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Advances in the past decade have led to the elucidation of the 
genetic and metabolic basis of an extensive array of rare and 
often devastating diseases, which has been crucial for the devel-
opment of therapeutics for those diseases. Genotype–phenotype 
correlative studies in these rare disorders and the identification 
of common allelic variants have provided interesting insights 
into the potential role that rare disease gene variants may play 
in the pathogenesis of more common disease symptoms within 
the general population.

Fabry disease is caused by mutations of the X-linked GLA 
gene that produce a deficiency of the lysosomal enzyme 
α-galactosidase A.1 Deficiency of α-galactosidase A results in 
the inability of cells to catabolize glycosphingolipids with termi-
nal α-D-galactosyl residues.2 These glycosphingolipids, particu-
larly globotriaosylceramide (Gb3), progressively accumulate in 
virtually all organs, resulting in a progressive multisystem dis-
ease. The cardinal features of the disease are acroparesthesias, 
progressive proteinuric renal insufficiency, cardiac disease con-
sisting of rhythm and conduction disturbances and progressive 
hypertrophic cardiomyopathy, as well as cerebrovascular stroke. 
Patients with the classic form of Fabry disease have very low, if 
any, residual enzyme activity.3 Over the years, attenuated forms 
of the disease have been increasingly recognized. Importantly, 
patients with attenuated disease have clinically significant dis-
ease, with cardiac involvement being the most common mani-
festation. In addition, patients with attenuated disease tend to 
have higher enzyme activity and a more protracted disease natu-
ral history than patients with classic disease.4

The incidence of Fabry disease is approximately 1 in 117,000 
live births for males,5 although recent newborn screening 
surveys suggest that the incidence may be much higher (up 

to 1:3,100).6–11 In Taiwan, the incidence of the relatively mild 
IVS4+919G>A mutation is 1:875 male live births and 1:399 
female live births.11

Screening of various at-risk patient populations, i.e., patients 
with cardiomyopathy,12,13 stroke,14 or renal failure,15,16 has 
identified a low, but not negligible, prevalence of Fabry dis-
ease in the general symptomatic population. Some of these 
variants have normal or almost normal enzyme activity and, 
in other cases, mildly to moderately reduced α-galactosidase 
A activity. These observations pose two fundamental ques-
tions: (i) do patients identified in this manner (many of whom 
have common symptoms, i.e., stroke, cardiomyopathy, pro-
teinuria, or renal failure) have Fabry disease? and (ii) should 
α-galactosidase enzyme replacement or other Fabry-specific 
therapies be considered in their management?

Because of the recognition of frequent GLA variants, it has 
become important to establish criteria by which a patient with 
or without symptoms and a specific variant would be considered 
to have or to be at risk for Fabry-related complications. Here, we 
discuss problems related to the interpretation of GLA variants 
and propose criteria for designating pathogenicity in the clinical 
context. Determination of the true significance of a GLA variant 
is critical to apply specific therapy only when indicated.

DIAGNOSIS OF FABRY DISEASE
The diagnosis of Fabry disease requires the demonstration of 
enzyme deficiency and a resultant increase in cell/organ glo-
botriaosylceramide, typically in lysosomes.17 It is the accumu-
lation of substrate that initiates pathological cascades, which 
ultimately are responsible for patient symptoms rather than the 
enzyme deficiency per se.2 Therefore, ensuring that the increase 
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Fabry disease is caused by mutations in the GLA gene that lower 
α-galactosidase A activity to less than 25–30% of the mean normal 
level. Several GLA variants have been identified that are associated 
with relatively elevated residual α-galactosidase A. The challenge 
is to determine which GLA variants can cause clinical manifesta-
tions related to Fabry disease. Here, we review the various types 
of GLA variants and recommend that pathogenicity be consid-
ered only when associated with elevated globotriaosylceramide 

in disease-relevant organs and tissues as analyzed by mass spec-
trometry. This criterion is necessary to ensure that very costly and 
specific therapy is provided only when appropriate.
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of this glycosphingolipid is present in a relevant organ system is 
central to dealing with whether the patient has Fabry disease or 
is at risk for Fabry disease-related complications.

WHAt IS tHE tHRESHOLD FOR cLINIcALLY 
SIGNIFIcANt α-GALActOSIDASE A DEFIcIENcY?
Patients with the classic form of Fabry disease have no residual 
enzyme activity.4,18 However, the enzyme activity level above 
which α-galactosidase A deficiency does not play a role in 
human disease is not known. It has been estimated that residual 
activity of 30–35% of mean normal α-galactosidase A activity is 
the cutoff for diagnosing Fabry disease.11,13,19,20 Enzymatic activ-
ity is being routinely measured in isolated peripheral blood 
white cells or in dry blood spots. However, α-galactosidase 
A activity in peripheral blood may not reflect the activity in 
affected organs such as the kidney, heart, and vascular sys-
tem. The true threshold of pathogenicity for Fabry disease is 
not known. Although such a threshold has been claimed for 
other diseases,21 it may vary from organ to organ and from 
one patient to another. The frequent observation of exclusive 
cardiac involvement in Fabry disease suggests that the heart is 
the most susceptible organ to α-galactosidase A deficiency.22,23 
It is important to note that although clinically significant renal 
disease is often not detected in Fabry patients with exclusive 
cardiac disease, it is not known whether renal storage of glyco-
lipids is present in these patients. Exclusive kidney disease has 
very rarely been described. Clinical observation suggests that 
patients with the classic form of Fabry disease are those who are 
at the highest risk for stroke. Therefore, a heart-kidney-cerebro-
vascular system susceptibility gradient is likely.

INtERActION OF α-GALActOSIDASE 
DEFIcIENcY WItH OtHER FActORS

The clinical heterogeneity noted in Fabry individuals carrying 
the same pathogenic mutation, even within the same family, 
is clear evidence that an individual’s risk for complications of 
Fabry disease depends on interactions between α-galactosidase 
A deficiency and other factors. The additional factors could 
include genetic, epigenetic, and environmental factors. In a 
threshold model of symptom emergence, the higher the resid-
ual enzyme activity, the greater the influence these other factors 
probably have on the likelihood of developing Fabry-related 
clinical complications. Little work has been done to identify 
genetic modifiers in Fabry disease. Genotypes of polymor-
phisms G-174C of interleukin-6, G894T of endothelial nitric 
oxide synthase, factor V G1691A mutation (factor V Leiden), 
and the A-13G and G79A of protein Z were all significantly 
associated with the presence of presumably ischemic cerebral 
lesions on brain magnetic resonance imaging (MRI).24 Using 
the mouse model for Fabry disease, it was shown that the 
absence of α-galactosidase A activity combined with the fac-
tor V Leiden mutation significantly increases the number of 
vascular thrombi compared to either mouse model alone.25 The 
role of factor V Leiden mutation in increasing the likelihood of 
thromboembolic events was subsequently confirmed.26

GLA VARIANtS AND cLINIcAL EXPRESSION
One can divide GLA variants into three categories of 
α-galactosidase A residual activity (Figure 1). Nonsense and 
certain missense variants that are virtually always associ-
ated with Fabry disease have a level of enzyme activity of 0 to 
approximately 10% of normal in males.27,28 In this case, non-
GLA modifiers (genetic, epigenetic, or other) have relatively 
little effect on the likelihood of having Fabry-related clinical 
complications. Such complications are less common in those 
with missense and certain splice GLA variants, with residual 
enzyme activity in the range of 15–30% of normal in males.3 
The clinical expression of this second group likely depends, to a 
large extent, on putative genetic and epigenetic modifiers. The 
third group consists of GLA variants that are not associated 
with substantially reduced enzyme activity, i.e., activity above 
35–40% of mean normal controls in males. In this group of 
GLA variants, clinical complications similar to those that occur 
in Fabry disease are more likely to be unrelated to the below 
average activity level of α-galactosidase A. The most controver-
sial group of variants seems to be the nonpathogenic variants. 
A few examples illustrate the pitfalls associated with identifica-
tion of such variants in patients. A 7-year-old boy with neu-
ropathic pain was found to have the S126G variant; therefore, 
he was diagnosed as having Fabry disease. This variant was 
identified in a screening of females only and was considered 
pathogenic.29 However, enzyme activity in this hemizygous 
male patient was found to be normal by two national laborato-
ries (A. Basinger, unpublished data) and is considered benign 
or tolerated by prediction tools such as Sorting Intolerant 
From Tolerant and PolyPhen. D313Y was initially described 
as a disease-causing mutation27 and has been associated with 
stroke30 and white matter damage.31 However, previous publica-
tions found lower than normal plasma activity due to reduced 
activity in neutral pH, whereas activity in white blood cells was 
normal or minimally reduced.32,33 Normal lyso-Gb3 in patients 
was considered proof that this variant is not pathogenic.34 The 
R118C is considered a pathogenic mutation in a number of 
publications.14,35 Male patients with the R118C variant have 
mean α-galactosidase levels of 32% of normal.19 No zebra 
bodies (lysosomal inclusions) were found in a cardiac biopsy 
specimen of a male patient with this variant and no tissue Gb3 

Figure 1  the relationship between the various types of GLA gene 
variants and the residual α-galactosidase A activity.
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levels were measured.19 As can be gleaned from Figure 4 in the 
work by Ferreira et al.19, it is possible that the lowered residual 
enzyme activity may be sufficient to contribute to cardiovas-
cular or renal disease in some patients with other risk factors. 
This concept has sometimes been called synergistic heterozy-
gosity.36,37 A number of intronic variants have been described 
in male and female patients with stroke, cerebral white matter 
abnormality, and small-fiber neuropathy.38 In addition, -10C>T 
is associated with reduced GLA expression and, consequently, 
mildly reduced α-galactosidase A activity (reduced by approxi-
mately 15–20% but not in disease range).39 Therefore, -10C>T 
is likely to be a disease modifier when associated with a patho-
genic variant. Of note, symptomatic -10C>T variant patients 
have been administered ERT, resulting in apparent reduction in 
neuropathic pain and increased physical activity38.

The association of clinical manifestations in the presence of 
the exonic variants such as D313Y or intronic variants cannot 
be explained solely based on deficiency of α-galactosidase A. 
Studies that do show such associations31 have not demonstrated 
increased Gb3 in tissues; therefore, the clinical findings are 
more likely due to other genetic or environmental factors and 
may or may not be linked to the variant allele.

HOW tO DEtERmINE tHE PAtHOGENIcItY OF A 
GLA VARIANt

It is clear from this discussion that the level of enzyme activ-
ity alone is not always sufficient to determine whether a par-
ticular GLA variant is pathogenic (Figure 2). Unfortunately, 
there are no databases that capture accurate and comprehen-
sive Fabry-related clinical findings in association with GLA 

variants. Nevertheless, when a GLA variant is identified, data-
bases such as ClinVar and the Exome Variant Server (Exome 
Variant Server, NHLBI GO Exome Sequencing Project, Seattle, 
WA; http://evs.gs.washington.edu/EVS/) should be interro-
gated to determine the allele frequency and potential pheno-
types. If these databases are proven to be not helpful, then other 
approaches are suggested. The most commonly invoked is the 
demonstration of substrate accumulation or altered sphin-
golipid levels, i.e., Gb3 or lyso-Gb3 in plasma or urine.34,40,41 
However, Gb3 and lyso-Gb3 have limitations because both may 
be normal in attenuated forms of the disease or in females.40,42 
Conversely, lyso-Gb3 was recently found to be increased in 
plasma of untreated patients with Gaucher disease type 1 to the 
range seen in patients with Fabry disease43,44 and in heart disease 
patients who do not have any GLA variants and have normal 
enzyme activity.45 Alternatively, identification of typical lyso-
somal inclusions in tissue biopsy specimens has been suggested 
as the gold standard of Fabry disease diagnosis.46,47 In our view, 
although its presence suggests Fabry disease, it is not the ideal 
criterion. First, lysosomal inclusions (sometime referred to as 
zebra bodies) are not specific to Fabry disease. They may occur 
in other lysosomal storage diseases such as GM2 gangliosidosis 
and Niemann-Pick disease and have also been demonstrated in 
silicon nephropathy.48,49 Conversely, Gb3 level may be increased 
in the absence of lysosomal inclusions.50,51

The most specific way to assess whether α-galactosidase A 
deficiency is clinically significant in a particular individual 
is to demonstrate the presence of an increased tissue level of 
this enzyme’s direct substrate (Gb3). Ideally, a disease-relevant 
organ such as the kidney or the heart should be assessed using 

Figure 2 An algorithm for evaluating a GLA variant of unknown significance.
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mass spectrometry, but skin may be adequate in some cases 
(Figure 2).52 Gb3 elevation can also be demonstrated by immu-
nohistochemistry in a tissue biopsy specimen using anti-Gb3 
antibody.50,51

cONcLUSIONS
The nonspecific nature of the complications of Fabry disease 
and the relatively high population frequency of Fabry disease 
are risks for the wrong attribution of pathogenicity to certain 
GLA variants when they are identified in such patients. This 
can lead to unnecessary initiation of expensive and invasive 
therapies such as ERT instead of appropriately addressing the 
true causes of cerebrovascular, cardiac, renal, and neurological 
manifestations. Therefore, before concluding that a variant with 
relatively high α-galactosidase A activity is pathogenic, one 
must demonstrate evidence of altered sphingolipid homeosta-
sis. Demonstration of elevated Gb3 using mass spectroscopy is 
critical. When the specificity of the Gb3 elevation is in doubt, the 
presence of a Fabry-specific lipid profile is likely to be helpful.53
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