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Identification of a novel recombinant mutation
in Korean patients with Gaucher disease using
a long-range PCR approach

Seon-Yong Jeong, Seo-Jin Kim, Jeong-A Yang, Ji-Hee Hong, Su-Jin Lee and Hyon J Kim

Gaucher disease (GD) is an autosomal recessive, lysosomal disorder caused by mutations in the gene for the

b-glucocerebrosidase (GBA) enzyme. Presence of the non-functional GBAP pseudogene, which shares high sequence similarity

with the functional GBA gene, has made it difficult to carry out molecular analyses of GD, especially recombinant mutations.

Using a long-range PCR approach that has been skillfully devised for the easy detection of GBA recombinant mutations, we

identified four recombinant mutations including two gene conversion alleles, Rec 1a and Rec 8a, one reciprocal gene fusion

allele, Rec 1b, and one reciprocal gene duplication allele, Rec 7b, in Korean patients with GD. Rec 8a, in which the GBAP

pseudogene sequence from intron 5 to exon 11 is substituted for the GBA gene is a novel recombinant mutation. All mutations

were confirmed by full sequencing of PCR amplicons and/or Southern blot analysis. These results indicate that the usage of

long-range PCR may allow the rapid and accurate detection of GBA recombinant mutations and contribute to the improvement

of genotyping efficiency in GD patients.
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INTRODUCTION

Gaucher disease (GD) is an autosomal recessive disorder resulting
from mutations in the gene that encodes the lysosomal enzyme,
b-glucocerebrosidase (GBA).1 The human GBA gene is composed
of 11 exons and 10 introns and is located on chromosome 1q21.2

The non-functional GBAP pseudogene is located approximately 16 kb
downstream of the functional GBA gene.2 The difference between the
GBA and GBAP genes, including size, is due to exonic and intronic
deletions and nucleotide substitutions of the GBAP pseudogene
(Supplementary Figure 1). In addition, the metaxin 1 gene (MTX1)
and its pseudogene (MTX1P) are contiguous to the GBAP and
GBA genes, respectively, in the opposite direction.3 Because of the
extremely high degree of sequence homology (B96%) between GBA
and GBAP genes, unequal homologous recombination can occur
during meiosis between them, which can result in pseudogene-derived
mutations including non-reciprocal gene conversion alleles and reci-
procal crossing over alleles, gene fusion and duplication alleles.4

To date, several GBA recombinant mutations, including gene
conversion alleles and, less frequently, reciprocal crossing over
alleles, have been identified and referred to by various aliases.5

In this study, we report four GBA recombinant mutations including
one novel allele identified in Korean GD patients using a long-range
PCR approach.

MATERIALS AND METHODS

Long-range PCR
Amplification of GBA recombinant alleles was carried out with LATaq polymerase

(Takara, Otsu, Shiga, Japan) and gene-specific primers (Supplementary Table 1).

For detection of the gene conversion alleles, nested long-range PCR was conducted

(Figure 1a, i). The first amplification (10 cycles), to obtain long genomic DNA

containing the entire GBA and the first region ofMTX1P, was carried out using the

primer set, GBA-f and cMTX1-r. Nested PCR (35 cycles) for the entire GBA gene

(exons 1–11) was subsequently conducted using the primer set GBA-f and GBA-r.

This PCR was also used for the detection of non-recombinant GBA mutant alleles

residing on other GBA loci in trans or cis chromosomes of the GD patients.

For detection of reciprocal gene fusion and duplication alleles, long-range

PCR (35 cycles) was conducted using the primer set, GBA-nf and MTX1-r

(Figure 1a, ii) and cGBA-nf and cMTX1-r (Figure 1a, iii), respectively.

Southern blot analysis
The GBA cDNA probe was labeled with 32P using the Amersham Rediprime II

Random Prime Labeling System (GE Healthcare Life Sciences, Amersham,

Bucks, UK). Genomic DNA (B20mg) was digested with the restriction enzyme

SspI (NEB, Ipswich, MA, USA) overnight at 37 1C. The next steps were carried

out according to the previously reported protocols.4

RESULTS AND DISCUSSION

We used a long-range PCR approach on genomic DNAs from
four patients (P1–P4), with undetermined perfect genotypes among
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36 Korean GD patients.6 Clinical characteristics of the patients P1–P4
are summarized in Table 1. A normal control (NC) carrying wild-type
GBA alleles (wt/wt) and patient control (PC) carrying missense
mutant alleles (G46E/L444P) were used as controls in this study.
Genomic DNAs of P1 and P2 were amplified only using the GBA-f
plus GBA-r primers and not the other two primer pairs as observed in
the controls, NC and PC (Figure 1b). This indicated that in any case,
neither P1 nor P2 carries the reciprocal crossing over alleles. We
extracted, purified and sequenced one band (mixed 2 GBA alleles from
both homologous chromosomes) of P1 and 2 separate bands of P2.
Sequence analysis revealed that both P1 and P2 had missense and gene
conversion alleles, R496H/Rec la and G46E/Rec 8a, respectively
(Supplementary Figure 2). Rec 1a (RecNciI) is a common mutation,
but Rec 8a was characterized as a novel mutation. The Rec 8a allele
(the lower band in Figure 1b) contained a large part of the GBAP
pseudogene sequence (from intron 5 to exon 11) being converted to
the GBA, resulting in 651 bp of exonic and intronic deletions and
nucleotide substitutions in GBA. The Rec 8a allele reveals a similar
recombination initiation site (intron 5) but a different recombination
termination site (exon 7) to the previously reported recombinant
allele, named g.4179_5042conJ03060.1:g.2367_2911.7

Genomic DNAs of P3 and P4 were amplified using GBA-nf plus
MTX1-r primers and cGBA-nf plus cMTX1-r primers, respectively,
indicating that P3 bears a reciprocal gene fusion allele and P4 bears a
reciprocal gene duplication allele (Figure 1b). Sequence analysis
revealed that P3 had a missense allele, F213I, on one chromosome
and a complex allele consisting of a missense allele and a gene fusion
allele in cis, D315E+Rec 1b, on the other chromosome (Supplemen-
tary Figure 2). P4 had a missense allele L444P and a complex allele
with a missense allele and a gene duplication allele in cis, V191G+Rec

7b (Supplementary Figure 2). These genotyping results of P1–P4
(Table 1) were confirmed by molecular analysis of their parents.
To evaluate the accuracy of our method, we performed Southern

blot analysis of the GBA and GBAP genes. The DNA amount of P4 was
not sufficient for Southern blotting, so we carried out the experiment
for three patients (P1–P3) and two controls. As expected, two bands
with 17 and 12kb generated from the normal alleles were observed in
P1 and P2 as in NC and PC, but an extra 13.6-kb band generated from
the gene fusion allele was observed in P3 together with two normal
bands (Figure 2), demonstrating that our optimized PCR approach
allows the accurate detection of GBA recombinant alleles.
Compared with other methods including conventional PCR-direc-

ted sequencing of GBA gDNA or cDNA,8,9 restriction enzyme diges-
tion of PCR amplification products,10 and Southern blot analysis,4,11

the most valuable advantage of our approach is that it is very easy to
determine the presence of gene fusion or duplication alleles by simply
interpreting PCR result as either ‘on’ or ‘off ’, although sequencing of
PCR amplicons is required to determine the precise converted regions,
like in other methods.4,8,9,11 As there is no sequence difference in the
intron 10 exon 11 regions between GBA and GBAP (Supplementary
Figure 1), when the reverse primers corresponding to the end of
GBA gene alone are used as in the conventional PCR-based methods,9

it is difficult to distinguish gene conversion alleles from reciprocal
gene fusion alleles, which leads to genotyping error. We solved this
problem by using the reverse primer (cMTX1-r) corresponding to the
contiguous MTX1P gene (Figure 1a).
Although the majority of GBAmutations are missense and non-sense,

GBA recombinant alleles have been found at a high frequency in several
populations (B24%),12–15 but, are very rare in an Ashkenazi Jewish
population (B3%).12,13 In this study, we identified four recombinant
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Figure 1 Amplification of b-glucocerebrosidase (GBA) recombinant alleles using three sets of long-range PCR primers. (a) Schematic representation of three

types of predicted GBA recombinant alleles. GBA and MTX1 genes are represented by the closed box above the line and slashed box below the line with

their pseudogenes (c), respectively. The PCR primer locations and directions used for amplification of the GBA recombinant alleles are indicated with their

names, and putative lengths of amplicons are indicated. Asterisk (*) indicates a non-recombinant, intact GBA locus next to the reciprocal gene duplication

allele after the recombination occurs. (b) Agarose gel images of the long-range PCR amplification from genomic DNAs of a normal control (NC) (wt/wt) and

patient control (PC) (G46E/L444P), and four patients (P1–P4). The primer pairs used for PCR are indicated below each panel.
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alleles among 72 alleles (5.6%) of 36 unrelated Korean GD patients.6

Many unknown mutations in GD patients of reported series remain to
be identified.6,12,16 Our approach may contribute to the improvement

of genotyping efficiency in GD patients and provide insights into the
molecular diagnosis of GD.
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Table 1 Summary of clinical characteristics and genotypes of four unrelated Korean Gaucher disease patients with GBA recombinant alleles

Patient Gender Age at diagnosis Phenotypic subtype Age on ERT Age at death Present age Major clinical features Genotype

P1 M 32y Type 1 47y 7mB — 58y 7m HSM, Sp (at 38y) R496H/Rec la

P2 F 1y 10m Type 1 1y 11mB — 7y 2m HSM G46E/Rec 8a

P3 M 11m Type3B 11mB — 5y 11m DD, HSM, Sz F213I/D315E+Rec 1b

P4 F 1y 10m Type3B 2y7m B3y6m 3y 11m — DD, HSM, OMA, Sz L444P/V191G+Rec 7b

Abbreviations: DD, developmental delay; ERT, enzyme replacement therapy; HSM, hepatosplenomegaly; m, months; OMA, ocular motor apraxia; Sp, splenectomy; Sz, seizure; y, years.
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Figure 2 Southern blot analysis of genomic DNAs digested with SspI

restriction enzyme. (a) Schematic representation of the SspI digestion sites

in proximity to b-glucocerebrosidase (GBA) and MTX1 and their pseudogenes

on the normal allele of a normal control (NC), point mutation allele (G46E

or L444P) of a patient control (PC), gene conversion alleles (Rec 1a and

Rec 8a) of P1 and P2 and reciprocal gene fusion allele (Rec 1b) of P3.

The expected sizes by SspI digestion are indicated. (b) Autoradiographic

images of the Southern blot analysis from genomic DNAs (B20mg) of a NC
(wt/wt), a PC (G46E/L444P), P1 (R496H/Rec la), P2 (G46E/Rec 8a) and

P3 (F213I/D315E+Rec 1b). In the lane of P3, the 17- and 12-kb bands

generated from the normal allele and the 13.6-kb band generated from the

reciprocal gene fusion allele are indicated.
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