1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Mol Genet Metab. Author manuscript; available in PMC 2016 February 01.

-, HHS Public Access
«

Published in final edited form as:
Mol Genet Metab. 2015 February ; 114(2): 248-258. doi:10.1016/j.ymgme.2014.11.004.

The alpha-galactosidase A p.Arg118Cys variant does not cause
a Fabry disease phenotype: data from individual patients and
family studies

Susana Ferreiral, Alberto Ortiz2, Dominique P. Germain3, Miguel Viana-Baptista?, Ant6nio
Caldeira Gomes®, Marta Camprecios®, Maria Fenollar-Cortés’, Angel Gallegos-Villalobos8,
Diego Garcia®, José Antonio Garcia-Robles10, Jesus Egido!l, Eduardo Gutiérrez-Rivasl?,
José Antonio Herrerol3, Sebastian Mas4, Raluca Oanceal®, Paloma Péres!®, Luis Manuel
Salazar-Martinl’, Jes(s Solera-Garcial8, Helena Alves®, Scott C. Garman29, and Jo&o
Paulo Oliveiral21.22

Susana Ferreira: susanadg@med.up.pt; Alberto Ortiz: aortiz@fjd.es; Dominique P. Germain:
dominique.germain@uvsq.fr; Miguel Viana-Baptista: mvianabaptista@fcm.unl.pt; Anténio Caldeira Gomes:
viladoconde@diaverum.com; Maria Fenollar-Cortés: mariadelmar.fenollar@salud.madrid.org; Angel Gallegos-Villalobos:
angelgallegos.nefro@gmail.com; Jesus Egido: jegido@fjd.es; Sebastidn Mas: smas@fjd.es; Helena Alves:
helena.d.alves@gmail.com; Scott C. Garman: garman@biochem.umass.edu; Jo&o Paulo Oliveira: jpo@med.up.pt

1Departamento de Genética, Faculdade de Medicina, Universidade do Porto; 4200-319 Porto,
Portugal

2Servicio de Nefrologia, Instituto de Investigacion Sanitaria 11IS-Fundacion Jiménez Diaz, School
of Medicine, Universidad Autbnoma de Madrid; Madrid, Spain

SUniversity of Versailles, UFR des sciences de la santé Simone Veil, Division of Medical
Genetics; 78180 Montigny, France

4Servigco de Neurologia, Hospital Egas Moniz, Centro Hospitalar Lisboa Ocidental; Centro de
Estudo de Doencgas Cronicas (CEDOC), Faculdade de Ciéncias Médicas, Universidade Nova de
Lisboa; Lisboa, Portugal

5Servigco de Nefrologia, Centro Hospitalar de S&o Jodo; 4200-319 Porto, Portugal
6Servicio de Cardiologia, Hospital Moisés Broggi; Sant Joan Despi, Barcelona, Spain

“Laboratorio de Genética Clinica, Servicio de Andlisis Clinicos, Hospital Clinico Universitario San
Carlos; Madrid, Spain

8Servicio de Nefrologia, Instituto de Investigacion Sanitaria 11S-Fundacion Jiménez Diaz, School
of Medicine, Universidad Autbnoma de Madrid; Madrid, Spain

9Health In Code, Hospital Maritimo de Oza; A Coruiia, Spain

10servicio de Cardiologia, Hospital General Universitario Gregorio Marafion; Madrid, Spain

Corresponding author: Susana Ferreira, Address for correspondence: Departamento de Genética, Faculdade de Medicina,
Universidade do Porto, Alameda Hernani Monteiro, 4200-319 Porto, Portugal. Other contacts: susanadg@med.up.pt. phone: (+351)
225513647, fax number: (+351) 225513648, mobile phone: (+351) 962665343.

Parts of these data have been presented at the 3rd Update on Fabry Nephropathy — Biomarkers, Progression and Treatment
Opportunities, Hong Kong, June 4-5, 2013.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ferreira et al. Page 2

11Servicio de Nefrologia, Instituto de Investigacion Sanitaria [1S-Fundacién Jiménez Diaz, School
of Medicine, Universidad Autbnoma de Madrid; Madrid, Spain

125ervicio de Neurologia, Hospital Universitario 12 de Octubre; Madrid, Spain
133ervicio de Nefrologia, Hospital Clinico Universitario San Carlos; Madrid, Spain

14Servicio de Nefrologia, Instituto de Investigacion Sanitaria, Fundacion Jiménez Diaz,
Universidad Auténoma de Madrid; Madrid, Spain

15 aboratorio de Genética Clinica, Servicio de Andlisis Clinicos, Instituto de Investigacion
Sanitaria, Hospital Clinico Universitario San Carlos; Madrid, Spain

16Servicio de Cardiologia, Hospital Universitario Infanta Leonor; Madrid, Spain
17Médico de atencién primaria; Calzadilla, Caceres, Spain

18|nstituto de Genética Médica y Molecular, Instituto de Investigacion Sanitaria del Hospital
Universitario La Paz; Madrid, Spain

19Centro de Histocompatibilidade do Norte; Porto, Portugal

20Department of Biochemistry and Molecular Biology, University of Massachusetts; Amherst, MA,
USA

21Consulta de Genética Médica, Centro Hospitalar de Sdo Jo&o; 4200-319 Porto, Portugal

223ervigo de Nefrologia, Centro Hospitalar de Sdo Jodo; 4200-319 Porto, Portugal

Summary

Lysosomal a-galactosidase A (a-Gal) is the enzyme deficient in Fabry disease (FD), an X-linked
glycosphingolipidosis caused by pathogenic mutations affecting the GLA gene. The early-onset,
multi-systemic FD classical phenotype is associated with absent or severe enzyme deficiency, as
measured by in vitro assays, but patients with higher levels of residual a-Gal activity may have
later-onset, more organ-restricted clinical presentations.

A change in the codon 118 of the wild-type a-Gal sequence, replacing basic arginine by a
potentially sulfhydryl-binding cysteine residue — GLA p.(Arg118Cys) —, has been recurrently
described in large FD screening studies of high-risk patients. Although the Cys118 allele is
associated with high residual a-Gal activity in vitro, it has been classified as a pathogenic
mutation, mainly on the basis of theoretical arguments about the chemistry of the cysteine residue.
However its pathogenicity has never been convincingly demonstrated by pathology criteria.

We reviewed the clinical, biochemical and histopathology data obtained from 22 individuals of
Portuguese and Spanish ancestry carrying the Cys118 allele, including 3 homozygous females.
Cases were identified either on the differential diagnosis of possible FD manifestations and on
case-finding studies (n=11; 4 males), or on unbiased cascade screening of probands’ close
relatives (n=11; 3 males). Overall, those data strongly suggest that the GLA p.(Arg118Cys) variant
does not segregate with FD clinical phenotypes in a Mendelian fashion, but might be a modulator
of the multifactorial risk of cerebrovascular disease, since the allelic frequency in stroke patients
was 0.0087 (p=0.0185 vs the general population). The Cys118 allelic frequency in healthy
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Portuguese adults (n=696) has been estimated as 0.001, therefore not qualifying for “rare”
condition.

Keywords
Fabry disease; a-galactosidase A; GLA gene; variant p.(Arg118Cys)

1. Introduction

Alpha-galactosidase A (a-Gal; EC 3.2.1.22), the lysosomal hydrolase deficient in Fabry
disease (FD, OMIM #301500), is a homodimeric glycoprotein encoded by the GLA gene,
which is located on the long arm of the X chromosome [1-3]. Decreased a-Gal activity in
humans leads to accumulation of neutral glycosphingolipids (GSL) with terminal a-
galactosyl residues, predominantly globotriaosylceramide (Gb3 or GL-3), in many different
types of cells and in body fluids. The severity of the clinical phenotype in affected males is
broadly related to residual a-Gal activity: the lower the enzyme activity, the earlier is the
age of onset, and more severe and multi-systemic are the clinical manifestations. In classic
FD, caused by complete absence or marked deficiency of a-Gal activity, the vascular
endothelium and smooth muscle cells, the peripheral and autonomic nervous systems, the
kidneys, the heart and the brain are major sites of pathology, and the affected males usually
become symptomatic during childhood or adolescence [1, 3]. In patients with higher levels
of residual a-Gal activity, the resultant phenotypes are more organ-restricted, usually to the
heart, and have a much later clinical onset, frequently in mid-adulthood [3]. Like other X-
linked genetic disorders, males with FD are more severely affected than females, many of
whom have limited organ involvement or remain asymptomatic, although a few may in rare
instances express the severe phenotype of the disease [4].

More than 750 different pathogenic GLA mutations are reported in “The Human Gene
Mutation Database (HGMD®)” [http://www.hgmd.cf.ac.uk/ac/gene.php?gene=GLA, last
accessed on August 1, 2014], of which about 2/3 are missense or nonsense point mutations.
Most of the pathogenic GLA mutations are private to single families [5].

The mature a-Gal monomers have 12 cysteine (Cys) residues, at positions 52, 56, 63, 90, 94,
142,172,174, 202, 223, 378, 382 in the polypeptide chain [2]. Five disulfide bonds,
between cysteine residues at positions 52-94, 56-63, 142-172, 202-223 and 378-382, are
important for the stabilization of the three-dimensional structure of the enzyme; furthermore,
the 142-172 disulfide contributes to the a-Gal catalytic site. The Cys90 and Cys174
residues are unpaired. An additional cysteine (Cys12) is removed from the monomer during
the post-translational enzyme maturation, as part of the signal peptide.

Missense mutations affecting any one of the cysteines that form the disulfide bonds of the
wild-type a-Gal structure are associated with the classic FD phenotype, and show negligible
or very low residual enzyme activity [6-24], attesting their importance for normal enzyme
function. Missense mutations involving the Cys12 or Cys90 residues have never been
reported in FD patients. So far, two missense variants have been described that affect GLA
Cys174, respectively changing the wild-type cysteine to arginine (Arg) or glycine (Gly)
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[http://www.hgmd.cf.ac.uk/ac/gene.php?gene=GLA, http://www.genomed.org/lovd2/
variants.php?select_db=GLA&action=view_all, last accessed on August 1, 2014]. While
mutation p.(Cys174Arg) is reportedly associated with classic FD [25], p.(Cys174Gly) is still
classified as a single nucleotide polymorphism (SNP) at the Short Genetic Variations
database (dbSNP) of the National Center for Biotechnology Information (NCBI; National
Library of Medicine, Bethesda, MD, USA,; http://www.ncbi.nlm.nih.gov/projects/SNP/
snp_ref.cgi?rs=181562693, last accessed on August 1, 2014]. However, GLA p.(Cys174Gly)
has recently been identified in a patient presenting with an unusual late-onset renal variant
of FD [26], raising doubts about its clinical benignity [27].

Several missense mutations that introduce an extra cysteine into the amino acid sequence of
a-Gal have been identified in FD patients. As the additional thiol can interfere with the
correct formation of the 5 disulfide bonds critical to the a-Gal structure, such mutations are
theoretically severe and expected to lead to classic FD. However, by comparison with
mutations substituting other amino acids at the same positions (Table 1), it seems more
likely that the functional impact of these mutations depends more on their location on the
three-dimensional structure of the protein than on the specific amino acid change.

A cysteine-involving GLA SNP variant of uncertain pathogenicity (allelic variant of
uncertain significance, VUS) results from the cytosine to thymine transition (C>T) at a CpG
dinucleotide in codon 118 (c.352C>T), leading to the non-conservative replacement of a
basic arginine in the wild-type a-Gal sequence by an uncharged polar, sulfhydryl-
containing, cysteine residue — p.(Arg118Cys), or p.R118C in the single letter code. This
SNP was originally identified in a Portuguese family [Oliveira JP, poster presentation; 5t
European Round Table on Fabry Disease, 2004], but its first description in a peer-reviewed
article was with the results of a large-scale Italian newborn screening of FD, published in
2006 [28]. Subsequently, the GLA p.(Arg118Cys) variant was recurrently identified in large
FD case-finding studies among patients with stroke, left ventricular hypertrophy (LVH) or
on chronic dialysis, carried out in different European populations [29-32] (summarized in
Table 2) and in Brazil [33].

Molecular modeling (Figure 1) showed that GLA Cys118 does not alter the active site of the
enzyme, therefore not interfering with its catalytic mechanism, and can be accommodated
within the crystal structure of the a-Gal protein [28]. These data are comparable to those of
other GLA mutations associated with later-onset FD phenotypes and led to the prediction
that the a-Gal p.(Arg118Cys) might have altered stability, making it a potential candidate
for rescue by pharmacological chaperones. In COS-7 cells transiently transfected with a
mutant GLA Cys118 cDNA construct, the intracellular a-Gal residual activity was 29% of
the mean transiently expressed Arg118 wild-type activity, increasing 1.1 fold following
incubation with the chaperone deoxygalactonojirimycin (DGJ) [28]. Notably, the a-Gal
p.Argl118Cys response to incubation with DGJ was several orders of magnitude lower than
structurally similar GLA mutations and merely 5% more than the wild-type enzyme.

At the dbSNP GLA ¢.352C>T is identified as a single nucleotide variation of uncertain
clinical significance [http://www.nchi.nlm.nih.gov/projects/SNP/snp_ref.cgi?rs=148158093,
last accessed on August 1, 2014], with conflicting clinical data provided by different
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submitters. The frequency of the minor allele in the North-American population is estimated
as 0.001 [https://esp.gs.washington.edu]. On bioinformatic analyses with different softwares,
GLA p.Arg118Cys is predicted to be a “polymorphism” by MutationTaster [http://
www.mutationtaster.org/], “benign” by PolyPhen-2 [http://www.mutationtaster.org/] and
“deleterious” by SIFT [http://sift.jcvi.org/], whereas Panther scores [http://
www.pantherdb.org/tools/csnpScore.do] are marginally suggestive that it may have a
deleterious effect on protein function. It is of note that another mutation at the same codon,
leading to the replacement of arginine by histidine (His), p.(Arg118His), is uniformly
predicted to be non-pathogenic.

Because of the ascertainment bias inherent to genetic screenings of high-risk patient cohorts,
cascade family studies and careful clinical evaluation of unbiasedly diagnosed subjects are
an important approach for the elucidation of the actual contribution of VUS to human
disease. Herein, we report the clinical phenotypes observed in a series of individuals and
families of Iberian (Portuguese and Spanish) ancestry carrying the GLA Cys118 allele, and
genetic epidemiology data collected in the Portuguese population.

2. Patients, Materials and Methods

Portuguese and Spanish individuals carrying the GLA Cys118 variant allele, as well as a
Portuguese family emigrated in France, were identified either (i) on the differential
diagnostic workup of individual patients presenting with possible clinical manifestations of
FD; (ii) on systematic screenings of large cohorts of patients at high-risk for FD carried out
in Portugal and Spain; and (iii) on cascade genetic screening of probands’ close relatives
(including a patient identified through screening for FD in a cohort of patients with
hypertrophic cardiomyopathies in France). The relevant demographic, clinical, laboratory
and imaging data were retrospectively collected by systematic review of existing medical
records. Particular attention was specifically paid to possible manifestations of FD,
including dermatological (e.g., hypohidrosis, angiokeratomas), neuropathic (e.g.,
acroparesthesias), ophthalmological (e.g., cornea verticillata, conjunctival and retinal
vascular abnormalities), cerebrovascular (e.g. transient ischemic attack, stroke, brain
imaging abnormalities), cardiac (e.g., arrhythmias, LVH, ischemic heart disease) and renal
(e.g., proteinuria, azotemia). Representative pathology illustrations were prepared from
archive tissue biopsies and electron micrographs.

Plasma Gb3 concentration was estimated by a densitometric method, following thin-layer
chromatography separation. To determine the Gb3/sphingomyelin molar ratio in the urinary
sediment, Gb3 and sphingomyelin were quantified densitometrically after high-performance
thin-layer chromatography, in centrifuged urine samples. Urinary Gb3 was measured by
high-performance liquid chromatography (LC) coupled to tandem mass spectrometry (MS/
MS), and lyso-Gb3 in plasma and urine samples were measured by ultra-performance LC-
MS/MS, working in positive electrospray ionization mode.

The DXS8020, DXS8034, DXS8089, DXS8063 and DXS8096 microsatellite sequence-
tagged sites (STS), spanning ~3cM around the GLA gene, were used for haplotyping.
Briefly, the relevant STS were amplified in two multiplex polymerase chain reactions (PCR)
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with 6-FAM™ fluorescent dye-labeled forward primers (Thermo Fisher Scientific;
Waltham, MA, USA), according to their annealing temperatures, and the corresponding
PCR amplicons were analyzed with an ABI 3500 Genetic Analyzer (Applied Biosystems,
Life Technologies; Foster City, CA, USA), using the GeneMapper® software version 4.1
(Applied Biosystems).

A commercial multiplex-ligation probe amplification kit (SALSA MLPA P159-A3 GLA
probemix; MRC-Holland; Amsterdam, the Netherlands) was used to screen for GLA gene
duplications/deletions in females carrying the GLA Cys118 allele in apparent homozygosity.
Statistical analyses were carried out with GraphPad Prism, version 5.0 (GraphPad Software,
Inc.; La Jolla, CA, USA).

3. Results

3.1. Clinical data from the original patient and family

We have first identified GLA p.(Arg118Cys) on the genetic workup of a 26-year-old female
who had been referred to the Dermatology clinic with an extensive, symmetrically
distributed eruption of angiokeratomas in the buttocks and proximal thighs (Figure 2a), that
she reported to have initially noticed four years before (clinical details published elsewhere)
[34]. The clinical diagnosis of Fabry angiokeratomas was further supported by the light-
microscopy (LM) findings on a biopsy of the affected skin (Figure 2b). The a-Gal A activity
was within the normal control values, both in leukocytes (44 nmol/h/mg; normal range: 36—
80) and in plasma (12.8 nmol/h/ml; normal range: 6.2-19.4), but the Gb3 concentration was
slightly elevated in plasma (15.02 pg/ml; normal range: 0.67-10.66).

The patient additionally reported a 13-year-long history of steroid-resistant nephrotic
syndrome but she had remained normotensive, her serum creatinine (sCr) was within the
normal (0.68 mg/dl) and examination of the urine sediment was unremarkable. The kidney
ultrasound scan showed no abnormalities. The patient specifically denied past history or any
current symptoms of neuropathic involvement, of abnormal sweating, and of cardiac or
cerebrovascular disease. Slit-lamp ophthalmological examination did not reveal the corneal
dystrophy or the conjunctival and retinal microvascular lesions typical of classical FD. The
electrocardiogram (ECG) showed incomplete right bundle branch block (RBBB) but the
echocardiogram was normal.

At age 13 years, the diagnostic workup for causes of secondary nephrotic syndrome had
been negative. The kidney biopsy disclosed a mesangial proliferative glomerulonephritis,
with no immune deposits visible on immunofluorescence microscopy. The baseline
glomerular ultrastructural pathology could not be examined due to the lack of glomeruli on
the sample processed for electron microscopy (EM) study. Since the nephrotic syndrome did
not respond to standard immunosuppressive protocols, non-specific treatment with an
angiotensin converting enzyme inhibitor (ACEi), with dose titrated according to proteinuria.

Considering the possibility of having missed the diagnosis of FD nephropathy on the LM
examination of the first kidney biopsy, and the theoretical hypothesis of unilateral or focal
kidney involvement, Gb3/sphingomyelin concentration ratio in a voided bladder urine
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specimen and in specimens collected from each of the ureters, with no evidence of increased
urinary Gb3 excretion (bladder <0.01, left kidney <0.01, right kidney =0.04; normal controls
<0.3). A second kidney biopsy was eventually obtained at age 29 years, from the right
kidney. On LM examination, the renal pathology was similar to that described in the first
biopsy. In addition, the toluidine blue-stained semi-thin scout sections for EM did not show
any GSL inclusions, and no “myelin figure” and/or “zebra body” deposits that might be
suggestive of FD nephropathy could be identified on the ultrastructural examination. On
retrospective immunohistochemical study of this kidney biopsy with a murine anti-Gb3
antibody, Gb3 immunoreactivity was identified only in a few tubular cells, which is a
staining pattern similar to that observed in the kidney tissue of control subjects [35]. At age
37 years, the plasma lyso-Gb3 and the urinary Gb3 levels remained within normal range.

Family screening showed the patient had inherited the GLA Cys118 allele from her father
and that none of her father’s two brothers and two sisters who were still alive and accepted
to be genotyped carried the variant allele; two of her father’s sisters had died during
childhood and an older brother had died in his early eighties. Neither of these, nor the
remaining brother who was not genotyped, had any clinical manifestations of FD. The
proband’s paternal grandmother had died in the late 81" decade, possibly from complications
of type 2 diabetes mellitus (DM2). Four of the proband’s 5 living paternal uncles and aunts,
as well as her grandfather, also had history of DM2.

The proband’s father was initially evaluated at age 55 years and reported the following
major medical problems: (i) DM2 diagnosed at age 39 years; (ii) hypertension, on treatment
with an ACEi since age 51 years; (iii) mild mixed hyperlipidemia; (iv) long-lasting history
of chronic alcohol abuse, with alcoholic liver disease confirmed on a liver biopsy at age 51
years; (V) bilateral carpal tunnel syndrome, confirmed on electromyography. He also had
history of sinus bradycardia, first detected on a routine ECG obtained at age 40 years. About
5 years later he was evaluated at the cardiology clinic for the persistence of sinus
bradycardia and newly diagnosed complete RBBB, but was eventually discharged because
no evidence of an underlying cardiac pathology could be found.

An echocardiographic study performed at age 56 years showed mild LVH, with
interventricular septal thickness of 13 mm and posterior wall thickness of 12 mm, and with a
transvalvular mitral flow pattern suggestive of diastolic dysfunction. Results of exercise
stress ECG testing and 24-hour continuous ambulatory ECG monitoring were unremarkable.
A cardiac biopsy was obtained for differential diagnosis of LVH: although the myocardial
tissue appeared histologically normal, without hypertrophy or vacuolization of
cardiomyocytes and with no interstitial fibrosis, the EM examination showed small myelin
figures within rare cardiomyocytes (Figure 3). He had no history of clinical manifestations
of classical FD, including angiokeratomas, childhood-onset acroparesthesias or
hypohidrosis, and the slit-lamp ophthalmological examination was normal. His baseline sCr
was normal (0.79 mg/dl), the urinalysis did not show proteinuria or abnormalities of the
urinary sediment, and a kidney ultrasound scan was unremarkable. The a-Gal activity was
within the low-normal range, both in leukocytes (25 nmol/h/mg; normal range: 22—73) and
in plasma (3 nmol/h/ml; normal range: 2.0-21.0). The plasma lyso-Gb3 and the urinary Gb3
levels, measured at age 64 years, were within the normal range.
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Along 10 years of follow-up, neither the proband nor her father had any major clinical
events attributable to FD, or evidence of cardiac or renal disease progression. On ACEi
treatment, the proband’s urinary albumin/creatinine ratio was <250 mg/g. At the age of 34
years, two small hyperintense foci were visible at left frontal subcortical and right subinsular
locations, on a brain magnetic resonance imaging (MRI). Her father’s brain MRI, obtained
at age 61 years, showed multiple hyperintense white matter lesions (WML) located to the
periventricular area, and in the corona radiata and centrum semiovale.

3.2. Clinical data from the PORTYSTROKE study

Three males and three females carrying the GLA Cys118 allele were identified in the
PORTYSTROKE study [29] (Table 2). The mutation screening method in the Portuguese
study was by genotyping, and the plasma and leukocyte a-Gal activities were measured as a
second step in all patients who carried a GLA gene variant. This was a major difference in
comparison to other previous or contemporary large case-finding studies carried out in
southern European countries, either in non-selected male neonates [28] or in high-risk
patient series [30], that have also identified individuals carrying the p.(Arg118Cys) variant,
because the latter have used the aGal activity measured in dried blood spots (DBS) on filter
paper as the screening assay, and only those cases with residual enzyme activity below a
predefined cut-off level were subsequently genotyped.

The demographic and clinical features of the 6 patients carrying the Cys118 alelle, and the
corresponding results of the a-Gal assays in leukocytes and plasma, are summarized in
Figure 4. The average residual leukocyte and plasma a-Gal activities in males and females
were, respectively, 18.7 nmol/h/mg (32% of the control mean) and 7.3 nmol/h/ml (58% of
the control mean), and 33.7 nmol/h/mg (58% of the control mean) and 8.4 nmol/h/ml (67%
of the control mean). Interestingly, the female with the lowest residual leukocyte a-Gal
activity (corresponding to ~60% of the average activity of the other two females) carried the
g.1170C>T/c.10C>T SNP of the GLA 5’-untranslated region (5’UTR), which is known to be
associated with lower a-Gal activity levels in leukocytes [36, 37].

All the males had multiple major cardiovascular risk factors. The youngest of them, who had
DM2 and presented mild proteinuria, underwent a kidney biopsy to exclude Fabry
nephropathy: LM examination was diagnostic of diabetic nephropathy and the EM study did
not show any typical GSL inclusions (Figure 5). None of the three male probands showed
LVH on echocardiographic examination. None of the patients had family history suggestive
of FD but the two females presenting with ischemic stroke had family histories of stroke.
Three of the families were referred for genetic screening of the proband’s living first-degree
relatives. Maternal inheritance was confirmed in the two families where the proband’s
parents were available for genotyping: the two transmitting mothers of the GLA Cys118
allele were in good health, respectively at ages 70 and 69 years, with no clinical
manifestations attributable to FD. AO: specify whether serum creatinine, albuminuria, ECG,
echocardiogram, brain MRI normal or not performed.

3.2.1. Post-hoc epidemiological analyses of the PORTYSTROKE patient
cohort—BY screening DNA samples of 360 males and 336 females, aged 18-45 years,
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from healthy cohorts of volunteer medical students, fertile males and bone marrow donors,
the 95% confidence interval (95% CI) for the allelic frequency of GLA Cys118 in the
general Portuguese population was estimated between <0.0001-0.006. As compared to the
control population, the allelic frequency of the GLA Cys118 allele was significantly higher
among the stroke patients, irrespective of gender (=0.0087, 95% CI: 0.004-0.019; Fisher’s
exact test, p=0.0185).

However, when the PORTYSTROKE patients aged 45 years or less (n=204; 118 males)
were entered as cases in a pair-matched case-control analysis, with healthy adult bone
marrow donors used as gender- and age-matched controls, the estimated odds ratio (OR) for
the risk of stroke among carriers of GLA Cys118 did not reach statistical significance (OR =
5.0, 95%CI: 0.56-236.5; McNemar’s test, p=0.22).

Remarkably, the frequency of the GLA ¢.937G>T SNP, that causes the replacement of
aspartic acid (Asp) by tyrosine (Tyr) in codon 313 — i.e., p.(Asp313Tyr) or D313Y, which
has been characterized as a non-pathogenic allele, causing a ”pseudodeficiency” of a-Gal
activity in plasma [21] —, was significantly higher among male stroke patients than in
controls (~0.009 versus ~0.002; Fisher’s exact test, p=0.026). Also of note is the
observation that the minor allelic frequencies (MAF) of GLA p.(Arg118Cys) and p.
(Asp313Tyr) in the general Portuguese population did not significantly differ (1/1032 versus
2/1032; Fisher’s exact test, p=1.0).

3.3. Clinical study of a Portuguese family emigrated in France

An asymptomatic 54-year-old male of Portuguese ancestry was serendipitously found to
carry the GLA Cys118 allele, on cascade screening of first-degree relatives of a 59-year-old
male diagnosed with FD-associated hypertrophic cardiomyopathy (HCM). The proband had
been identified in a French case-finding study of incident patients with LVH of unknown
cause [38], using DBS a-Gal activity as the screening method, and was subsequently shown
to be hemizygous for the GLA mutation ¢.337T>C, that changes the translation of codon 113
from phenylalanine (Phe) to leucine (Leu) —i.e., p.(Phel13Leu) —, known to be associated
with the cardiac variant of FD [2]. Genotyping of a proband’s younger brother, presenting
the unusual value of 45% residual a-Gal activity in the leukocyte enzyme assay,
unexpectedly revealed that he did not carry the p.(Phe113Leu) mutation but instead was
hemizygous for of the GLA p.(Arg118Cys) variant.

This individual reported no past medical history or current symptoms of FD. On physical
examination, there were no angiokeratomas or cornea verticillata. The sCr level was within
the normal range, with an estimated glomerular filtration rate (GFR) of 96 ml/min/1.73m?
[CKD-EPI equation; http://www.kidney.org/professionals/kdoqi/gfr_calculator.cfm], and the
urinalysis did not reveal proteinuria AO: be more specific? urinary albumin/creatinine ratio
was <30 mg/g?. Additional diagnostic workup included brain MRI, on which neither lacunar
infarction nor hyperintense WML were found; cardiac MRI, which showed a left ventricle
of normal thickness, both at the posterior wall (7 mm) and interventricular septum (9 mm);
and 51Cr-EDTA radioisotope measurement of GFR, which was normal for age (84 ml/min/
1.73m2). On the basis of this diagnostic workup, it was decided not to start enzyme
replacement therapy.
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The mother of both individuals, who most probably was an obligate compound heterozygote
p.(Phell13Leu)/p.(Argl18Cys), has recently passed away at the age of 87 years, in the
absence of significant health problems that might be related to a-Gal deficiency.

3.4. The Spanish cohort

The demographic, genetic and clinical features observed in 11 individuals carrying the GLA
p.(Arg118Cys) variant, belonging to 4 apparently unrelated Spanish families, are
summarized in Table 3. All 4 probands, who were aged between 50 and 82 years, were
ascertained on FD screening as a possible cause for left ventricular hypertrophy; remarkably,
only one of the probands was a male. A female proband additionally had supraventricular
tachycardia, pathological albuminuria and angiokeratoma at age 50, but no histological
demonstration of the FD origin of these alterations was available. In two families, cascade
genetic screening led to the identification of one male and 6 females in three consecutive
generations, who also carried the GLA Cys118 allele. None of these unbiasedly ascertained
individuals manifested LVH, proteinuric chronic kidney disease or any other signs or
symptoms that, at their age group, might be unequivocally attributable to a-Gal deficiency.
Three related women were Cys118/Cys118 homozygotes. Two sisters, respectively aged 60
and 51 years and the third was a cousin, aged 67. The older of the two sisters was started on
enzyme replacement therapy following the abnormal result of the 24-hour Holter monitoring
and the finding of WML on brain MRI. In the homozygote females, the residual a-Gal
activity on the DBS assay ranged between 25-33% of the normal average.

3.5. Microsatellite haplotyping studies in Portuguese individuals

The microsatellite haplotypes segregating with the GLA p.(Arg118Cys) allele were
determined in 5 males and three females from apparently unrelated Portuguese families.
Five different Cys118 haplotypes were identified in the 8 chromosomes, suggesting that the
C>T transition underlying the emergence of p.(Arg118Cys) is a relatively frequent
mutational event, in accordance with its location at a CpG dinucleotide [39].

4. Discussion

Our data suggest that the GLA p.(Arg118Cys) variant does not segregate with FD
manifestations at least in a highly-penetrant Mendelian fashion. Hemizygous males and
homozygous or compound heterozygous females may live at least up to the 8" decade of
life, and heterozygous females up to the 9t decade, without developing major organ
complications typical of FD, even in presence of other significant cardiovascular risk
factors. These data may explain the absence of FD history in the Italian family identified by
newborn screening [28]. Surprisingly, carriers of the Cys118 allele may present only with a
typical eruption of angiokeratomas, which is usually considered a manifestation of classic
FD.

The allelic frequency of GLA Cys118 in the Portuguese population is similar to that reported
in North Americans: it can be estimated from those epidemiological data that in a gender-
even cohort of 10.000 individuals, ~5 males and ~10 females will carry the Cys118 allele,
which is a threefold higher prevalence than the European definition of “rare disorder”
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[http://ec.europa.eu/health/ph_threats/non_com/docs/rare_com_en.pdf]. Furthermore, in a
neonatal screening carried out in the northwest of Spain, 50% of the newborns with low
plasma a-Gal activity in whom missense GLA variants were subsequently identified were
hemizygous for the GLA Cys118 allele [40].

In the PORTYSTROKE cohort, the GLA p.(Arg.118Cys) and p.(Asp313Tyr) variants were
significantly more prevalent than in the general population; on the other hand, the Cys118
and the Tyr313 hemizygous males had comparable residual plasma a-Gal activities, at
~40% the normal mean, while their average leukocyte a-Gal activities were respectively
~35% and ~50% of the normal [29]. These similarities suggest that subnormal a-Gal
enzyme activity might be a quantitative, metabolic modulator of the multifactorial risk of
cerebrovascular disease by as yet unknown mechanisms. Recent observations in non-FD
patients have offered some clues as to possible additional links between human disease and
GLA gene expression, a-Gal activity and Gb3 metabolism: (i) slightly decreased GLA gene
expression, leading to an average reduction of leukocyte a-Gal activity of no more than
~16.5%, may be a risk factor for sporadic Parkinson disease, possibly due to dysfunction of
the autophagic-lysosomal system [41, 42]; (ii) increased urinary Gb3 excretion is
independently associated with the risk of short-term death of patients with common forms of
heart disease [43], perhaps signaling a systemic disturbance of sphingolipid metabolism in
patients with end-stage heart failure, leading to increased incorporation of Gb3 in cell
membranes.

Moreover, co-segregation of GLA variants associated with high residual enzyme activity and
the 5’UTR ¢.1170C>T SNP may have additive effects, possibly further decreasing the
residual enzyme activity even into the range usually seen in patients with later-onset
phenotypic variants of FD. Therefore, screening for the presence of the g.1170C>T SNP
may be helpful for the interpretation of genotype-to-phenotype correlations in patients with
such GLA variants. These hypotheses will have to be confirmed in larger, properly designed
studies.

The GLA p.(Arg118Cys) variant was also identified in the SIFAP cohort [32], the largest
ever FD case-finding study among stroke patients (Table 2). As in the Portuguese study, the
screening method was by genotyping, but SIFAP predominantly enrolled patients from
northern and central European countries. Although the Cys118 allele was regarded as a
pathogenic mutation and its presence was a criterion for definite diagnosis of FD, the
investigators did not provide any convincing evidence to support their assumption. In
contrast to the SIFAP results, GLA p.(Arg118Cys) was not identified in the Belgian Fabry
Study (BeFaS) [44], which screened a total of 993 adult patients (545 males, 54.9%)
presenting with cerebrovascular disease before the age of 61 years.

One female heterozygous for the GLA Cys118 allele was identified in the European
Anderson-Fabry Disease Survey [31] (Table 2), a FD screening study of patients with
unexplained HCM. As that woman also manifested angiokeratoma(s?) and albuminuria,
GLA p.(Arg118Cys) was considered pathogenic, but the investigators did not provide
histopathological evidence of FD cardiomyopathy or nephropathy, and the clinical
observation of angiokeratoma(s) is inconclusive, since the presence of isolated or a few
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scattered angiokeratomas is not uncommon in otherwise healthy individuals [45]. In contrast
to these results, the GLA p.(Arg118Cys) variant was not identified in any of 279 male
patients with HCM screened for FD in a French case-finding study [38], neither in any of
508 non-selected patients (328 males, 64.6%) with HCM screened for FD in a Spanish case-
finding study [46], using plasma a-Gal activity as the screening method; however, it is of
note that three unrelated men in this cohort were hemizygous for the GLA Tyr313 allele.

The GLA p.(Arg118Cys) variant was identified in two unrelated males and two sisters,
enrolled in a Spanish case-finding study of FD among patients with end-stage renal failure
(ESRF) on chronic hemodialysis [30], that used a DBS a-Gal assay as the first-tier screening
method. Although the investigators concluded that GLA p.(Arg118Cys) was a pathogenic
mutation, they did not provided enough evidence to support that claim. The very old age of
the two men precludes the interpretation that their renal, cardiac and cerebrovascular
complications were caused by FD and, for the reason discussed above, even the presence of
angiokeratoma(s?) is not convincing. In addition to not being clear why the two sisters were
enrolled for GLA genotyping since their a-Gal activities on the DBS assays were,
respectively, 123% and 94% of the female control mean, they both had human
immunodeficiency virus (HIV) infection that may also cause kidney disease. Furthermore, a
kidney biopsy from the younger sister reportedly showed glomerulosclerosis and hyalinosis,
but did not show the most typical LM feature of Fabry nephropathy (e.g. vacuolation).
While glomerulosclerosis and hyalinosis are possible manifestations of HIV-associated
nephropathy, in Caucasians immune-complex-mediated kidney injury is much more
common due to the absence of the ApoL1 polymorphisms associated with HIV nephropathy.
Of note, the investigators classified the GLA p.(Asp313Tyr) SNP, that was found in an 80-
year-old female and a 74-year-old male, as a sequence variant of controversial
pathogenicity. Apparently in line with these observations, one Cys118 hemizygous male
enrolled in the Fabry Registry [47] started dialysis at age 45 years.

In contrast to those Spanish data, neither the p.(Arg118Cys) nor the p.(Asp313Tyr) GLA
variants were identified in the 2688 men enrolled in the Portuguese screening of FD among
non-selected dialysis patients [48]. Although the Portuguese investigators also used a DBS
a-Gal assay for case finding, the <30% cut-off level of residual enzyme activity to proceed
with further diagnostic tests (unpublished data) was more stringent than in the Spanish
study, and patients showing high residual enzyme activities, in the range observed in
hemizygous males for GLA p.(Arg118Cys) or p.(Asp313Tyr), would not be selected for

genotyping.

Overall, those studies demonstrate that the identification of GLA variants associated with
residual a-Gal activity on large cohorts will critically depend on the screening method used
and, when based on enzyme assays, on the predefined cut-off level of residual enzyme
activity to select cases for genotyping.

It should be noted, however, that the correlations between the in vitro a-Gal residual
activity, substrate accumulation and the FD clinical phenotype are complex and still
incompletely understood, and that other factors, besides the residual level of enzyme
activity, play a crucial role in the pathogenesis of the disease [49]. It might also be possible
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that the in vitro a-Gal assays do not reflect the biological enzyme activity in vivo, thereby
confounding the interpretation of genotype-phenotype correlations.

Because of the non-specific features of the late-onset cerebrovascular, cardiac and renal
complications of FD, and the much higher prevalence of other causes of stroke, LVH/HCM
and ESRF in adult populations, FD case-finding studies among high-risk patients are
intrinsically biased. Accordingly, reports of patients identified in such studies, carrying
either novel GLA sequence variants or VUS, particularly when associated with high residual
a-Gal activity, should provide enough clinical, biochemical and histopathological details to
support the diagnosis of FD, and exclude the relevant differential diagnoses, on a case-by-
case basis. This same approach has been recently recommended by Dutch experts on FD
[50]. Furthermore, proper assessment of the medical relevance of newly identified GLA
sequence variants or VUS should also take into consideration the genetic makeup of the
source populations, but the relevant allelic frequencies will have to be estimated in studies
large enough to identify low-frequency (MAF between 0.05-0.005) and rare variants (MAF
<0.005), which vastly outnumber the common variants in the human genome and show
substantial geographic differentiation [51, 52]. Although the country of origin of the
patient(s) carrying the p.(Arg118Cys) allele identified in the SIFAP and EAFDS studies was
not reported, it appears from the published data that the allelic frequency of p.(Arg118Cys)
is significantly lower in northern and central European countries than in the Iberian
populations.

The assumption that GLA p.(Arg118Cys) is a pathogenic mutation causing a later-onset FD
phenotype [28] was based on theoretical considerations about the similarities of the
structural changes it induces in the a-Gal monomer and of its in vitro overexpression levels,
with those of well-known missense GLA mutations associated with later-onset clinical
phenotypes, as well as on the reasoning that its sulfhydryl-binding potential might interfere
with the normal disulfide bonds of the a-Gal monomers. In our opinion, which is instead
based upon detailed and unbiased clinical, biochemical, histopathological and family data,
the mild/moderate deficiency of a-Gal activity associated with p.(Arg118Cys) is not of
enough magnitude to cause major complications of FD and, therefore, carriers of the Cys118
allele currently have no straightforward indication for enzyme replacement or enhancement
(chaperone) therapy. Despite involving a cysteine residue, GLA p.(Arg118Cys) most likely
is a non-pathogenic or of low-pathogenicity exonic variant, like p.(Asp313Tyr) and a few
others [50]. A notable example of another GLA variant whose alleged pathogenic role has
recently been questioned [53] is the guanine to adenine transition (G>A) in codon 143 (c.
427G>A), resulting in the replacement of alanine (Ala) by threonine (Thr) in the a-Gal
monomers — i.e., p.(Alal43Thr). Although hemizygous males for the GLA Thr143 allele
may variably show undetectable to moderately reduced a-Gal activity in vitro, the
previously reported association of this variant with renal failure, stroke, and LVVH could be
the result of selection bias. Indeed, most of those cases were detected in screenings of high-
risk patients, in whom histopathological or ultrastructural evidence of Gb3 accumulation in
affected tissues was not specifically investigated [53].

Finally, the observation that the estimated prevalence of individuals carrying the GLA
Cys118 allele in the Portuguese population is higher than current definitions of “rare
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diseases”, should have regulatory implications for the inclusion of such individuals in
therapeutic drug trials for FD. Nevertheless, further studies are needed to clarify a potential
disease-modifying role, especially in cerebrovascular disease.
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Figure 1.
Molecular structure of the wild-type mature human a-galactosidase A enzyme and modeling

of the p.(Arg118Cys) variant: the change to cysteine is easily accommodated in the three-
dimensional structure of the enzyme because the arginine is a surface residue and there is
plenty of room to substitute the cysteine side chain. However, the cysteine side chain has
different chemistry, which can interfere with the correct folding of the disulfide bonds
required for the structure, or it could interfere with the binding of other molecules — like the
chaperones BiP (binding immunoglobulin protein) and calnexin —, that are required for the
folding and trafficking of the a-galactosidase A the lysosome. The structural prediction is
that the protein should be active when it folds, but the efficiency of folding and trafficking
will be reduced. This is consistent with the results of in vitro overexpression experiments
[28].
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Figure 2.
A.

Detail of the eruption of angiokeratomas observed in a 26-year-old woman heterozygous for
the GLA p.(Arg118Cys) sequence variant. The angiokeratomas localized exclusively to the
buttocks and proximal thighs and had a symmetrical distribution. This patient was the
proband of the first Portuguese family in whom the GLA p.(Arg118Cys) variant was
identified.

B.

Light-microscopy histopathology of the skin biopsy obtained from that patient. There is
subepidermal proliferation of telangiectatic vessels lined by thin endothelial cells and
surrounded by collarettes of thickened rete ridges. The dilated vascular spaces are filled with
blood or thrombosed. The corneal layer is moderately thickened, showing mild
parakeratosis.
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Figure 3.
A.

Light microscopy of an endomyocardial biopsy taken from the right ventricle of a 56-year-
old man hemizygous for the GLA p.(Arg118Cys) sequence variant. None of the typical
features of Fabry disease cardiomyopathy — e.g. cardiomyocyte hypertrophy or vacuolation,
enlarged nuclei or fiber branching and disarray —, are observed in this section.

B.
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An electron microphotograph of the endomyocardial biopsy of the same patient also does
not show any cardiomyocyte inclusions typical of Fabry disease, i.e. with the ultrastructural
morphology of “zebra body” or “myelin figure”.
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Normal ranges:
leukocytes = 36-80 nmol/h/mg

plasma= 6-19 nmol/h/ml

20
10 -
D J

Gender male male male female female female
Age 42 45 46 33 39 40
Type of stroke ischemic | hemorrhagic | ischemic ischemic ischemic CVT
Arterial territory anterior posterior posterior posterior posterior
Leukoencephalopathy no no yes no no no
Major risk factors 4+1 2+1 2+1 0+1 0+1 2+1

Figure 4.
Demographic and clinical features of the 6 stroke patients carrying the GLA p.(Arg118Cys)

sequence variant that were identified in the PORTYSTROKE study, together with
corresponding results of a-galactosidase A assays in leukocytes and plasma.

The pink and light-blue background areas are the normal reference ranges, respectively for
the leukocyte and the plasma a-galactosidase A assays.
The numbers of major risk factors for stroke that coexisted in each patient are presented as
follows: hypertension, hyperlipidemia, diabetes mellitus and smoking are summed up before
and alcohol consumption and oral contraception are summed up after the plus sign.

CVT: cerebral venous thrombosis.
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Figure 5.
Electron micrograph of the kidney biopsy of a 42-year-old man with type 2 diabetes

mellitus, hemizygous for the GLA p.(Arg118Cys) sequence variant, identified in the
PORTYSTROKE study. The patient presented with mild proteinuria and a kidney biopsy
was obtained for the differential diagnosis with diabetic nephropathy. Light microscopy
examination was diagnostic of diabetic nephropathy and the electron microscopy study did
not show any intracellular inclusions with the “zebra body” or “myelin figure” morphology,
typical of Fabry disease nephropathy.
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List of GLA gene mutations in amino acid positions where mutations to cysteine have also been reported.

Amino acid residue | Wild-type | Clinical phenotype of | Described mutations
position amino acid | mutation to cysteine | other than to cysteine
112 Arg Classical His(® / ser
162 Trp Classical Arg
171 Gly Classical Arg / Asp
216 Tyr Classical Asp
226 Trp Unknown(®) Arg
235 Ser Classical Phe
236 Trp Classical Arg/ Leu
271 Gly Classical Ser/ Val
287 Trp Classical Gly
297 Ser Classical Phe
360 Gly Classical Asp / Ser
363 Arg Classical His

Amino acid positions in the a-galactosidase A monomer are sequentially counted from the methionine residue coded by the mRNA start codon
which, by convention, is numbered as position 1.

@
(b)

Mutation p.(Arg112His) has been consistently associated with late-onset cardiac variant of Fabry disease.

Mutation p.(Trp226Cys) was identified in a 16-year-old boy with the classical phenotype of Fabry disease, segregating in cis with mutation p.

(Arg227Ter); as this nonsense mutation is known to cause a severe deficiency of a-galactosidase A activity, leading to classic Fabry disease, the
intrinsic severity of the cysteine mutation has not been defined.

Amino acid names are abbreviated according to the three-letter code:

Arg = arginine; Asp = aspartate; Cys = cysteine; Gly = glycine; His = histidine; Leu = leucine ; Phe = phenylalanine; Ser = serine; Trp =
tryptophan; Tyr = tyrosine; Val = valine.
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