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Abstract Gaucher disease (GD) is an autosomal recessive
disorder resulting from glucocerebrosidase (GC) deficiency
due to mutations in the gene (GBA) coding for this enzyme.
We have developed a strategy for analyzing the entire GBA
coding region and applied this strategy to 48 unrelated
Brazilian patients with GD. We used long-range PCR,
genotyping based on the Tagman® assay, nested PCR, and
direct DNA sequencing to define changes in the gene. We
report here seven novel mutations that are likely to be
harmful: S125N (c.491G>A), F213L (c.756T>G), P245T
(c.850C>A), W378C (c.1251G>C), D399H (c.1312G>C),
982-983insTGC (c.980_982dupTGC), and IVS10+1G>T
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(c.15054+1G>T). The last alteration was found as a
complex allele together with a L461P mutation. We also
identified 24 different mutations previously reported by
others. G377S was the third most frequent mutation among
the patients included in this study, after N370S and L444P.
Therefore, this mutation needs be included in preliminary
screens of Brazilian GD patients. The identification of
mutant GBA alleles is crucial for increasing knowledge
of the GBA mutation spectrum and for better understanding
of the molecular basis of GD.

Introduction

Gaucher disease (GD) is the most common lysosomal
storage disorder and results from an inborn deficiency of
the enzyme glucocerebrosidase (GC; EC 3.2.1.45; also
known as acid B-glucosidase) (Beutler and Grabowski
2001). This enzyme is responsible for glycosphingolipid
glucocerebroside (glucosylceramide) degradation. Enzyme
deficiency leads to the accumulation of undegraded
substrate, mainly within cells of the monocyte/macrophage
lineage, and this is responsible for the clinical manifes-
tations of the disease. Three types of GD are distinguished
based on neurological involvement. GD is an autosomal
recessive disorder caused by mutations in the glucocere-
brosidase gene or, rarely, by mutations in the GC activator
protein, saposin C (Beutler and Grabowski 2001).

The gene encoding GC (GBA; GenBank accession #
J03059) is located on chromosome 1g21 and spans 7.6 kb
of genomic DNA divided into 11 exons. In addition to the
functional gene, a highly homologous pseudogene sequence
(GBAP; GenBank accession # J03060) is located 16 kb
downstream (Horowitz et al. 1989; Winfield et al. 1997). The
gene and pseudogene are in the same orientation and have
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96 % exonic sequence homology (Horowitz et al. 1989;
Sidransky 2004). To date, more than 350 mutations have been
reported in GBA. These include missense and nonsense
mutations, small insertions or deletions that lead to frameshifts
or in-frame alterations, splice junction mutations, and complex
alleles carrying two or more mutations (Hruska et al. 2008).
The frequencies of specific mutant alleles vary in different
populations. In patients of Ashkenazi Jewish ancestry, four
mutations account for nearly 90 % of the disease alleles.
These mutations are N370S (c.1226A>G), L444P
(c.1448T>C), 84insG (c.84dupG), and IVS2+1G>A
(c.115+1G>A). Among non-Jewish patients, these muta-
tions account for about 50-60 % of GD-associated mutations
and there is a broad spectrum of other mutations (Grabowski
and Horowitz 1997; Alfonso et al. 2007).

The diagnosis of GD is established by measuring GC activity
in leukocytes from peripheral blood and/or fibroblasts from skin
biopsies (Beutler and Grabowski 2001). Molecular analysis
complements this biochemical assay. Our group has been
involved in the biochemical diagnosis of Brazilian patients
with GD for the last 20 years (Michelin et al. 2005). We have
also introduced screening for the common mutations (N370S,
L444P, 84insG, and IVS2+1G>A). As expected, this
approach is able to detect roughly half the mutant alleles in
our sample population, and just over 60 % of patient
genotypes. Hence, a more comprehensive scheme is desirable
in order to be able to identify the remaining mutant alleles.

We have therefore designed a strategy for analyzing the
entire GBA coding region and applied this approach to 48
unrelated Brazilian patients with GD among 128 patients
referred to our laboratory and previously confirmed by
biochemical analysis. We describe here seven novel mutations
associated with GD, as well as other rare GBA mutations.

Materials and Methods
Patients

In this study, we examined 48 unrelated non-Jewish GD
patients from different regions of Brazil. There were 24
males and 24 females. Ages at diagnosis, when available,
ranged from 2 months to 57 years. The inclusion criteria
were (1) low GC activity in leukocytes and/or fibroblasts
(Michelin et al. 2005) and (2) at least one unidentified
disease-causing allele following screening for the common
mutations (N370S, L444P, 84insG, and IVS2+1G>A). The
study was approved by our hospital ethics committee.

In order to confirm that we were dealing with meaningful
sequence alterations, we also sequenced GBA in DNA from
104 (208 alleles) healthy Brazilian subjects (52 males and
52 females) to rule out the possibility that some of the novel
variants identified were simply polymorphisms.
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Sample Collection and DNA Isolation

Blood samples (5 mL) were collected in EDTA, and genomic
DNA was isolated from peripheral blood leukocytes as
described (Miller et al. 1988) and kept at —20 °C. DNA
was quantified with a fluorescence-based kit (Quant-It"™
dsDNA BR Assay kit; Invitrogen, Carlsbad, CA, USA) in a
Qubit™ fluorometer (Invitrogen).

Amplification of the Entire GBA Gene

Long-range polymerase chain reaction (PCR) was used to
selectively amplify the functional GBA gene using primers
GBALF (5 CGACTTTACAAACCTCCCTG 3')
and GBALR (5 CCAGATCCTATCTGTGCTGG 3'); this
generated a fragment of 7765 bp. The long-range PCR
reaction was performed in final volumes of 25 pL
containing 12.5 ng genomic DNA, 200 uM of each dNTP,
0.2 uM of each primer (forward and reverse), 60 mM of
Tris-SO4 (pH 9.1), 18 mM of (NH4),SO4, 1.7 mM of
MgSOy, and 1 pL of Elongase®™ Enzyme Mix (Invitrogen,
Carlsbad, CA, USA). Cycling conditions were initial
denaturation at 94 °C for 5 min, followed by 30 cycles of
denaturation at 94 °C for 30 s, annealing at 58 °C for 30
s and elongation at 68 °C for 8 min, with final extension at
68 °C for 10 min.

Screening of Common Mutations

Mutations N370S and L444P were screened by genotyping
based on TagMan® PCR (Applied Biosystems, Foster City,
CA, USA). Primers and probes were designed with Primer
Express® software version 3.0 (Applied Biosystems), and
the primer sequences are shown in Table 1. PCR reactions
were performed in final volume of 12 pL containing 0.5 pL
of the long-range PCR product, 0.3 pL of specific TagMan
assay medium and 6 pL of 2x PCR Genotyping Master Mix
(Applied Biosystems). Amplification included an initial
step at 50 °C for 2 min (activation of the AmpErase UNG
function), AmpliTaq™ Gold activation at 95 °C for 10 min,
followed by 40 cycles of denaturation at 95 °C for 15 s and
annealing extension at 60°C for 1 min. The allelic
discrimination step was performed at 60°C for 1 min.
PCR products were analyzed by allelic discrimination plot
with Sequence Detection System software version 1.2.1 in
an ABI PRISM® 7500 Sequence Detector System (Applied
Biosystems).

Mutation 84insG was screened by Amplification Refrac-
tory Mutation System-PCR (ARMS-PCR). Two PCR reac-
tions were performed for each sample using different specific
primers to discriminate between wild-type and mutant
alleles. Primers GAU-84GGWRT (5 GCATCATGG-
CTGGCAGCCTCACAGGACTGC 3’) and GAU-2R
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Table 1 Sequences of the primers and probes used to identify frequent mutations

Mutation Primer sequence (5" > 37) Probe sequence (5" > 37)

N370S Forward Normal
GCCTTTGTCTCTTTGCCTTTGTC TTACCCTAGAACCTCCTG - VIC
Reverse Mutant
CCAGCCGACCACATGGTA ACCCTAGAGCCTCCTG - FAM

L444P Forward Normal
CTGAGGGCTCCCAGAGAGT CTGCGTCCAGGTCGT - VIC
Reverse Mutant
GCCATCGGGATGCATCAGT TGCGTCCGGGTCGT — FAM

(5 GCCCAGGCAACAGAGTAAGACTCTGTTTCA 3')
were used to amplify the wild-type allele, and GAU-
84GGMTF (5 GCATCATGGCTGGCAGCCTCACAG-
GACTGG 3’) and GAU-2R for the mutant allele. These
reactions generated a fragment of 255 bp when the allele
sequence was complementary to the primer sequence. Each
PCR reaction was performed in a total volume of 25 pL,
containing 200 ng of genomic DNA, 200 pM of each dNTP,
1 uM of each primer (forward and reverse), 20 mM of Tris
(pH 8.4), 50 mM of KCl, 2.5 mM of MgCl,, and 1.25 U of
Tag DNA polymerase. Amplification conditions were 96 °C
for 5 min, followed by 13 cycles of 96 °C for 45 s, then 45
s at 70 °C —0.5 °C/cycle, and 72 °C for 45 s, then 22 cycles
0f 96 °C for 45 s, 64 °C for 45 s, and 72 °C for 45 s, with
final extension at 72 °C for 5 min. Amplified products were
resolved by electrophoresis on 2 % (w/v) agarose gels and
visualized under UV light.

Mutation IVS2+1G>A was screened by a PCR-
Restriction Fragment Length Polymorphism (PCR-RFLP)
strategy using primers GAU-84GGWRT and GAU-2R
(sequences shown above) that generated a fragment of
255 bp. The PCR reaction was performed in a total volume
of 25 pL, containing 200 ng of genomic DNA, 200 uM of
each ANTP, 1 uM of each primer (forward and reverse),
20 mM of Tris (pH 8.4), 50 mM of KCI, 2.5 mM of MgCl,,
and 1.25 U of Tag DNA polymerase. The amplification
protocol was initial denaturation at 96 °C for 5 min, 35
cycles of denaturation at 96 °C for 45 s, annealing at 68 °C
for 45 s, and extension at 72 °C for 45 s, followed by final
extension at 72 °C for 10 min. Ten pL of PCR product was
digested in a total volume of 15 pL containing 20 mM of
Tris-acetate, 50 mM of potassium acetate, 10 mM of
magnesium acetate, 1 mM of dithiothreitol (pH 7.9), and
1 U of Hphl (New England Biolabs, Ipswich, MA, USA).
The reaction was then placed at 37 °C and left overnight,
after which digestion products were resolved by electro-
phoresis on 3 % (w/v) agarose gels and visualized under
UV light. Digestion of the PCR product of the normal allele
generates fragments of 141, 72, and 42 bp, while digestion

of the PCR product of the mutant allele produces fragments
of 213 and 42 bp, because the IVS2+1G>A mutation
removes an Hphl site.

PCR Amplification and Direct DNA Sequencing

Coding sequences and flanking regions (exons 1 to 11) were
amplified by PCR using long-range PCR products as
templates. The GBA coding region was divided into 10
different amplicons, with exons 10 and 11 analyzed together.
PCR reactions were performed in total volumes of 25 pL,
containing 0.5 pL of long-range PCR product, 200 pM of
each dNTP, 0.2 pM of each primer (forward and reverse),
20 mM of Tris (pH 8.4), 50 mM of KCl, 2.5 mM of MgCl,,
and 1.25 U of Tug DNA polymerase. The amplification
protocol was initial denaturation at 94 °C for 10 min, 30
cycles of denaturation at 94 °C for 30 s, annealing at
57-62 °C for 30 s, and extension at 72 °C for 30 s, followed
by final extension at 72 °C for 10 min. Each PCR product
was verified by electrophoresis on a 1.5 % (w/v) agarose gel
and visualization under UV light. Specific annealing temper-
atures and primer sequences are given in Table 2.

Amplicons were purified using 2.5 U of Exonuclease |
(USB, Cleveland, OH, USA) and 0.25 U of Shrimp
Alkaline Phosphatase (USB, Cleveland, OH, USA). Direct
DNA sequencing was performed with a BigDye®™ Termina-
tor Cycle Sequencing kit v. 3.1 (Applied Biosystems, Foster
City, CA, USA) following the manufacturer’s instructions,
and sequences were analyzed with DNA Sequencing
Analysis software v. 5.2 (Applied Biosystems) in an ABI
PRISM® 3130x/ Genetic Analyzer. All identified mutations
were confirmed by sequencing an independent DNA
sample with forward and reverse primers.

Isolation of Total RNA, cDNA Synthesis, and
PCR Amplification

Total RNA was isolated from peripheral blood leukocytes using a
LeukoLOCK™ Total RNA Isolation kit (Applied Biosystems).
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Table 2 Primers used to amplify and sequence the GBA gene

Primer sequence (5° > 3)

Exons and flanking regions ~ Forward Reverse Tanne.d“ng(OC) Length(bp)
1 CCTAGTGCCTATAGCTAAGG CTGGATTCAAAGAGAGTCTG 57 236
2 GTCCTAATGAATGTGGGAGACC CTTACTGGAAGGCTACCAAAGG 61 286
3 GTTCAGTCTCTCCTAGCAGATG GGAAACTCCATGGTGATCAC 61 353
4 GTCCTCCTAGAGGTAAATGGTG GCAGAGTGAGATTCTGCCTC 61 316
5 GATAAGCAGAGTCCCATACTCTC  CTGTACAAGCAGACCTACCCTAC 62 281
6 CTAATGGCTGAACCGGATG GGAAGTGGAACTAGGTTGAGG 62 346
7 CAAAGTGCTGGGATTACAGG CTCTAAGTTTGGGAGCCAGTC 62 404
8 CTAGTTGCATTCTTCCCGTC GCTTCTGTCAGTCTTTGGTG 63 407
9 CTCCCACATGTGACCCTTAC CTCGTGGTGTAGAGTGATGTAAG 61 329
10 and 11 GTGGGTGACTTCTTAGATGAGG CTTTAGTCACAGACAGCGTGTG 62 473

RNA was quantified using a fluorescence-based assay (Quant-
It™ RNA Assay kit) in a Qubit™ fluorometer.

RNA samples of 1 pg were used as templates for
complementary DNA (cDNA) synthesis. Reverse transcription
(RT) was performed with a High Capacity cDNA Reverse
Transcription kit (Applied Biosystems) in a total volume of 15
pL. Following the RT reaction, PCR was performed using
primers GAU-G10S (5 CTGAACCCCGAAGGAGGACC
3’) and GAU-9/11R (5 GGTTTTTCTACTCTCATGCA 3'),
which generated a product of 988 bp. Five microliters of each
RT reaction was used for the PCR in a total volume of 25 pL,
containing 200 pM of each dNTP, 0.8 uM of each primer
(forward and reverse), 20 mM of Tris (pH 8.4), 50 mM of
KCl, 1.5 mM of MgCl,, and 1.25 U of 7ag DNA polymerase.
The amplification protocol was initial denaturation at 94 °C
for 5 min, 30 cycles of denaturation at 94 °C for 30 s,
annealing at 55 °C for 30 s, and extension at 72 °C for 1 min,
followed by final extension at 72 °C for 10 min. An aliquot of
each PCR product was verified by electrophoresis on a 1.0 %
(w/v) agarose gel and visualization under UV light. PCR
products were purified and sequenced as described above.

Evaluation of Novel Mutations

Amino acid sequences of GC from 12 different species were
compared by multiple alignment program in order to
determine whether changes identified in their amino acid
sequences alter conserved residues of GC. The GC sequen-
ces were searched using the protein database from the
National Center for Biotechnology Information (NCBI). The
amino acid sequences were aligned with ClustalW v. 2.0
using the FASTA format.

The novel mutations in the GBA coding region
were analyzed using three web-based tools, PolyPhen
(http://genetics.bwh.harvard.edu/pph) (Ramensky et al.
2002), SNPs3D (http://www.snps3d.org) (Yue and Moult
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2006), and SIFT (http:/sift.bii.a-star.edu.sg) (Kumar et al.
2009) in order to assess their potential pathogenicity.

Nomenclature of Mutations

The reference sequences used in our study were
NM_000157 and NP_000148. Nucleotide sequences were
numbered from the upstream initiator codon ATG. Amino
acid numbers are those of the mature proteins after cleavage
of the leader sequence. Following the current recommenda-
tion that all variants be described at the most basic level, the
mutations discussed in the text are referred to by the
traditional name of the corresponding allele to facilitate
recognition, followed by the cDNA nomenclature in
brackets (den Dunnen and Antonarakis 2000).

Results

Screening the whole GBA coding sequence in each of the
48 GD patients allowed us to identify 95.8 % of the mutant
alleles, including seven novel sequence variants. These
novel changes were not found among 208 alleles from
normal individuals. Twenty-four rare mutations were also
found among the mutant alleles studied. Data for these 31
variants are summarized in Table 3.

The novel alterations consist of five missense changes
[S125N (c.491G>A), F213L (c.756T>G), P245T
(c.850C>A), W378C (c.1251G>C), and D399H
(c.1312G>C)], one in-frame insertion [982-983insTGC
(c.980_982dupTGC)], and a splicing mutation found in a
complex allele [L461P + IVS10+1G>T]. These findings
are described in more detail below.

The first novel sequence alteration is caused by a G to A
change at position 491 of the cDNA (exon 5 of GBA) and
leads to a serine to asparagine substitution at residue 125 of
the protein (S125N). This mutation was found in a male
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Table 3 Alleles defined by this study. The novel sequence variants are shown in bold

GBA mutations® ¢DNA nucleotide substitution” Exon Protein® # of alleles
Substitutions
R48Q c.260G>A 3 p-Arg87GIn 1
RI120W¢ c475C>T 5 p.Arg159Trp 3
MI123T cA485T>C 5 p-Met162Thr 1
S125N c.491G>A 5 p.Serl64Asn 1
R131C c.508C>T 5 p-Argl70Cys 1
W179X c.653G>A 6 p-Trp218X 1
N188s! c.680A>G 6 p.Asn227Ser 1
G202R¢ c721G>A 6 p.Gly241Arg 1
F213L c.756T>G 6 p.Phe252Leu 1
P245T c.850C>A 7 p.Pro284Thr 1
H311R c.1049A>G 8 p-His350Arg 1
Y313H c.1054T>C 8 p.Tyr352His 1
E349K c.1162G>A 8 p.Glu388Lys 1
R353W ¢.1174C>T 8 p.Arg392Trp 1
N370S c.1226A>G 9 p.Asn409Ser 26
G377S c.1246G>A 9 p.Gly416Ser 12
W378C c.1251G>C 9 p-Trp417Cys 6
N396T c.1304A>T 9 p-Asn435Thr 4
V3981 c.1309G>A 9 p.Val4371le 6
D399H c.1312G>C 9 p-Asp438His 1
L444p¢ c.1448T>C 10 p.Leud83Pro 2
1489T c.1583T>C 11 p.11e528Thr 7
R496H c.1604G>A 11 p.Arg535His 1
Insertions
84insG c.84dupG p-Leu29AlafsX18 1
982-983insTGC ¢.980_982dupTGC p.Leu327_Pro328insLeu 1
Deletions
413delC c.413delC p-Pro138LeufsX62 1
793delC ¢.793delC p-GIn265SerfsX5 2
Complex alleles
E326K + L444P¢ c.1093G>A 8 p-Glu365Lys 1
c.1448T>C 10 p.Leud83Pro
M3611 + N370S c.1200G>A 8 p-Met4001le 1
c.1226A>G 9 p-Asn409Ser
c.1448T>C 10 p.Leud83Pro
RecNcil c.1483G>C 10 p.Ala495Pro 3
c.1497G>C 10 p.Val499Val
L461PY + IVS10+1G>T ¢.1499T>C 10 p-LeuS00Pro 1

c.1505+1G>T

p-Lys464_Arg502del

* GBA mutations are named according to www.hgvs.org/mutnomen
®Nucleotides are numbered from the A of the first ATG

¢ Amino acid designations (“p.”) are based on the primary GBA translation product, including the 39-residue signal peptide

9 These alterations correspond to the normal pseudogene sequence

type 1 GD patient from the south of Brazil who was
diagnosed at 56 years of age and carries the N370S
mutation on the other chromosome. Abdominal pain,

splenomegaly, and chronic bone pain are among the clinical

features of this patient.
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Fig. 1 Direct DNA sequencing of the GBA gene. (a) Direct
sequencing of part of exon 7 from the forward primer. The dashed
line shows where three nucleotides (TGC) have been inserted, creating
the 982-983insTGC mutation. (b) Direct sequencing of part of exon
10 from the forward primer. The first arrow indicates the T to C

The GBA of another type 1 GD patient has a T to G
transversion at base 756 of the cDNA (exon 6 of the gene)
predicting a phenylalanine to leucine substitution at residue
213 of the protein (F213L). The N370S mutation was also
present in this compound heterozygous female type 1 GD
patient. She is from the Southeast of Brazil and was
diagnosed when she was 26 years old. Clinical features
include hepatosplenomegaly and bone pain.

Two novel sequence variants are in exon 7. The first is a
C to A change at position 850 of the cDNA predicting a
proline to threonine substitution at amino acid 245 of
protein (P245T). This was identified in a male type 3 GD
patient from the southeast region of Brazil who is also
heterozygous for RecNcil (c.1448T>C + ¢.1483G>C +
¢.1497G>C). This patient is more severely affected, with
neurological involvement. The other alteration in exon 7 is
an in-frame insertion of three nucleotides (TGC) that should
insert an additional leucine residue between positions 327
and 328 of the mature protein (Fig. 1a). This mutation is
referred to as 982-983insTGC and was found in a male type

@ Springer

CTCANCGGTTTNGCACGACCA

i, )

substitution (c.1499T>C) in the L461P mutation, while the second
arrow points to the G to T substitution in the IVS10+1G>T variant.
(¢) Direct sequencing of part of exon 10 from the reverse primer. The
first arrow indicates the C to A substitution in IVS10+1G>T, while
the second arrow points to the A to G substitution in L461P

1 patient from the southeast of Brazil diagnosed at 31 years
of age. The other mutant allele in this patient is N370S, and
his clinical features include hepatosplenomegaly.

Two novel G to C transversions are in exon 9. The first
is at base 1251 of the GBA cDNA and causes a tryptophan
to cysteine substitution at residue 378 of the mature protein
(W378C). This alteration was found in unrelated alleles in
six type 1 GD patients from the north and northeast regions
of Brazil. One of these patients carries the G377S
(c.1246G>A) mutation on the other chromosome, while
the remaining five patients are compound heterozygotes
[N370S] + [W378C]. All six patients have typical mild
forms of the disease consistent with type 1 disease. The
other G to C transversion is located at position 1312 and is
responsible for an aspartate to histidine substitution at
residue 399 of the protein (D399H). This mutation was
found in a type 1 GD patient diagnosed at 45 years of age
who is also heterozygous for the N370S mutation. The
most characteristic finding in this patient was extreme
hepatosplenomegaly.
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a , wild type
TTCAGCAAGTTCATTCCTGAGGGCTCC

b IVS10+1G>T

TTCAGICNNNTNNANTNNT GNGNNNNNN

exon 10

normal splicing

M&Mﬁ-

10 11

Fig. 2 Direct sequencing of GBA cDNA. (a) Wild-type alleles
sequenced from the forward primer. The dashed line indicates the
boundary between exons 9 and 10. (b) Normal and mutant alleles
from a GD patient carrying IVS10+1G>T, sequenced from the
forward primer. The dashed lines indicate the boundary between

The remaining novel mutation involves a G to T trans-
version in the splice donor site at the first nucleotide of intron
10 (Fig. 1b and c). This mutation, named IVS10+1G>T,
removes the conserved splice donor sequence and results in
skipping of exon 10. RT-PCR amplification of the GBA
cDNA from this patient revealed an 871 bp fragment in
addition to the expected 988 bp fragment (from the other
allele) (data not shown). This smaller product was sequenced
and shown to lack exon 10, presumably due to loss of the
splice donor site at the end of exon 10 (Fig. 2b). A control
cDNA used at the same time yielded a normal splicing
pattern and a fragment of the expected length (Fig. 2a).
Schematic representations of the normal and aberrant
splicing patterns are shown in Fig. 2c and d, respectively.
This variant was found in a female type 1 patient from the
south of Brazil diagnosed at 3 years of age. N370S and
L461P (c.1499T>C) were also present in this patient. As
DNA from her parents was also available, we were able to
show that the N370S mutation was of paternal origin, while
L461P and IVS104+1G>T were of maternal origin.

In silico evaluation of the five novel sequence variants
using PolyPhen, SNPs3D, and SIFT predicted defective
proteins for S125N, W378C, and D399H. However, the
three bioinformatics tools differed in their predictions for
the F213L and P245T variants. PolyPhen predicted that
they would be deleterious whereas according to SNPs3D
and SIFT, they were non-deleterious.

exon 10 (normal allele)
exon 11 (mutant allele)

aberrant splicing

Mﬁ&ﬁ&lﬁlﬂﬁh

10 11

exons 9 and 10 in the normal allele and between exons 9 and 11 in the
mutant allele, respectively. Schematic diagrams of (c¢) the normal
splicing pattern and (d) the aberrant splicing pattern due to the
IVS10+1G>T mutation

We also estimated the frequencies of the common
previously reported mutations taking into account all 128
patients referred to our laboratory. As expected, the most
frequent mutation was N370S, found in 113 alleles (44.1 %);
the second most frequent mutation in our cohort, L444P, was
found in 73 alleles (28.5 %); and G377S, the third most
frequent mutation, accounted for 12 mutant alleles (11.1 %).
This was followed by I[489T (c.1583T>C) seven alleles
(6.5 %), W378C and V3981 (c.1309G>A) six alleles each
(5.6 %), RecNcil three alleles (2.8 %), IVS2+1G>A two
alleles (1.9 %), and [E326K + L444P] one allele (0.9 %).

The genotypes of the 48 GD patients examined in this
study are shown in Table 4. Genotypes involving only
combinations of the common mutations were excluded.

Discussion

The protocol described here allowed us to identify seven
novel sequence variants of the GBA gene in patients with
GD. These include five missense mutations (S125N,
F213L, P245T, W378C, and D399H). We also found that
the G377S mutation was common among the patients in
this study, as previously reported by other Brazilian groups
(Rozenberg et al. 2006; Sobreira et al. 2007). Therefore,
G377S should be included in preliminary screening of
Brazilian GD patients.
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Table 4 Frequencies of the identified genotypes

Genotype # of patients

[N370S] + [W378C]
[G377S] + [G377S]

[V3981] + [V398I]

[N370S] + [1489T]

[R120W] + [N370S]
[793delC] + [N370S]
[N370S] + [L461P + IVS10+1G>T]
[Y313H] + [L444P]
[G377S] + [1489T]

[R353W] + [RecNcil]
[F213L] + [N370S]
[W179X] + [M3611 + N370S]
[N188S] + [RecNcil]
[M123T] + [E349K]
[G377S] + [W378C]
[S125N] + [N370S]

[P245T] + [RecNcil]
[N396T] + [N396T]
[N370S] + [D399H]
[413delC] + [N370S]
[1489T] + [1489T]

[N370S] + [G377S]
[N396T] + [1489T]

[N396T] + [L444P]
[G202R] + [N370S]
[R131C] + [N370S]
[84insG] + [R496H]
[H311R] + [N370S]
[982-983insTGC] + [N370S]
[G377S] + [E326K + L444P]
[N370S] + [?]

[R48Q] + [?]

Total

L U T T S e e T T T e S e e S e S T =y ey S N SN OC SN S I O N N

'S
%

? denotes unidentified mutation

The S125N mutation involves the replacement of a polar
uncharged amino acid with a hydroxyl group by an
uncharged residue with an amide group containing a long
side chain. Ser125 is conserved in several species from
human to worms, arguing in favor of a role in enzyme
function (Fig. 3). This mutation destroys a Pvull restriction
site. The SI125N mutation was previously reported in
patients with Parkinson disease (Lesage et al. 2011);
however, this sequence alteration has not been identified
in GD patients to date.

The F213L mutation replaces a bulky aromatic amino
acid by a residue containing an open aliphatic chain, which
possibly changes the protein conformation. Although in
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silico evaluation predicts a non-deleterious effect on
GC, this phenylalanine residue is conserved in several
species, such as chimpanzee, orangutan, rat, mouse, dog,
pig, ox, and horse (Fig. 3).

The other mutation, P245T, involves the replacement of a
cyclic aliphatic structure by an open polar uncharged chain
and would be expected to affect protein structure and/or
activity. In silico evaluation of P245T predicted a non-
deleterious effect on the mature protein. However, the
proline residue is conserved in mammals such as chimpan-
zee, orangutan, rat, mouse, dog, pig, ox, and horse (Fig. 3).

The mutation in exon 9, W378C, involves the replace-
ment of an amino acid with an indole side chain by an
amino acid with a sulthydryl group, which may affect
protein conformation. In silico analysis predicted a delete-
rious effect. The tryptophan residue is highly conserved,
indicating a considerable degree of structural and functional
relevance (Fig. 3). This mutation creates an HpyCH4V
restriction site within GBA.

D399H involves the replacement of an acidic amino acid
by a basic one, which is again likely to affect protein
structure and/or function. Asp399 is highly conserved, and in
silico analysis predicts a deleterious effect of the mutation
(Fig. 3). This mutation destroys a Hindll restriction site.

Two other variants likely to have harmful effects are an
insertion and a single base change at the first position of a
splice donor site. Despite being an in-frame insertion, the
insertion of an additional residue in the mature protein is
likely to disturb normal folding and function. The point
mutation in the first base of the splice donor site disrupts
normal splicing, giving rise to exon 10 skipping, which
yields a truncated protein of 458 amino acids
(p-Lys464_Arg502del).

Most of the novel sequence alterations detected in this
study were found in patients with the N370S mutation at
the other locus. It appears that this allele when part of any
genotype is able to protect patients from neurological
involvement (Alfonso et al. 2001). Indeed, no neurological
involvement was reported in any of our patients of this
type. Moreover, neurological impairment is not seen in GD
patients who carry N370S or 982-983insTGC, which
further support a protective effect of the N370S mutation.

Interestingly, the G377S mutation was also found to be
the third most frequent among GD patients in Portugal and
Spain (Amaral et al. 1996). This alteration appears to be
neuroprotective since homoallelic patients are essentially
asymptomatic or have mild disease (type 1) (Amaral et al.
2000). However, other workers have detected type 3 patients
with one copy of G377S (Beutler et al. 2005; Rozenberg
et al. 2006). Thus we cannot rule out an allele-dose effect in
which two copies of G377S generate sufficient residual
enzymatic activity to prevent neurological involvement,
whereas one copy combined with a severe second allele
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Fig. 3 Alignment of the GC amino acid sequences of several
organisms. (a) Human (Gene ID 2629); (b) chimpanzee (Gene ID
449571); (¢) orangutan (Gene ID 100174563); (d) rat (Gene ID

ARPCIPKSFG--YSSVVCVCNATYCDSFDP--PTFPALGTF RYESTRSGRR-======~ —MELSMGPIQANHTGTGLLLTLOPEQKF(KVKGFGGAMT 86
ARPCI PKSFG--YSSVVCVCNATYCDSFDP--PTFPALGTF RYESTRSGRE---~ —MELSMGTIQANHTGTGLILTLQPEQKF(KVKGFGGAMT 86
ARPCIPKSFG--YSSVVCVCNATYCDSLDP--LTFPALGTF RYESTRSGRR---- —MELSTGTIQANHTGTGLLLTLOPEQKF(KVKGFGGAMT 86
AQPCIPKSFG--YSSVVCVCNATYCDSLDP--LTLPALGTFRYESTRSGRE-—-- —MELSTGSIQANRTGTGLILTLOPEEKF(KVKGFGGAMT 86
AQPCIPKSFG-=-YSSVVCVCNASYCDSLDP--VTLPALGTFRYESTRRGRR---- —MELSVGAIDANRTGTGLILTLOPEKKF(KVKGFGGAMT 86
ARPCIPKSFG--YS5VVCVCNATYCDSLDP--LALPAPGTF D YESTRSGRR-——— —MELSLGTIRANHTGTGLILTLOPDOKF(KVKGFGGAMT 86
ARPCSPKSFG--YSSVVCVCNATYCDSLDP--LTLPDPGTF RFESTRSGRE~==~- —MELSLGTFDANRTSKGLLLTLOQPDOQKF(KVKGFGGAMT 86
ARPCSPKSFG--YSSVVCVCNGTYCDSLDP--LTLPDPGTFSRFESTRSGRR--=~ —MELSLGTIQANRTGTGLILTLOPDOKF(KVKGFGGAMT 86
ARPCSPKSFG--YSSVVCVCNATYCDSLDP--LTLPAPGTFRYESTRSGRR-————--~ —MELSLGAIOANRTGTGLILTLOPDOKF(KVKGFGGAMT 86
—=VCIHRNFG--KGSTVCVCDSVQCDMLGR--I PKLAAGVARY YESSKDGSFFLS TTIEFVPHDSNRTALSSTTSRTRSVIKIKQENKFCHIFGFGGSFT 24
SFOMNPETYDGAFINIVCVCNATFCDEIEP--IGEIAEGKA IVYRSSLDGDR- LERMSMEMKEKLRKNESVNVTITIDASERF(NIFGFGGAFT 91
ANDCVPRSFG--TNNIVCVCNSTYCDSTPEPKPSSPEKGTFHNYVSSRDGLR-======= —LSLSKGOMGRCONDGSLTLNIDTSKRYQITLGFGGAFT 88

S125N

DAAALNI LALSPPAONLLLKSYFS-EEGIGYNI IRVP! [FSIRTYTYADI PDDFQLHNSLPEEDTKLKI PLIHRAIQLAQR-PVSILASPWTSPTW 184
DARALNI LALSPPAONLLLKSYFS-EEGIGYNLIRVP [FSIRTYTYADIPDDFQLHNFSLPEEDTKLKI PLIHRAIQLAQR-PVSILASPWTSPTW 184
DAAALNILALSPPAONLLLKSYFS-EEGIGYNI IRVP] FSIRTY TYADT PDDFOLHNF SLPEEDTKLKI PLIHRAIQLARR-PVSILASPWTSPTW 184
DATALNILALSPPA)KLLLKSYFS-SEGIEYNIIRVP DFSIRIYTYADTPNDFQLSNFSLPEEDTKLKI PLIHRAIKMSPR-PISIFASPWTSPTW 184
DATALNILALSPPTOKLLLRSYFS-TNGIEYNI IRVP! CLIESIRVYTYADIPNDFQLSNFSLPEEDTKLKI PLIHQAIKMSSR~-PISIFASPWTSPTW 184
DAAALNILALSPPARNLLLKSYFS-AEGIEYNIIRVP COFSIRTYTYDDIHDDFQLHNESLPFEEDIKLKI PLIHQAIELAQH-PVSIFASPWTSPTW 184
DAAALNI LALSPQARNLLLKSYFS-EEGIEYNI IRVPMASCIFSTIRIYTYADI PDDFQLLN SLPEEDVELKI PLIHQATKMAQR -PVSIFASPWTSPTW 184
DAAALNI LALSPAARNLLLKSYFS-EEGIEYNI IRVPMASCIFSIRTY TYDDSPDDFQLLN SLPEEDVELKI PLIHQAIELANR-SVSIFASPWTSPTW 184
DAAALNI LALS PARRNLLLKSYFS-EEGIEYNI IRVPMASCOFSTRVY TYADI PDDFQLHNF SLPEEDVKLKI PLIHQAIELSQR-PISIFASPWTSPTW 184
DSAGINILSLREPIRGKLLESYFS-EEGLDYMMGRVPI DF STRVY SYADVANDFKLLKF SLAPEDMRLKI PLIQEACKLKTTDQLWLIASPWSAPAW 193
DSAGDQFVSLSETLONY IVDSYFG-KNGLEYNIGRVPI DFSTHEY SYDIVHDDFELKHFALPDEDLKLKI PFIKKATEKTEG-NIQLFASPWSAPGW 189
DSAMNIKNLSEATODOLIRAYFDPKDGSRYTLGRI PIGGTFSTRAY TLDDYDDDATLOHFALAPEDVEYKI PYARKAVELNPD--LRFFSAAWSAPTW 186

F213L P245T

LETNGAVNGKGSLKGQPGDI YH)TWAR FLDAY AEHKLOFWAVTAENEPSAGLLSGYPY OCLGFTPEHORDF IARDIGPTLANSTHH--NVRLLMLD 282
LKTNGAVNGKGSLKGQPGDIYH)TWAR KFLDAYAEHKLCFWAVTAENEPSAGLLSGYFY QCLGFTPEHORDFIARDIGPTLANSTHH--NVRLLMLD 282
LETNGAVNGKGSLKGQPGDIYH)TWAR! KFLDAYAEHKLCFWAVTAENEPSAGLLSGYFYQCLGFTPEHORDFIARDIGPTLANSTHH--NVRLLMLD 282
LETNGAVNGKGSLKGHPGDI YHEAWAN FLDAYATHNIKFWAVTAENEPSAGLFTGYPYQCLGFTARHQRDFISHDIGPALANSSH—-DVKLLILD 281
FLDAY AKYGLRFWAVTAENEPTAGLFTGYPY QCLGFTPEHORDF I SRDIGPALANSSH—-DVKLIMLD 281
DAYAEHKLOFWAVTAENEPSAGLFSG Yy QCLGFTPEHORDF IARDIGPALANSTHH--DIRLLILD 282
FLDAYAEHNLHFWAVTAENEPSAGLFTGYPYQCLGFTPEHORDF IARDFGPTLANSTHR--NVRLLMLD 282
FLDAYAEHKLRFWAVTAENEPTAGLLTGYFY QCLGFTPEHORDFIARDIGPI LANSTHR--DVRLLMLD 282
KFLDAYAEHKLCFWAVTTENEPSAGLISGYRY QCLGFTPEHORDETARDIGPTLANSTHR--NVEVLMLD 282
METNSAMSGRGTLRGOPNGIYYKTWAQY LVKFLNAY RDRNVITFWGI TAQNEPSSGF I PFY SFQTMGF SASSQRDEFVEF DIGPALERADY PNKLKLMILD 293
MEVTGRMRGGGAMPND--KRVYQAYAD KFFEAY SSHAT TFWGLTIQNEPSTGADMAWRIQTMNY TAETMRDFLKKYIGPKLKENKLT-ETLKVMVLD 286
MKTMHKINGFGFLKTE----YYQTFANYI LKFIEEYKKNGVDIWGVSTGNEPFDAY I PFERLNSMGWT PELVGDWIANNIGPTLANSEYN--ATHIFVLD 280

W378C

DORLLLPHWAKVVLTDPEAAKYVHGIAVHWY LDFLAPAKATIGETHRLFPNIMLFASEACVES-KFWEQSVRLGSWDRGM)YSHS I TTNLLY HVWI DW 381
DORLLLPHWARVVLTDPEAAKYVHG IAVHWY LDFLAPAKATIGETHRLFPNIMLFASEACVG S-KEWEQSVRLGSWDRGMDYSHS I TTNILYHVV! DW 381
DORLLLPHWAKVVLTDPEAAKYVHG IAVHWY IDFLAPAKATIGETHHLFPNTMLFASEACVG S-KFWEQSVRLGSWDRGMDY SHS T T TNILYHVVEWI'DW 381
DORLLLPRWAQVVLSDPEAAKYVHG TAVHWYMDFLAPAKATIGETHRL FPNMMLFASEACVG S-KFWEQSVRLGSWDRGM)YSHS T TTNILYHVT! DW 380
DORLLLPRWAEVVLSDPEAAKYVHG IAVHWYMDELAPAKATIGETHRLFPNIMLFASEACVG S-KFWEQSVRLGSWDRGMDY SHS I ITNILYHVTCGW['DW 380
DORLLLPHWAQVVIADPEAAKYVHG IAVHWY LDF LAPAKATIGETHRLFPNIMLEFASEACVES-KFWEQSVRLGSWDRGVDY SHS I TTNLLY HVWV DW 381
DORLLLPHWAQVVIADPEAAKYVHG TAVHWY LDF LAPAKATIGETHRLFPNIMLFASEACVES-KFWEQSVRLGSWDRGVDYSHS T T TNILY HVW DW 381
DORLLLPRWAQVVIADPEAAKYVHG TAVHWY IDFLAPAKATIGETHRLFPNTMLFASEACVG S-KFWEQSVRLGSWDRGMRY SHS TT TNILYHVVEWI'DW 381
DORLLLPRWAQVVIADPEAAKYVHG IAVHWY IDFLAPAKATIGETHRLFPDMMLFASEACVG S-KFWEQSVRLGSWDRGVQYSHS T T TNILYHVAGWIIDW 381
DORIFLPNFANVVLODPEASKYVAG IAFHWYWNHMK-GPQAIDETHASHPDKFLLATEACBSATSLLRNRVILGSWSRAASYAYDI THDMRHWTT! DW

DGRGLLPGWADT I FNDPEATKYADGVAVHWY@NLYS-PAVLIDITQRHHPTKF I FGTEACAGY--FGHHGP IMGDWFRAESYADDI I TDINHHVT! DW 383
DORIGLPWEFVNEIFKNETARNYVYG IAVHWYADI LI -PPVVIDQTHNNFPDENLLMTEACHSS-FPLEKKVVLGSWERGKRY ILS I TQYMIHWGVY! DW

D389H

NLAINPEGGPNWVRN PIIVDITKDTFYKQPMFYHLGHESKFIPEGSQRVGLVASQKNDLDAVALMHPDGSAVVVVINRSSKDVPLTIKDPAVGF-L 480
NLAINPEGGPNWVENE PIIVDITKDTFYKQPMEFYHLGHESKFIPEGSQRVGLVASQKNDLDAVALMHPDGSAVVVVINRS SKDVPLTIKDPAVGF-L 480
NLAINPEGGPNWVEN PIIVDITKDTFYHDPMFYHLGHFSKFIPEGSQRVGLVASQKNDLDTVALMHPDGSAVVVVINRSSKDVPLTIKDPAVGEF-1L 480
NLAINPEGGPNWVEN PIIVDIPKDTFYHDPMFYHLGHFSKFIPEGSQRVGLVASEKIDLETVALIRPDGSAVVVVINRSSKDVPLTI SDPALGF-M 479
NLAINPEGGPNWVEN PIIVDIPKDAFYKOPMEYHLGHFSKFIPEGSORVALVASESTDLETVALLRPDGSAVVVVINRSSEDVPLTISDPDLGF-L 479
NLAINLEGGPNWVRN PIIVDITKDVEYKDPMF YHLGHFSKF I PEGSQRVGLAASKKNGLDTVALTRPDGSAVVVVINRSSKDVPLTIKDPAVGE-V 480
NLAINPEGGPNWVRN PIIVDISKDTFYKQPMFYHLGHFSKFIPEGSQRVGLAASEKMNLDTVALLRPDGSAVVVVINRSSKDVPLTIKDPALGF-L 480
NLAINPEGGPNWVENF PIIVDIAKDTFYHDPMFYHLGHESKFIPEGSQRVGLVASKKSDLDTVALLRPDGSAVAVVINRSSKDVPLTIKDPAVGEF-M 480
NLAINPEGGPNWVEN PIIVDIAKDTFYHDPMEFYHLGHESKFIPEGSQRVGLDASEKMINLDTVALMHPDGSAVVVVINRSSKDVPLTIKDPAVGE=-L 480
NLAINTRGGPNWARN PIIVNATAGEFYHDPMY YALAHFTKFVSRGSKRVDCGSQRR—LETVAFVRPDNATVLVVMNRRSTERSFIVVDSQLGS-L 489
NLCIDETGGPNWA PIIVNRTAQEFYHDPMFYALGHFSKFLPRGSTRVFTKIEGNIAVSATSVVIEGGRRATVILSKASNSLLTRIVDSSTGFST 483
NIAINKDGGPTYI PIIVNPENDEFYKDPMY YALKHYSREVDRGSVRIFIT--DTIEIKAAAFITPSNEIVVVAYNDNNEKTNVVLNDVTSEDYI 476

ETISPGYSIHTYLWRRQ- 497
ETISPGYSIHTYLWRRQ- 497
ETISPGYSIHTYLWRRQ- 497
ETISPGYSIHTYLWRRQ- 496
ETVSPGYSTHTYLWRRQ- 496
ETLSPAYSIHTYLWRRQ- 497
ETISPSYSIHTYLWHRK- 497
ETVSPGYSTHTYLWRRD- 497
ETVSPGYSIHTYLWRRQ- 497
NFSIPGHAIQTYIWASQ- 506
VLNLPPRSIHTVIWKKRK 501
CLELPPHSMNTVIYNK-- 492

684536); (e) mouse (Gene ID 14466); (f) dog (Gene ID 612206); tion of each mutation is given above the appropriate box
(g) pig (Gene ID 449572); (h) ox (Gene ID 537087); (i) horse (Gene

ID 100063514); (j) tick (Gene ID 8051161); (k) C. elegans (Gene ID
178535); (1) honeybee (Gene ID 409708). The boxes indicate
conserved residues altered in novel missense mutations. The designa-

@ Springer



16

JIMD Reports

leads to type 3 GD (Rozenberg et al. 2006). Such a model
predicts that our patient with [G377S] + [E326K + L444P]
is likely to develop neurological symptoms, although no
such symptoms have been described to date.

There remain undefined mutant alleles in our collection
that can be explained by alterations outside the GBA coding
region. Such changes would not be detected by our approach,
nor would sequence alterations in the promoter region of the
gene, or in untranslated or in noncoding regions. We are
currently testing further approaches to overcome these
limitations and unmask the remaining mutant alleles.

The vast majority of mutations identified have not been
found in homoallelic form, especially the new variants.
Ultimately, it may be more accurate to envision the
associated phenotypes as forming a continuum, with the
major distinction being the presence and degree of neurolog-
ical involvement (Sidransky 2004; Hruska et al. 2008).

The identification of mutant alleles is crucial for
advancing knowledge of the worldwide GBA mutation
spectrum, and should contribute to a better understanding
of the molecular basis of the disease. Such information
should also help in establishing genotype-phenotype corre-
lations as well as in genetic counseling and/or in custom-
ized molecular analyses for families at risk.
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Synopsis

Novel and rare mutations in the GBA gene of patients with
Gaucher disease.
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