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Abstract

Background: Fabry disease is an X-linked recessive lysosomal disorder caused by deficient enzymatic activity of
a-galactosidase A (a-Gal A). The insufficient enzymatic activity leads to excessive accumulation of glycosphingolipids,
the substrates of the enzyme, in lysosomes in organs and tissues. Mutations in the a-Gal A gene (GLA, Xq22) have been
proven to be responsible for Fabry disease.

Methods: In this study, we report a four-generation pedigree with left ventricular hypertrophy and chronic renal failure
that was diagnosed by sequencing the GLA gene. An over expression system was constructed to evaluate the function
of the detected mutation.

Results: We identified a novel mutation in exon 6 of the GLA gene, p.Asn278Lys, which completely co-segregated with
the disease phenotype. The protein level of a-Gal A was significantly lower in the variant group than in the wild-type
group; additionally, the pharmacological chaperone 1-deoxy-galactonojirimycin (DGJ) effectively normalized the
enzyme activity of a-Gal A and its decline at the protein level.

Conclusions: This study is the first to report a novel loss-of-function mutation, p.Asn278Lys, in exon 6 of the
GLA gene as a genetic aetiology for Fabry disease. In addition, we analysed the feasibility of DGJ as a therapeutic

approach for this particular GLA mutation.
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Background

Fabry disease (FD, OMIM: 301500) is an X-linked inher-
ited lysosomal disorder caused by the deficient activity
of the lysosomal enzyme a-galactosidase A (a-Gal A). In
males, the diagnosis of Fabry disease can be made easily
by measuring enzyme activity in leukocytes. This disease
was first independently described by two dermatologists,
Johannes Fabry and William Anderson, in 1898 [1, 2].
The reported prevalence of FD is approximately 1:40,000
individuals worldwide [3], but new-born screening for
FD has shown that the incidence is up to 1 in 3000
or even 1 in 1250 male births [4]. The incidence of
FD is underestimated due to the existence of milder,
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later-onset variants and misdiagnosis as
organ involvement [5, 6].

The lysosomal enzyme a-Gal A catalyses the removal
of galactose from oligosaccharides, glycolipids, and gly-
coproteins during the catabolism of macromolecules.
[3]. Deficient enzymatic activity of a-Gal A induces the
progressive intra-lysosomal deposition of glycosphingoli-
pids, predominantly globotriaosylceramide in plasma,
cardiomyocytes, vascular endotheliocytes, dorsal root
ganglia neuronal cells, and a range of renal cell types [7].
The classic phenotype of FD involves acroparaesthesia
and angiokeratomas in youth and progressive organ dys-
function in the kidney, heart, and nervous system [8].
Many symptoms of FD are also observed in other dis-
eases, such as cerebrovascular disease and cardiovascular
disease, which often leads to the misdiagnoses of this
disease, especially the variant form. A considerable num-
ber of female patients do not exhibit abnormal enzyme
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activity, which makes diagnosis more complicated.
Female heterozygotes must be diagnosed by genetic
analysis, regardless of enzyme activity.

The genetic aetiology of FD is useful for a definitive
diagnosis. The GLA gene encoding a-Gal A is located
on the long arm of the X chromosome (Xq22.1) is 12 kb
in length, with 7 exons. Hundreds of mutations in GLA,
including missense and nonsense mutations and splicing
defects, have been associated with FD, most of which are
unique (“private mutations”) in each novel proband
[9-11]. The pharmacological chaperone Migalastat
was approved only recently, first by the EMA in Europe
and then by the FDA, whereas enzyme replacement ther-
apy (ERT) has effectively been available since 2001. These
treatments have been shown to improve health-related
quality of life [3, 12—14]. Early initiation of ERT prior to
irreversible organ dysfunction is important, as the ef-
fects of improving cardiac function and reducing
symptoms are minimal if the treatment is not started
early enough [15-17].

To achieve a precise diagnosis and reverse the devel-
opment of the disease in the early stage, genetic testing
of the whole GLA gene and the flanking regions is
strongly recommended. In the present study, we report
a four-generation pedigree mainly presenting as chronic
renal dysfunction but without a clear diagnosis at the
time. We reached the diagnosis of FD by sequencing the
whole exon regions of the GLA gene and subsequent
functional analysis in an over-expression cell system.

Methods

Subjects

We report a four-generation family comprising 51 mem-
bers (28 males, 23 females, 4 people of them died). The
proband was a 65-year-old male patient. Seven of his
family members were also included in this study. The
patient underwent thorough physical examinations and
other tests, including urine protein tests, electrocardiog-
raphy, echocardiography, cardiac magnetic resonance,
a-Gal A enzyme activity testing, genetic testing and skin
biopsy. The family members were subjected only to a re-
view of their medical histories, physical examination and
genetic testing. The clinical features of the other patients
in this pedigree were dictated by the proband, and the
family members were enrolled in the present study. A
total of 300 ethnically matched controls were used to de-
tect the allele frequency of the identified variant in the
normal population. Written information consent for par-
ticipation and publication were obtained from all the in-
dividuals which are described in this manuscript. The
patient in Fig. 2a consented to the inclusion of his pic-
ture in this manuscript in written format. The parents
provided consent in the case of children under 16. The
present study was approved by the Medical Ethics
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Committee of Tongji Hospital, Tongji Medical Collage,
Huazhong University of Science and Technology, and
complied with the principles of the Declaration of
Helsinki.

DNA isolation and DNA sequencing

Peripheral blood samples were collected from the pa-
tient, seven of his family members, and normal controls
by using EDTA-K2 tubes. Genomic DNA was extracted
by using the AP-96-BL-GDNA-12 kit (AXYGEN BIO-
SCIENCES, California, USA) according to the manufac-
turer’s instructions and stored at —80°C until further
use. All seven exons and adjacent noncoding regions
were amplified by PCR and subsequently screened via
directional Sanger sequencing with the ABI 3130 BigDye
Terminator v3.1 Cycle Sequencing Kit (Applied Biosys-
tems, USA) on an ABI 3130x] sequencer. The primer se-
quences and amplicon sizes are shown in Table 1. The
sequence analyses were performed by using a 3130
Genetic Analyzer (Applied Biosystems, USA). Genetic
screenings of the mutation sites were conducted for 300
local control subjects.

Bioinformatics analysis

Bioinformatics analysis of the detected mutation was
performed using Polyphen and SIFT software. The
PolyPhen2 score ranges from 0 to 1, and the corre-
sponding predictions are “probably damaging” (score >
0.85), “possibly damaging” (0.15 < score < 0.85), and
“benign” (score <0.15). If the SIFT score is smaller
than 0.05, then the corresponding neutral substitu-
tions (NS) are predicted to be “damaging”; if the SIFT
score is greater than 0.05, then the NS are predicted
as “tolerated”. The variant with a higher score is con-
sidered more deleterious in Phylop software.

Site-directed mutagenesis of p.Asn278Lys in the GLA gene
Human alpha-Gal A (NM_000169.2) was amplified and
cloned into the mammalian expression vector pcDNA3.1
(+) by introducing unique restriction sites for Hind III
and Not I. The QuikChange II site-directed mutagenesis
kit (Agilent Technologies, USA) was used for site-di-
rected mutagenesis to generate a single nucleotide change
(Asn278Lys, A to T) in the GLA gene sequence. Expression
vectors harbouring the wild type (GLA-278Asn) or
mutant (GLA-278Lys) sequences were identified by
Sanger Sequencing.

In vitro functional analysis of the p.Asn278Lys mutation
in the GLA gene

HEK 293 T cells were cultured in 10% FBS high-glucose
DMEM at 37 °C with 5% CO, in a humidified incubator
and seeded onto 24-well plates the day before transfec-
tion. Transient expression of the wild type and mutant
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Table 1 Primer sequences and amplicon sizes for GLA gene sequencing

Exon Sense primer Anti-sense primer Amplicon size (bp)
GLA-E1 5" CGTGACTGATTATTGGTCTACCTCTG 3 5" CGTTGAGACTCTCCAGTTCCCC 3 433
GLA-E2 5" TAACGGGATAAGAGAGACAAAAGAAA 3' 5" AACTCTTGACCTCAGGTGATCCA 3 521
GLA-E3 5" AATACCTGGTGAAGTAACCTTGTCTC 3 5" CTTTCCTTTGTGGCTAAATCTCTG 3 329
GLA-E4 5" CCCTGGATGACAGACTGAACCC 3 5" GGAGACCTTGGTTTCCTTTGTTGT 3 293
GLA-E5 5" TCAATCTGTAAACTCAAGAGAAGGC 3' 5" TCACATAAAGCCTCCTCCCAG 3 375
GLA-E6 5" CAGGATGCTGTGGAAAGTGGT 3 5" AAGCACTTGTAGGAAAAATTAAAATGA 3' 480
GLA-E7 5" TTTTTCCTACAAGTGCTTGATAGTTCT 3 5" ACCTCAGGTGATCTGCCCG 3 529

enzymes was performed using Lipofectamine™ 2000 re-
agent (Invitrogen, USA) and antibiotic-free Opti-MEM®
I Reduced Serum Medium (Gibco, Life Technologies,
USA). After incubation for 4 h at 37 °C, the medium in
the 24-well plates was replaced with 500 pl of fresh 10%
FBS DMEM.

a-Gal A protein levels were detected by western blot
analysis in cells expressing the wild type or variant GLA
gene and the pharmacological chaperone 1-deoxy-galac-
tonojirimycin (DGJ; Toronto Research Chemicals), a po-
tent competitive inhibitor of a-Gal A. Briefly, HEK 293
T cells were lysed and centrifuged, and the supernatants
were collected for analysis. A total of 50 ug of protein
was separated on a 10% SDS-PAGE gel and then trans-
ferred to a PVDF membrane. After blocking with 5%
non-fat milk, the membrane was incubated with primary
antibodies against human «-Gal A (Santa Cruz Biotech-
nologies) overnight at 4°C. After washing, the mem-
branes were incubated for 2 h with the HRP-conjugated
secondary antibody. The intensity of the bands was de-
tected by using ECL and analysed with Gel Pro analysis
software.

The enzyme activities of wild type and mutant a-Gal
A were also investigated as previously reported [18, 19].
Briefly, the enzyme activity was calculated at pH 4.6 with
2mM 4-MU-a-Gal (Sigma, Germany) as a substrate.
The release of 4-MU per hour was determined by fluor-
escence measurement with an excitation wavelength of
360 nm and emission wavelength of 465 nm.

Statistical analysis

Data analyses were conducted by SPSS 22.0 and GraphPad
Prism5 software. Continuous variables are expressed as
the means + standard errors, and differences in enzyme
activity and DG]J responsiveness between the wild type
and mutant a-Gal A enzymes were assessed using Stu-
dent’s ¢ test.

Results

Clinical findings

The proband (II: 3), a 65-year-old male patient, was ad-
mitted as a cardiovascular inpatient 5years ago due to

chest tightness, dyspnoea (New York Heart Association
functional class III) and suspected primary senile degen-
erative heart disease (Fig. 1). During the past 5 years, the
patient received drug treatments, including vasodilators,
diuretics, and cardiotonics, and the symptoms were
slightly alleviated. Recalling his disease history, the pa-
tient displayed a three-year history of cerebral infarction,
a one-year history of atrial fibrillation, a one-year history
of thyroid dysfunction, and idiopathic thrombocytopenia
for decades with several years of chronic diarrhoea. The
patient also complained of frequent acroparaesthesia and
hypohidrosis. Within 10 days prior to his visit to the
hospital, the patient showed symptoms such as loss of
appetite, bloating, abdominal pain, and vomiting after
eating with no obvious trigger. The patient denied his-
tories of hypertension, diabetes, and any infectious dis-
eases. Physical examination of his skin showed a large
area of skin rash that was particularly prominent in the
groin and on the back, which were identified as angio-
keratomas by histopathology (Fig. 2a). Blood tests
showed mild anaemia (haemoglobin: 114 g/1), decreased
eGFR (74.4ml/min/1.73m?), an increased level of
NT-proBNP (3904 pg/ml), and slightly elevated levels of
troponin (0.046 ng/ml). Urine test results showed that
the patient had proteinuria (1+). The electrocardiogram
showed atrial fibrillation, voltage criteria for LV hyper-
trophy, and T wave inversion in all precordial leads
(Fig. 2b). Transthoracic echocardiography demonstrated
concentric LV hypertrophy (14 mm for the interventricu-
lar septum and 13 mm for the left ventricular posterior
wall) and enlargement of the double atriums, consistent
with signs detected by cardiac magnetic resonance im-
aging (Fig. 2c). Importantly, the enzyme activity of a-Gal
A measured in the proband was very low, at 0.85 nmol/h/
mg (> 30 nmol/h/mg for a normal person). A review of his
family history revealed that two of his siblings (II: 2,
female; and II: 5, male) presented renal dysfunction
as the most severe manifestation and died from urae-
mia several years ago. His three surviving siblings (IL:
7; II: 10; and II: 11), his two daughters (III: 12 and
III: 14), nine of his nephews and nieces (III: 2; III: 8;
IIL: 16; III: 18; III: 20: IIL: 22: III: 23: IIL: 245 and III: 26),
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Fig. 1 The four-generation pedigree with the mutation p. Asn278Lys in the GLA gene. Roman numerals indicate generations, and individuals within
a generation are numbered from left to right. The proband (II: 3) is denoted with an arrow. Oblique lines indicate patients who are already dead. Filled
squares and circles indicate male and female patients, respectively. Open symbols indicate unaffected individuals in this family
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and one of his grandsons (IV: 5) also had varying de-
grees of acroparaesthesia, hypohidrosis and chronic
renal dysfunction. The male relatives exhibited more
severe phenotypes than the female relatives. The clin-
ical details of the subjects enrolled in this study are
summarized in Table 2. The proband was treated
based on the updated guidelines of heart failure.

Specifically, vasodilators, diuretics, and digoxin were
used to ameliorate the symptoms of heart failure, and
a beta-blocker was used to improve the long-term
prognosis. Warfarin was used to prevent stroke
caused by atrial fibrillation. In addition, their families
received genetic counselling in the genetic counselling
centre of our hospital.

A

Fig. 2 Clinical characteristics of the proband in this pedigree. a Pictures of skin rashes in the groin and on the back of the patient (Capillary balloons
dilated on the surface of the skin are distributed as clusters or grape-like spots. The rash can be purplish red or red black when it is accompanied by
venous bleeding, and excessive skin rash can be hyperkeratosis) and histopathology of skin biopsy (A wide range of crystallized sugar sphingomyelin
deposits in the tissue can be observed under the microscope, and the histopathological diagnosis is angiokeratomas). b The electrocardiogram of the
patient indicating atrial fibrillation rhythm, high voltage in the left ventricular, and T wave inversion in all precordial leads. ¢ Cardiac magnetic
resonance imaging showing apparent left ventricle hypertrophy at the apical region and the septum. The upper two pictures represent
the sagittal plane of the heart, and the two lower figures show the coronal plane of the heart
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Table 2 Clinical characteristics of patients of the pedigree enrolled in this study

Patients enrolled in this study

II:3 I:7

II: 10

I 11 12 l: 14 IV:'5

Age (y) 65 58

Sex male male
Neurological symptoms
Neuropathic pain
Acroparaesthesia
Heat or cold intolerance
Fever crisis

Strokes

N N

Seizures

Tegumentary symptoms
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< <
<
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Kidney symptoms
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Proteinuria
Cardiovascular symptoms
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Hypertension
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Left ventricular hypertrophy
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~
~

Corneal opacities
Gastrointestinal symptoms
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Abdominal Pain

Chronic diarrhoea
Metabolic symptoms
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“B" represents the wild type genotype (GLA-Asn278), and “b” represents the mutant genotype (GLA-Lys278)

Genetic screening and functional identification

Detailed physical examination and laboratory inspections
strongly conflicted with the previous diagnosis and sug-
gested FD. To further clarify the diagnosis, we screened
the entire coding region of the GLA gene for the pro-
band of this pedigree and detected no mutations, except
for p. Asn278Lys (c. 834 T > A) in exon 6 (Fig. 3a). We
obtained blood samples from his three siblings (II-7,
II-10 and II-11), two daughters (III-12 and III-14) and
two grandsons (IV-5 and IV-6) and genotyped this muta-
tion site by sequencing. The hemizygous p. Asn278Lys

mutation was identified in the 3 male patients (II-7, II-11
and IV-5), and the heterozygous p. Asn278Lys mutation
was identified in the 3 female patients (II-10, III-12, and
[1I-14) in this pedigree. IV-6 (grandson of the proband)
showed no abnormal clinical manifestations and was
shown to be wild type at this site by sequencing.

The Genome Browser database (http://genome.ucsc.edu)
of vertebrate species revealed a strictly conserved genomic
structure around the mutation site among vertebrate
species (Fig. 3b). The function of the novel c.834T > A
mutation (p. Asn278Lys) was evaluated in silico by 4
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Fig. 3 Genetic screening and functional identification. a DNA sequences of the p.Asn278Lys site and adjacent bases of the eight subjects enrolled
in the present study. b Genome Browser database of vertebrate species at the p.Asn278Lys mutation site and surrounding sequences. ¢ In silico
bioinformatic predictions for the function of the p.Asn278Lys mutation were made by four independent software packages: Polyphen-2,
SIFT, Phylop, and MutationTaster. d Representative immunoblots and quantitation of a-Gal A protein expression with or without DGJ treatment
in HEK293T cell lines transfected with GLA-Asn278 or GLA-Lys278. e Measurements of a-Gal A enzyme activity with or without DGJ treatment in KEK293T
cell lines transfected with GLA-Asn278 or GLA-Lys278. Data are expressed as the means + SD, n =3 for each group, *p < 0.05
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independent software programs at the protein level. This
mutation is predicted to be “possibly damaging” with a
score of 0.755 by Polyphen-2. MutationTaster software an-
notated this mutation as “disease-causing” with a prediction
score of 94. SIFT predicted this variant as a “damaging vari-
ant” (SIFT score = 0.005), while Phylop treated this muta-
tion as a neutral variant with a score of - 0.99 (Fig. 3c). In
addition, this mutation was shown to be absent in a control
cohort of 300 local people.

To further identify the biological characteristics of the
mutant enzyme in terms of protein degradation and ac-
tivity, we developed an over-expression system in
HEK-293 T cells to investigate the in vitro characteristics
of the wild and mutant enzymes. When 293 T cells were
transfected with GLA-Asn278 or GLA-Lys278, we ob-
tained successful a-Gal A expression compared with the
group transfected with the empty pcDNA3.1(+) vector.
However, the mutant a-Gal A protein exhibited lower
levels than the wild type protein (Fig. 3d). Similar results
were observed for the residual activity of the mutant en-
zyme. As shown in Fig. 3e, the enzyme activity of a-Gal
A was significantly lower in cells transfected with
GLA-Lys278 compared with GLA-Asn278 (Fig. 3e).

To evaluate the therapeutic effect of DGJ as a potential
drug for this particular mutation, we analysed the pro-
tein expression of a-GLA and enzyme activity changes
after DGJ treatment. The results showed that the
pharmacological chaperone DGJ increased the expres-
sion of a-Gal (Fig. 3d) and markedly normalized the
activity of this enzyme (Fig. 3e), especially in cells ex-
pressing GLA-Lys278, which indicated that patients pos-
sessing this specific mutation were good responders to
the potential biochemical therapy.

Discussion

FD is an X-linked recessive lysosomal storage disorder
caused by deficiency of the enzyme a-Gal A secondary
to GLA gene mutations. In this study, we reported a
large four-generation Chinese pedigree diagnosed with
FD by whole-exon sequencing of the GLA gene. We
identified a novel mutation (loss-of-function) in the
GLA gene, p.Asn278Lys, by PCR-direct sequencing,
co-segregation analysis and functional evaluation of this
mutation in an over expression cell system. We first
demonstrated that the substitution of lysine for aspara-
gine at residue 278 of the amino acid sequence of the
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GLA gene caused a decrease in the expression level of
the a-Gal A protein as well as the activity of this en-
zyme. In addition, this enzyme deficiency was effectively
normalized by the pharmacological chaperone DGJ, a
competitive inhibitor of a-Gal A and a potential thera-
peutic agent for patients with FD with amenable
mutations.

FD affects multiple systems throughout the body, and
the clinical spectrum varies among different individuals.
In the past, FD was only detected in hemizygous male
patients due to its X-linked transmission, and female
heterozygous patients were assumed to be only carriers.
However, male patients can also have atypical presenta-
tions, and female heterozygotes can develop severe clin-
ical manifestations, including chronic kidney disease,
and disorders of the heart and nervous systems. There-
fore, it is more precise to integrally define FD as a dis-
order with classical and atypical phenotypes. Patients
diagnosed with the classic subtype show multi-organ
dysfunctions, such as arrhythmia, heart failure, chronic
kidney disease and acroparaesthesia. Additionally, the
atypical or late-onset subtype may be characterized by
single organ involvement, most of which present as car-
diac and renal dysfunction in late life. Further studies
have shown that the function of the GLA gene is com-
pletely lost in the classic subtype but is partially retained
in the variant types. This finding is coincident with the
manifestations of the two subtypes [20]. The proband of
this pedigree did not develop classic symptoms during
childhood, and his prominent symptoms were atrial fib-
rillation, cardiac hypertrophy, heart failure, and angio-
keratoma for many years. He received treatment for
heart failure, but the response was only partial. The pa-
tients of this family did not present with the classic
phenotype, and the involved organs and predominant
symptoms were inconsistent, further complicating diagno-
sis. Genetic testing revealed the mutation p.Asn278Lys,
which was consistent with the phenotype of this family.
As bioinformatics predictions are controversial, we add-
itionally identified the function of this mutation as a
loss-of-function mutation in an over-expression cell sys-
tem. We identified the genetic variant among the family
members, which could guide a thorough change in the
therapeutic strategy and prognosis of future offspring of
this family.

ERT has widespread therapeutic efficacy in FD, which
is a rare X-linked inherited disease [12, 13]. ERT has
been available since 2001, and two recombinant enzyme
preparations, agalsidase alpha and agalsidase beta, have
been approved for FD treatment. However, some defi-
ciencies limit the use of this therapeutic strategy. First,
once severe organ damage has occurred, such as in the
heart or kidney, ERT cannot always achieve the expected
ideal effect [21, 22]. Second, recombinant enzyme
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administration typically induces the generation of anti-
a-Gal A antibodies [23]. Third, ERT requires lifelong
treatment, resulting in huge medical expenses [24].
Another promising therapy is the pharmacological
chaperone DGJ, which is a potent a-Gal A inhibitor that
can promote the proper folding of mutated enzymes by
binding to its active site [25]. Previous studies have indi-
cated that DGJ seems to prevent the early degradation of
the a-Gal enzyme in the endoplasmic reticulum and ac-
celerates the maturation of the mutant enzyme [18, 26].
Phase II clinical trials showed that DGJ was safe and
well-tolerated, and a phase III clinical trial is underway
in the USA [25]. Migalastat, an oral pharmacological
chaperone, stabilizes specific mutant forms of a-galacto-
sidase, to facilitate enzyme trafficking to lysosomes [27—
29]. The mutation detected in this Chinese pedigree (p.
Asn278Lys) showed a good response to DG]J, and the
protein expression of a-Gal was significantly increased
in cells transfected with a plasmid encoding mutant
GLA. Thus, patients with this specific mutation may be
suitable for the application of DGJ therapy. It is
well-established that viral vector-mediated gene therapy
is a potential biotherapy for Fabry mice [30]. Myocardial
morphology and function can be improved in the
long-term if the therapy is initiated prior to the develop-
ment of myocardial fibrosis.

Given the potential benefits of early medical and psy-
chological interventions, genetic counselling and evalu-
ation are extremely important and strongly recommended
for those suspected cases. Hundreds of mutations have
been associated with FD, but the clinical significance of
these mutations has not been well clarified. Previous stud-
ies have investigated the association of a specific mutation
with the phenotype of FD and responses to DG]J. The re-
sults showed that most of these mutations are associated
with variant and mild classic phenotypes (with residual
a-Gal-A activity), and 42.8% of the missense mutants were
responsive to DGJ [18, 31], suggesting that DGJ treatment
may be widely applicable to FD with some specific
amenable mutations [32]. However, the strengths and
weaknesses of the different treatments and routes of ad-
ministration require further discussion and evaluation in
future studies.

Conclusions

In this study, we identified a novel GLA p. Asn278Lys
mutation in a four-generation Chinese pedigree with FD
and validated its biological function (loss-of-function)
and response to the pharmacological chaperone DGJ in
an over-expression cell system. In recent years, the diag-
nosis of FD has gradually progressed, and the underlying
genetic mechanism is becoming well-defined. Future
studies should focus on therapeutic interventions to sig-
nificantly improve patient quality of life.
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