive adults. On the basis
of these findings, it is estimated that
the prevalence of LVH due to the
IV54+919G—A mutation among
the ~10 million adults =40 years of age
in Taiwan would be about 63 per
100,000 (77/100,000 for males and
50/100,000 for females). Although these
estimates may not accurately reflect the
number of Taiwanese patients with
cardiac disease, it is likely that the
IVS4+919G— A lesion contributes to the
occurrence of unexplained LVH, HCM
and renal and cerebrovascular disease
in Taiwan. Future targeted screening of
this mutation among Taiwanese males
and females in cardiac, renal and stroke
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clinics would provide information on
the prevalence and natural history of
this later-onset mutation. In conclusion,
we confirmed a high incidence of the
1VS4+919G— A mutation in the Tai-
wanese population. However, the natu-
ral history of individuals carrying this
mutation remains to be clarified.

CONCLUSION

This study comparing the detectability
of enzyme versus molecular assays for
the Fabry IVS4+919G—A mutation is rel-
evant to screening for patients with other
diseases resulting from common muta-
tions, especially for X-linked diseases.
Clearly, for detecting common mutations,
screening by a more sensitive and spe-
cific molecular-based assay is strongly
recommended.
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