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A B S T R A C T

Background, aims and methods: The α-galactosidase gene (GLA) c.337T > C/p.Phe113Leu variant was originally
described in patients with late-onset cardiac forms of Fabry disease (FD), who had residual α-galactosidase
activity. It has since emerged as the most commonly reported GLA variant in Portuguese subjects diagnosed with
FD but is also prevalent in the Italian population, where two boys carrying the GLA Leu113 allele were identified
in a large-scale newborn screening program, the variant allele segregating in both cases with the same sur-
rounding haplotype. To further delineate the genotype-phenotype correlations of this GLA variant, we have
reviewed the natural history and clinical phenotypes of 11 symptomatic Portuguese males, from 10 unrelated
families originating from several different areas in mainland Portugal and Madeira Island, who were diagnosed
with FD associated with the GLA Leu113 allele in a diversity of clinical and screening settings. Nine of the
patients were the probands of their respective families. To test whether the GLA Leu113 allele inherited by the
10 Portuguese and the two Italian families resulted from independent mutational events, we have additionally
performed a haplotype analysis with 5 highly polymorphic, closely linked microsatellite markers surrounding
the GLA gene.
Results and conclusions: Hemizygosity for the GLA Leu113 variant allele is associated with a late-onset form of
FD, invariably presenting with severe cardiac involvement. Clinically relevant cerebrovascular and kidney in-
volvement may also occur in some patients but the pathogenic relationship between the incomplete α-ga-
lactosidase deficiency and the risks of stroke and of chronic kidney disease is not straightforward. The ob-
servation that the Leu113 allele segregated within the same GLA microsatellite haplotype in both the Portuguese
and Italian families suggests its inheritance from a common ancestor.
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1. Introduction

Fabry disease (FD; OMIM#301500) is an X-linked lysosomal storage
disorder caused by deficient activity of lysosomal α-galactosidase
leading to progressive, multi-systemic accumulation of globo-
triaosylceramide (GL-3 or Gb3) and other undegraded neutral glyco-
sphingolipids (Germain, 2010). The pathogenesis of FD is incompletely
understood (Schiffmann, 2009; Weidemann et al., 2013), but the in-
volvement of vascular endothelial and smooth muscle cells, particularly
in small vessels, of cardiomyocytes, as well as of glomerular and tubular
epithelial cells in the kidney, are critical for the development of the
cerebrovascular, cardiac and renal complications that constitute the
major causes of debilitating morbidity and early mortality of adult FD
patients (Germain, 2010; Tuttolomondo et al., 2013; Weidemann et al.,
2013; Hagège et al., 2019).

According to the usual age at clinical presentation and to the extent
and severity of organ involvement, the natural history of FD in the
males can be broadly classified into two major forms (Desnick et al.,
2003; Germain, 2010; Oliveira and Ferreira, 2019): (i) the rare “classic”
phenotype, with childhood- or adolescent-onset of distinctive neuro-
pathic (e.g., acroparesthesias), dermatologic (e.g., angiokeratomas,
hypohidrosis) and ocular (e.g., cornea verticillata) manifestations,
which is due to absent or severe deficiency of α-galactosidase activity
(< 2–5%); and (ii) the more frequent later-onset attenuated pheno-
types, with manifestations confined to a single or only a few organ
systems, which are associated with variable degrees of residual enzyme
activity (REA). The later-onset forms of FD are most often diagnosed in
patients presenting with left ventricular hypertrophy (LVH) or hyper-
trophic cardiomyopathy (HCM), usually in mid-to late-adulthood
(Nakao et al., 1995; Sachdev et al., 2002), at ages when patients with
classic FD would be severely affected or would have died (Senechal and
Germain, 2003). A minority of such patients additionally exhibit mild
proteinuria and may develop renal impairment later in life (Germain
et al., 2018; Lavalle et al., 2018). Likely as a consequence of X-chro-
mosome inactivation (Echevarria et al., 2016), the clinical spectrum of
FD in the heterozygous females vary widely (Germain, 2010; Wilcox
et al., 2008), leading to greater ambiguity of their phenotypic char-
acterization. The diagnosis of FD can be established either by assaying
the α-galactosidase activity, usually in plasma or (preferably) in leu-
kocytes, or by identifying a pathogenic variant in the α-galactosidase
gene (GLA; OMIM*300644), by molecular genetic testing (Desnick
et al., 2003; Germain, 2010); although the enzyme assays perform well
for the diagnosis of FD in males, genotyping is mandatory in females.

The Human Gene Mutation Database (HGMD®, 2019) currently re-
ports over 900 pathogenic GLA variants, most of which are point mu-
tations and associated with the classic phenotype. The majority of the
pathogenic GLA variants identified so far are private to single families,
and most of the recurrent point mutations identified in genetically
unrelated families occur at CpG dinucleotides (Gal, 2010). Mutations
that compromise the active site of α-galactosidase lead to complete loss
of enzyme activity, but the largest number of the disease-causing GLA
variants disrupt the hydrophobic core of the protein, reducing its sta-
bility and leading to folding defects (Guce and Garman, 2010), with
diverse consequences upon enzyme activity. Many of the mutant α-
galactosidase forms retaining residual catalytic activity may be clini-
cally amenable to salvage therapy with pharmacological chaperones,
such as 1-deoxygalactonojirimycin (DGJ) (Benjamin et al., 2017; Ishii
et al., 2007), which is an orally absorbed galactose analog iminosugar.
Pharmacological chaperones are small molecules that bind to the active
site of the enzyme at neutral pH in the endoplasmic reticulum (ER),
rescuing misfolded mutant proteins from ER-associated degradation
(ERAD), thereby allowing their trafficking to lysosomes where, at the
low pH, the chaperone dissociates and the enzyme can catabolize its
substrates (Frustaci et al., 2001; Germain and Fan, 2009; Ishii et al.,
2007).

The thymine-to-cytosine transition of the first nucleotide of the GLA

codon 113 (Sequence Ontology term NM_000169.2:c.337T > C, Single
Nucleotide Polymorphism Database of Short Genetic Variations;
National Center for Biotechnology Information, U.S. National Library of
Medicine; Bethesda MD, USA), that leads to the replacement of phe-
nylalanine by leucine (p.Phe113Leu; HGMD® Accession Number:
CM972770) in the α-galactosidase polypeptide, has been consistently
associated with an attenuated, predominantly cardiac phenotype (Eng
et al., 1997; Hagège et al., 2011; Park et al., 2009; Spada et al., 2006).
Because the in vitro activity of the Leu113 α-galactosidase can be par-
tially restored by DGJ (Benjamin et al., 2017; Ishii et al., 2007; Park
et al., 2009; Spada et al., 2006), patients with FD caused by this GLA
variant are candidates to treatment with oral pharmacological cha-
perones, hence avoiding the risk of immunogenicity, the psychosocial
and economic burden posed by lifelong intravenous enzyme replace-
ment therapy (ERT) as well as its inability to cross the blood-brain
barrier (Germain et al., 2016). Therefore, comprehensive description of
the genotype–to–phenotype correlations observed in the natural course
of FD in patients carrying GLA variants amenable to pharmacological
chaperone therapy provides critical information to support therapeutic
decisions and to prospectively assess its therapeutic effect.

Since the Leu113 allele has recently been recognized as the most
common GLA variant identified in Portuguese patients with FD (Soares
et al., 2016) but detailed descriptions of the corresponding phenotype
are still lacking, the major purpose of this study was to describe the
natural history of FD associated with hemizygosity for GLA Leu113
allele in clinically symptomatic males of Portuguese ancestry.

1.1. Ethical aspects and patient data

This study was conducted in accordance with the Ethical Principles
for Medical Research Involving Human Subjects adopted by the World
Medical Association; the applicable Portuguese, French and Swiss laws
regulating genetic testing; and the regulatory and ethical standards of
the participant institutions. The research protocol was reviewed and
approved (Deliberation nº 19/2016, May 13, 2016) by the Health Ethics
Committee of the São João University Hospital Center (CHUSJ)/Faculty
of Medicine of the University of Porto (FMUP), Portugal. According to
CHUSJ institutional norms, approval for reuse of archive clinical data,
including of deceased patients and patients lost to follow-up, was ob-
tained from the Data Access Office.

1.2. Study design and definitions

The study design was strictly observational, and all the relevant
clinical data were obtained as part of standard care for FD patients. A
spreadsheet compiling de-identified data on patient demographics, age
at and circumstances of FD diagnosis, clinical features, family history,
comorbidities and diagnostic and therapeutic management, was de-
signed for capturing each patient's medical history in as much detail
and standardized manner as possible. Descriptions of clinical features
and intervening events, as well as diagnostic terms were mostly tran-
scribed into the spreadsheet as entered in the patients' medical records
and reports of medical tests and diagnostic procedures. Heart failure
was graded according to the New York Heart Association functional
classification (Ponikowski et al., 2016). When discrepancies were found
on the evaluation of cardiac function by different methods, magnetic
resonance imaging (MRI) findings were given priority over transthor-
acic echocardiographic measurements (Hindieh et al., 2017), and these
over radionuclide scan findings. LVH was defined as a septal thickness
≥11 mm (Lang et al., 2005); HCM was defined by a wall thickness
≥15 mm in one or more left ventricular myocardial segments, as
measured by echocardiography, MRI or computed tomography, not
explained solely by loading conditions (Authors/Task Force members
et al., 2014). Chronic kidney disease (CKD) was defined as abnormal-
ities of kidney structure or function, present for > 3 months, and staged
according to the “Kidney Disease: Improving Global Outcomes
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(KDIGO)” clinical practice guidelines (Kidney Disease: Improving
Global Outcomes (KDIGO) CKD Work Group, 2013). Regarding tobacco
smoking, patients were classified as never smokers; past smokers – in-
dividuals who quit smoking ≥3 months prior to baseline assessment);
and current smokers – individuals who currently smoked or quit < 3
months prior to the baseline assessment (Nakanishi et al., 2015). Ex-
cessive alcohol consumption was defined as ≥15 standard drinks per
week (US Department of Health and Human Services and US
Department of Agriculture, 2015).

Eligible cases were either the affected males who first led to the
recognition of FD in their respective families (hereinafter referred to as
“probands”) or any symptomatic male relative(s) of theirs, undergoing
diagnostic investigation or clinical follow-up for medical conditions in
the phenotypic spectrum of FD (Oliveira and Ferreira, 2019) at the time
the diagnosis was established in the proband. “Natural history” was
defined as the course of FD from its inception until the beginning of ERT
or patient's demise; for patients who were alive and not receiving ERT
at study termination (December 31, 2018), censoring occurred at the
time of the last available clinical assessment.

1.3. Patient ascertainment and sources of clinical data

Among all patients carrying the GLA c.337T > C variant diagnosed
at the FMUP Human Genetics Laboratory during the last 20 years, 7
were male probands of apparently unrelated Portuguese families, who
had been referred for GLA genotyping either as first-tier diagnostic
approach to FD, or after a standard diagnostic or screening enzyme
assay had shown deficient α-galactosidase activities. All but one of the
patients were under periodic clinical follow-up at the CHUSJ cardiology
and/or nephrology and/or adult inherited metabolic diseases clinics,
and four were referred to the CHUSJ medical genetics clinic for genetic
counselling and family screening, having eventually consented to par-
ticipating in the ongoing «Fabry Registry» international observational
program [ClinicalTrials.gov Identifier: NCT00196742]. Three additional
unrelated Portuguese families with FD segregating with the same GLA
variant were identified through male probands immigrated in France
and Switzerland, and several relatives of theirs have been subsequently
referred to the CHUSJ medical genetics clinic, either for FD screening or
temporary clinical follow-up during vacations in Portugal. In two of the
10 unrelated families, cascade family screening eventually led to es-
tablishing the diagnosis of FD in two patients with HCM, whose etiology
had still not been recognized.

The critical clinical data for this study were provided by the phy-
sicians who were caring for the patients at the time of FD diagnosis and,
when deemed necessary, by any other physicians who were, had been
or eventually became involved in their care. When discordant diagnoses
or disease staging were reported by different physicians, the relevant
specialist judgement was assumed. For patients enrolled in the «Fabry
Registry», the registry records were used as the data source for this
study.

2. Methods

2.1. Molecular genetic analyses

Genomic DNA – and, in most cases, also total cellular RNA –, from at
least an affected male of each of the 10 unrelated families, were ex-
tracted from peripheral blood leukocytes using standard laboratory
methods and commercial reagents. In nine cases, the DNA/RNA study
samples were prepared at the FMUP human genetics laboratory, while
the human genetics laboratory of the University of Versailles provided a
DNA sample from the proband of the family immigrated in France. GLA
genotyping was carried out by direct Sanger sequencing of polymerase
chain reaction (PCR) or reverse transcription-PCR products, as more
convenient in each case, using an automated fluorescent DNA sequen-
cing method. The laboratory protocols used at the FMUP human

genetics laboratory for GLA genotyping are described in detail else-
where (Oliveira et al., 2008).

2.2. Microsatellite haplotyping studies

When the second apparently unrelated Portuguese family with FD
segregating with the GLA c.337T > C variant was identified at the
FMUP Human Genetics Laboratory, GLA gene haplotyping was added to
the standard molecular testing for such cases. The DXS8020, DXS8034,
DXS8089, DXS8063 and DXS8096 microsatellite markers, which sur-
round the GLA locus in close genetic linkage, encompassing about
3.2 Mb of genomic DNA, were selected for the haplotype analyses. The
haplotyping was carried out as described elsewhere (Spada et al.,
2006), with minor adaptions. Genomic DNA samples from the two boys
carrying the Leu113 allele who were identified in the Italian newborn
screening were used as controls. Microsatellites were analyzed with an
ABI Prism 3500 Genetic Analyzer (Applied Biosystems, Foster City CA,
U.S.A.), using the dedicated GeneMapper® Analysis Software (Version
4.1; Applied Biosystems).

2.3. Nomenclature and human genomic reference sources

For the description of GLA sequence variants we have used the
nomenclature recommended by the Human Genome Variation Society
(den Dunnen et al., 2016) and the cDNA Reference Sequence
NM_000169.2 (National Center for Biotechnology Information – NCBI,
National Library of Medicine, Bethesda MD, U.S.A.; http://www.ncbi.
nlm.nih.gov/nuccore/125661058).

3. Results

The relevant demographic, clinical and family history data of the 9
probands and two independently ascertained affected relatives are
summarized in Table 1. All patients were hemizygous for the GLA
c.337T > C variant and none carried any other sequence variants in
the GLA gene coding sequence, the exon/intron boundaries, or the 5′-
untranslated region. In three of the probands, the GLA variant was
originally identified in multigene panel testing for HCM, by targeted
next generation DNA sequencing. The geographic origins of 8 of the 10
families could be traced to a few neighboring municipalities in the
Northwest of Portugal, while the remaining two were respectively from
a Southern town in mainland Portugal and from Madeira Island. Fol-
lowing the confirmation of FD diagnosis by mutational testing, all pa-
tients were offered comprehensive medical investigation to screen for
manifestations of FD in different organ systems and as baseline as-
sessment in consideration for ERT.

Median age at genetic diagnosis of FD was 61 years (range: 41–71).
Three of the probands were diagnosed in case-finding studies of high-
risk populations, namely of patients with end-stage renal failure (ESRF)
on chronic hemodialysis treatment in Portugal (Mignani et al., 2010), as
well as patients with HCM, in France (Hagège et al., 2011) and in
Switzerland; all other patients were screened for FD on the differential
diagnosis of LVH/HCM. Median prospective natural history follow-up
was two years (range: 1–5).

3.1. Cardiac and cerebrovascular phenotype

All patients manifested structural, ischemic or electrophysiological
cardiac disorders attributable to FD. LVH was invariably present
(Fig. 1A and B), but conduction disturbances and/or clinically sig-
nificant arrhythmias were also highly prevalent; 5 patients eventually
needed implantation of a permanent pacemaker and/or cardioverter-
defibrillator, at a median age of 62 years (range: 50–69). History of
non-ST-segment elevation myocardial infarction (NSTEMI), occurring
as early as in the late thirties, was reported by three patients at baseline
evaluation, while during the follow-up a further patient was diagnosed
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with NSTEMI, at age 75; remarkably, none of the three patients who
underwent a coronary angiogram had signs of coronary artery disease.
The patients’ heart problems had been first recognized at a median age
of 56 years (range: 38–71) and the median delay of FD diagnosis was 2
years, but it ranged up to more than 20 years. In a patient where the
diagnosis of FD cardiomyopathy was histologically confirmed, light
microscopy (LM) and electron microscopy (EM) examination of an
endomyocardial biopsy specimen showed GL-3 storage only in cardio-
myocytes, sparing the microvascular endothelium (Fig. 2).

History of long-standing arterial hypertension (HT) was reported by 6
patients, one of whom also had type 2 diabetes mellitus (T2DM). Two
patients had suffered acute stroke events shortly before baseline evalua-
tion, respectively at ages 53 and 44 years, which was of lacunar type and
associated with atrial fibrillation, in the former case, and a parenchymal
hematoma supervening to cryoglobulinemic vasculitis, in the latter;
during follow-up, a lacunar stroke occurred in a third patient, at age 64.

3.2. Renal phenotype

At baseline evaluation, two patients had already reached ESRD,
having initiated hemodialysis respectively at ages 58 and 45 years. Three
additional patients had moderate to severe proteinuric progressive CKD,
which was associated with one or more major risk factors for CKD in-
itiation or progression (Levey et al., 2003), and two of them eventually
required starting chronic hemodialysis treatment, respectively at the ages
of 75 and 76 years. Diagnostic kidney biopsies had been obtained in three
of the five probands, two of which were available for review (Fig. 3A and
B); however, in only one case the kidney biopsy was assessed by EM, in
addition to standard LM examination. The proband identified in the he-
modialysis screening had been biopsied at age 50 for progressive CKD
associated with nephrotic-range proteinuria and microscopic hematuria,
and his final histopathological diagnosis was of focal and segmental
glomerulosclerosis (FSGS). The proband who presented at age 53 with a
lacunar stroke had multiple major cardiovascular risk factors, including a
protracted history of severe, poorly controlled HT, obesity, and heavy
tobacco smoking and alcohol drinking habits; he was biopsied at age 54,
for progressive CKD associated with non-nephrotic proteinuria and mi-
croscopic hematuria, having been diagnosed with FD nephropathy and
hypertensive nephrosclerosis (Fig. 3A). The patient with chronic hepatitis
C virus infection and liver cirrhosis was biopsied at age 44, for evaluation
of rapidly progressive nephritic syndrome associated with mixed

cryoglobulinemic vasculitis. He had a long-term history of regular cocaine
and heroin consumption and had been taking antihypertensive medica-
tion for about one year. He had recently been hospitalized for pneumonia
complicated by septic shock and multiple organ dysfunction syndrome
and had needed temporary hemodialysis for treatment of acute kidney
injury. The patient's kidney biopsy (Fig. 3B) was diagnostic of membra-
noproliferative glomerulonephritis and hypertensive nephrosclerosis, but
did not show any GL-3 deposits typical of FD, either on LM examination of
semi-thin sections or in the EM study (Warnock et al., 2010).

3.3. Miscellaneous phenotypic feature

None of the patients recalled history of acroparesthesias/dysesthe-
sias in the hands or feet, of sweating problems or heat intolerance and,
on careful skin examination, none presented multiple angiokeratomas
typical of classic FD. The corneas appeared normal in 7 of 8 patients
who underwent slit-lamp ophthalmological examination.

3.4. Family history

The family histories were relevant for a high prevalence of LVH and
severe arrhythmias among matrilineal relatives; sudden cardiac death
had occurred in first degree relatives of 4 of the probands, including
three females in the early 8th decade of life. Four of the obligate carrier
mothers of patients in the studied cohort had lived up to the 8th and 9th
decade of life without manifesting any health problems attributable to
FD. Of note, the mother of the proband immigrated in France had died
at age 87 years, despite compound heterozygosity for both the GLA
p.Phe113Leu and p.Arg118Cys variants. Only one of the patients re-
ported family history of ESRF in a first–degree affected relative. None of
the patients reported a paternal history of LVH/HCM or was aware of
any cardiac disorders segregating in paternal lineage relatives.

3.5. Clinical findings in patients ascertained on prospective family screening

Although individuals identified on cascade genetic screening who
had not yet sought medical attention for health problems attributable to
FD at the time of their diagnosis were not eligible for the unbiased
characterization of the natural clinical history of the GLA p.Phe113Leu
variant, some medically relevant data were obtained from systematic
assessment of 6 such young adult subjects: (i) most remained clinically

Fig. 1. A – Severe left ventricular hypertrophy on transthoracic echocardiogram
(images above) Transthoracic echocardiogram of the 60-year-old patient identified in a prospective screening for Fabry disease among patients diagnosed with
hypertrophic cardiomyopathy (HCM), carried out in France: the left ventricular mass index was estimated as 312 g/m2 (reference range: 49–115). In our patient
cohort, the left ventricular hypertrophy (LVH) appeared concentric in every patient aged ≥44 years, while it was predominantly septal in the youngest patient in the
series, diagnosed at age 41 years. Despite the imaging evidence of LVH/HCM, three (27%) out of the 11 patients did not exhibit electrocardiographic voltage criteria
for LVH;
B – Severe left ventricular hypertrophy with late enhancement on cardiac magnetic resonance imaging
(figures on the top of next page) Four-chamber long-axis (left) and mid short-axis (right) cardiac magnetic resonance imaging (MRI) of the 58-year-old patient
showing severe, concentric left ventricular hypertrophy and late gadolinium enhancement (LGE; white arrow) throughout the left ventricle, representing myocardial
fibrosis. In our cohort, all five patients with available cardiac MRI data exhibited LGE: in three (aged 41, 53 and 61 years) this typically involved the inferolateral
basal or mid-basal segments and spared the subendocardium while in the other two (aged 58 and 71 years) it appeared more diffuse.
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asymptomatic well into the 4th decade of life; (ii) echocardiographic
evidence of LVH was not observed in any case until the mid-thirties; (iii)
proteinuria may be the inaugural clinical manifestation of FD, ap-
pearing as early as in the mid-twenties; (iv) GL-3 storage in podocytes
may be histologically demonstrated early in 3rd decade of life, even in
non-albuminuric patients with normal renal function (Fig. 3C).

Fig. 1. (continued)

Fig. 2. – Myocardial pathology in a 62-year-old patient with severe left
ventricular hypertrophy and ischemic heart disease
A. Extensive GL-3 storage within cardiomyocytes, visible as clusters of cyto-
plasmic dark blue-gray granular inclusions; in contrast, no GL-3 accumulation
was found in interstitial capillary endothelial cells. [Light microscopy, semithin
section of plastic embedded tissue: toluidine blue stain, magnification x600;
white bar, lower right corner = 100 μm].
B. Electron photomicrograph of a cardiomyocyte showing the typical multi-
lamellated membrane-bound GL-3 inclusions, localized between contractile
elements. [Electron microscopy: magnification x 12000; black bar, lower left
corner = 1 μm]. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

Fig. 3. A – Kidney pathology in a 54-year-old patient with stage 3 chronic
kidney disease, and overt proteinuria
(images above) A. Glomerulus showing prominent cytoplasmic podocyte va-
cuolation and adhesions of the glomerular tuft to the Bowman's capsule. [Light
microscopy: periodic acid-Schiff stain, magnification x400].
B. Argyrophilic granules remaining within podocyte vacuoles in paraffin-em-
bedded tissue sections are a characteristic feature of GL-3 inclusions. [Light
microscopy: Jones' methenamine silver stain, magnification x 400].
C. Arteriole showing medial hypertrophy with hyaline deposits, and intimal
proliferation with luminal narrowing, close to an area of interstitial fibrosis and
tubular atrophy; the tubular epithelial cells are not vacuolated. [Light micro-
scopy: periodic acid-Schiff stain, magnification x200].
B – Kidney pathology in a 44-year-old patient with rapidly progressive
cryoglobulinemic glomerulonephritis
(figures on next page, upper left corner) A. Medium-sized muscular artery
showing luminal narrowing and prominent fibrointimal proliferation. There is
no vacuolation of endothelial cells. [Light microscopy: trichrome stain, mag-
nification x100].
B. Glomerulus with no evidence of GL-3 inclusions. [Light microscopy, semi-
thin section of plastic embedded tissue: toluidine blue stain; magnification,
x400].
C. Ultrastructural detail of a glomerulus, with no evidence of GL-3 deposits.
[Electron microscopy: magnification x4000].
C – Kidney pathology in a 22-year-old asymptomatic subject with normal
kidney function and normal urinary albumin excretion
(figure appearing two pages further down) A podocyte showing multiple, re-
latively small, mostly amorphous GL-3 inclusions. There was no evidence of GL-
3 inclusions in any other kidney cell types. [Electron microscopy: magnification
x5200]. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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3.6. Microsatellite haplotypes

Remarkably, the Leu113 allele segregated with the same GLA mi-
crosatellite haplotype in all 10 families (Fig. 4), while their mothers and
daughters who were genetically studied carried the Leu113 haplotype
in heterozygosity with one of several other distinct GLA microsatellite
haplotypes. Conversely, the haplotype associated with the Leu113 allele
was not identified in any of the patient's second- and third-degree
healthy female relatives, who tested homozygous for the wildtype GLA
allele, nor in Portuguese individuals carrying other GLA gene variants,
including the Cys118 allele (data not shown). Furthermore, the GLA
Leu113 microsatellite haplotype identified in the two boys diagnosed in
the Italian newborn screening was identical to the one found in the
Portuguese families.

4. Discussion and conclusions

The GLA Leu113 variant was first recognized as causative of FD in a
patient with a mild cardiac phenotype, whose ethnic origin was not
reported (Eng et al., 1997). It was subsequently identified in two out of
37,104 consecutive Italian male neonates screened for FD using a dried
blood spot (DBS) enzyme assay (Spada et al., 2006); in a Korean patient
diagnosed with an atypical variant of FD (Park et al., 2009); and in two
apparently unrelated Portuguese immigrants in France, enrolled in a FD
screening study of patients with idiopathic LVH/HCM (Hagège et al.,
2011).

The in vitro α-galactosidase activity in the Italian children hemi-
zygous for the GLA Leu113 variant was undetectable in the DBS assay
but was ≈1–2% of the control average when measured in the plasma
(Spada et al., 2006). Notably, their family histories were relevant for
cardiac complications of FD including LVH, HCM and atrioventricular
block needing permanent pacemaker implantation, in affected male and
female relatives, respectively aged 34 and 62 years.

Our findings that hemizygous males for the GLA Leu113 variant
develop a later-onset, predominantly cardiac FD phenotype, mani-
festing invariably with LVH/HCM and frequently with conduction de-
fects, arrhythmias and myocardial ischemia in the absence of overt
obstructive coronary disease, are also consistent with the formerly de-
scribed genotype-phenotype correlation. However, the etiologic inter-
pretation of these patients’ cardiac disorders, as well as of the cere-
brovascular and renal complications additionally observed in some of
them, and their imputation to FD, is confounded by the coexistence of
major atherosclerotic cardiovascular risk factors (Perk et al., 2012),
including long-standing severe and/or inadequately controlled HT,
T2DM, obesity, hyperlipidemia, and tobacco smoking. Furthermore,

both HCV-related cryoglobulinemia, and repeated exposure to radio-
contrast agents, are well-known risk factors for CKD initiation and/or
progression (Goldenberg and Matetzky, 2005; Levey et al., 2003). In the
patient with T2DM, albuminuria was kept at relatively low levels fol-
lowing optimization of glycemic control and institution of treatment
with an angiotensin-converting enzyme inhibitor, which is the expected
response in patients with diabetic nephropathy (Gross et al., 2005). In
the patient diagnosed with FSGS, the urinary protein excretion reached
nephrotic level, which is a typical manifestation of FSGS but an un-
common finding in males with in FD nephropathy (Branton et al.,
2002).

Kidney biopsies were obtained in three of the probands, allowing
the diagnosis of FD only in one case, and of glomerular disorders un-
related to FD in the others; two patients, including the one with his-
tological evidence of FD, additionally showed advanced lesions of HTN,
which may have been a major contributor to CKD development (Klag
et al., 1996; Levey et al., 2003; Luke, 1999). Ultrastructural examina-
tion of the biopsy specimen – which is the most sensitive test for the
diagnosis of kidney involvement in FD (Warnock et al., 2010) –, was
performed only in one patient, and did not reveal the presence the la-
mellar inclusions typical of lysosomal GL-3 deposits (i.e., “zebra bodies”
or “myelin figures”), particularly in podocytes. Unfortunately, the other
two kidney biopsies were not evaluated by EM, precluding definite
exclusion of the diagnosis of FD nephropathy in the patient diagnosed
with FSGS, or its confirmation in the patient diagnosed with FD ne-
phropathy on LM examination (van der Tol et al., 2015). However, in
the former case, the lack of podocyte or distal tubular cell vacuolation
in the LM study, as well as the history of microscopic hematuria, were
not strikingly suggestive of FD nephropathy (Warnock et al., 2010).
Anyhow, podocyte GL-3 storage disease may be observed in kidney
biopsies obtained from totally asymptomatic hemizygous carriers of the
GLA Leu113 allele, but elucidation of the long-term prognostic sig-
nificance of such findings requires further investigation. Our findings of
predominant GL-3 storage involvement of cardiomyocytes in the heart
and of podocytes in the kidneys, sparing the microvascular endothelium
in both organs, is consistent with the histopathology described in the
later-onset forms of FD (Desnick et al., 2003).

Owing to the natural history of its clinical phenotype, the GLA
p.Phe113Leu variant is not expected to reduce the reproductive fitness
of the affected individuals: therefore, it is not subject to purifying se-
lection and most probably behaves as a neutral polymorphism in the
population (Hartl, 2000). It should also be emphasized that the clinical
relevance of the FD phenotype caused by the p.Phe113Leu variant is
only recognizable in populations with relatively long life expectancies:
for example, 75 years ago, when life expectancy in Portugal was 49
years for males and 53 years for females (Tiago-de-Oliveira and
Mendes, 2010), such affected families would hardly be ascertained as
carrying a Mendelian risk factor for severe heart disease and premature
death.

Like in the northwestern Italian population, where the minor allele
frequency of the GLA p.Phe113Leu variant mutation directly de-
termined from newborn screening (Spada et al., 2006) is at least 2½-
fold higher than the prevalence of all pathogenic GLA variants asso-
ciated with classic FD, the p.Phe113Leu is the most frequent disease-
causing GLA variant so far identified in Portuguese individuals (Soares
et al., 2016). It seems to be particularly frequent in the district of Braga,
in Northwest Portugal, where 7 apparently unrelated families with
cardiac FD were identified by systematic screening of patients with
HCM, an observation which was interpreted as a relatively recent “local
founder effect” (Azevedo et al., 2013), with subsequent spread to other
Western European countries by Portuguese migration, during the 20th
century. Overall, our study expands on those observations, showing
that families with FD caused by the p.Phe113Leu variant originating
from geographic regions other than Braga in mainland Portugal, as well
as from Madeira Island, all share the same genetic haplotype. Notably,
p.Phe113Leu variant was not identified in the large Spanish FD case-

Fig. 3. (continued)
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finding studies among patients with HCM (Monserrat et al., 2007) or
undergoing chronic hemodialysis (Gaspar et al., 2010; Herrera and
Miranda, 2014), suggesting that its prevalence in Spain is much lower
than in Portugal; this contrasts with the available population genetics
data for the benign GLA variant p.Arg118Cys, which seems to be par-
ticularly frequent in the two Iberian populations (Ferreira et al., 2015).
However, in contrast with the common ancestor origin of the Leu113
allele in the Portuguese population, the Cys118 alleles identified in the

two Iberian populations arose from multiple independent mutational
events, occurring in a CpG mutational hotspot (Ferreira et al., 2015).

Molecular modelling studies (Guce and Garman, 2010; Matsuzawa
et al., 2005; Spada et al., 2006) have shown that a leucine residue at
amino acid position 113 can be entirely accommodated within the
three-dimensional structure of the α-galactosidase polypeptide, influ-
encing only one atom in the main chain of the enzyme, without af-
fecting the active site. These structural features are comparable to other
GLA variants associated with attenuated FD phenotypes (Spada et al.,
2006).

COS-7 cells transfected with the mutant GLA c.337T > C cDNA
construct express an immature form of α-galactosidase (Park et al., 2009)
and the REA of the α-galactosidase Leu113 variant overexpressed in such
cells ranged from ≅12% (Ishii et al., 2007) to 38% (Spada et al., 2006) of
the wild-type. In vitro assays of the catalytic performance of α-galacto-
sidase purified from transiently transfected COS-7 cells, after pre-in-
cubation at different pH conditions, showed that the Leu113 enzyme
completely loses its function within 15min, at pH 7.5 (Ishii et al., 2007),
indicating that it is physically unstable at neutral pH. Since the luminal
microenvironment of the ER has a neutral pH, the Leu113 polypeptide
probably misfolds within the ER, being subject to excessive ERAD (Fan
and Ishii, 2007). These hypotheses are supported by the following ex-
perimental observations: (i) treatment with pharmacological ERAD in-
hibitors increased the amount of the Leu113 enzyme expressed in the
transiently transfected COS-7 cells (Ishii et al., 2007); (ii) when the
transfected COS-7 cells were cultured in presence of DGJ, the Leu113

Fig. 3. (continued)

Fig. 4. Schematic representation of the genomic region encompassing the GLA gene and the DXS8020, DXS8034, DXS8089, DXS8063 and DXS8096
microsatellite markers, and illustrative results of the haplotyping studies.
A. Relative genomic positions of the GLA gene and of the microsatellite markers used for haplotyping. The diagram is drawn at scale, with each rectangle representing
100 kb. Shown between brackets are the approximate distances in kb between the p.Phe113Leu GLA gene variant and each microsatellite marker, according to
Genome Reference Consortium Human Build 38 patch release 12 (GRCh38.p12-Primary Assembly).
B. Illustrative examples of GeneMapper® Software (Version 4.1; Applied Biosystems) microsatellite analysis. The haplotype associated with the GLA p.Phe113Leu
variant was the same in all carriers, irrespective of their population ancestry or region of origin in Portugal. 1 – Portuguese male proband; 2 – heterozygous daughter
of the Portuguese proband; 3 – Italian boy; 4 – heterozygous mother of the Italian boy.
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enzyme activity increased significantly, with enhancement ratios of 1.5
(Spada et al., 2006), 2.6 (Park et al., 2009), and ≅4.5 (Ishii et al., 2007)
in different studies. Overall, these data explain the (pH-related) dis-
crepancy between the levels of REA of the α-galactosidase Leu113 var-
iant measured in plasma – as well as in dried blood spots (Spada et al.,
2006) – and in the transfected COS-7 cells, and suggest that patients with
attenuated FD variants associated with the Leu113 allele are candidates
for treatment with pharmacological chaperones. Availability of DGJ for
oral pharmacological chaperone therapy might represent a therapeutic
alternative for these patients (Germain et al., 2016).

In summary, the GLA p.Phe113Leu variant, which apparently ori-
ginated from a common ancestor in Portuguese and Italian families,
segregates with a later-onset cardiac form of FD mainly characterized
by LVH/HCM and consequences thereof, associated with a relatively
small but definite risk of multi-organ involvement, including pro-
gressive CKD. In such patients, the α-galactosidase deficiency may add
to other major cardiovascular risk factors, enhancing the overall risk of
vascular complications, including cerebrovascular, coronary and renal
disease; nevertheless, the imputation of such complications to FD
should be made with caution, and a kidney biopsy should be considered
for differential diagnosis in all cases exhibiting albuminuria/proteinuria
with deteriorating renal function, particularly in patients with con-
current risk factors for CKD. Finally, given the lack of controlled clinical
trial evidence that ERT is effective for the treatment of the later-onset
cardiac forms of FD, and the in vitro biochemical features of the α-ga-
lactosidase Leu113 variant, patients with the GLA Leu113 allele may be
candidates for enrollment in long-term clinical trials addressing the
efficacy of ERT and/or pharmacological chaperone therapy for FD
cardiomyopathy.
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