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Abstract

The molecular diagnosis of Gaucher disease has been difficult
due to the existence of several different point mutations in the
glucocerebrosidase gene and due to the presence of a tightly
linked, highly homologous pseudogene. We now report the
occurrence of a "Lepore-like" glucocerebrosidase fusion gene
in which the 5' end is the functional gene and the 3' end is the
pseudogene. This further complicates the molecular diagnosis
ofGaucher disease but sheds light on the molecular anatomy of
the glucocerebrosidase gene complex and on the pathogenesis
of this important storage disease. (J. Clin. Invest. 1990.
85:219-222.) crossover- Lepore - mutation - pseudogene

Introduction

Gaucher disease is probably the most common glycolipid
storage disease. It is caused by an inherited deficiency of the
lysosomal enzyme glucocerebrosidase (1). In addition to the
functional gene, a glucocerebrosidase pseudogene has been
identified; both the functional gene and the pseudogene appear
to be on chromosome 1 (2, 3) and both have been sequenced in
their entirety (4).

Four different single-base substitutions have been reported
to cause this disease (Table I) (5-8). In some patients disease-
producing alleles remain unidentified, however. We therefore
cloned and sequenced cDNA from cultured skin fibroblasts or
lymphoblasts from such individuals. In the course of these
studies, we have sequenced a cDNA representing transcript
from a fusion gene in which the 5' end is the functional gluco-
cerebrosidase gene and the 3' end is the pseudogene.

In this study we characterize this fusion gene and discuss its
importance for understanding the molecular anatomy of the
glucocerebrosidase gene complex and its implications for the
molecular pathogenesis and diagnosis of Gaucher disease.

Methods

Patient studied. The patient (D.W.) is a 2 1-yr-old female with type 1
(adult type) Gaucher disease. The diagnosis was made at age 3 yr, based
on the clinical findings ofhepatosplenomegaly, on the identification of
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Gaucher cells in bone marrow aspiration, and on the demonstration of
a low activity of the acid ,-glucosidase in her white blood cells.

Splenectomy was performed at age 9 yr, after deterioration of her
blood counts with frequent bleeding manifestations. Episodic bone
pains have occurred since age 10, however, she has not'suffered frac-
tures. At present the most prominent manifestation of her Gaucher
disease is massive hepatomegaly with mild abnormalities of her liver
function tests.

Cells and RNA. Skin fibroblasts were obtained from a skin biopsy
and grown in Dulbecco's modified Eagle's medium supplemented with
10% fetal bovine serum. Cellular RNA was prepared using the guani-
dium thiocyanate/cesium chloride method (9); and the poly(A) rich
fraction of RNA was prepared by two purifications with oligo (dT)
Sepharose (10).

Preparation and screening ofcDNA library. A cDNA library was
prepared and screened as previously described ( 11) with the following
modifications. We ligated the cDNA to AZAP (12) and screened our
library with two 20-mer oligonucleotide probes (one made to the 5' end
of the cDNA and the other to the 3' end so that we could select
full-length clones).

The full length clones were sequenced on both strands using modi-
fications of the chain termination dideoxy sequencing technique (13)
with a sequenase kit (International Biotechnology, Inc., New Haven,
CT) or an AMV reverse transcriptase sequencing kit (Stratagene, La
Jolla, CA) according to the recommendations of the suppliers. A set of
1 7-20-mer oligonucleotides were used as primers.

Analysis ofgenomic DNA. High molecular weight genomic DNA
was prepared from white blood cells according to established meth-
ods (14).

The polymerase chain reactions were performed as described (15)
for identification of the crossover site of the fusion gene.

Ssp I digests were made by incubating 10 Mg ofDNA in 400 Ml ofa
buffer (10 mM Tris-Ci pH 7.5, 105 mM NaCI 10 mM Mg Cl2, I mM
DTT, 0.02% gelatin). Another 120 U of Ssp I was then added and
incubation was continued for an additional 2 h. Electrophoresis was
performed in 0.36% ultrapure agarose (Bethesda Research Laborato-
ries, Gaithersburg, MD) poured on a 3-mm 1% base in 40mM Tris-Cl,
20 mM Na acetate, 18 mM NaCI, 2 mM EDTA, pH 8.05 buffer.
Electrophoresis was carried out for 18 h at 2 V/cm. The gel was then
treated with 0.25 M HC1 for 15 min alkalinized with 0.5 M NaOH in
1.5 M NaCl for I h and finally treated with 0.5 M Tris pH 7.5 in 3 M
NaCl for 2 h. The DNA was transferred from the gel to nitrocellulose
for 3 d in lOX SSC (14). The gels were developed with the cDNA probe
described previously (16), applying 35,000 cpm/mm2 of nitrocellulose
in 12 ml of annealing mix (50% formamide, I X Denhardt's solution,
10 mM Hepes, pH 7.4, 3X SSC, 0.1 mg/ml salmon sperm DNA [dena-
tured]) at 420C. The filter was washed at 50-550C in 350 ml of 0.1X
SSC, 0.1% SDS three times for 1 h each.

Sac II digests were performed by adding 200 U ofSac II to 500 Ml of
buffer (6 mM Tris-CI pH 7.5, 6 mM MgCl2, 6 mM NaCI, I mM DTT,
0.02% gelatin) containing 10 Ag of DNA, incubating for 4 h at 37?C.
The gel was treated with acid, neutralized, and transferred to nitrocel-
lulose in a manner identical to that used for the Ssp I digest. The filter
was developed using the same probe at 55,000 cpm/mm2.

Results

Of the 18 positive cDNA clones that were obtained 5 con-

tained the entire glucocerebrosidase coding regions. We se-
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Table I. Mutations in Gaucher Disease

Base substitution Amino acid change
Position normal - mutant normal - mutant Restriction site created Disease type Reference

476 G -- A Arg -- Gin Bst NI, Eco RII I (8)
1226 A - G Asn Ser I (6)
1361 C-*G Pro - Arg HhaI II (7)
1448 T - C Leu - Pro Nci I 1,11,111 (5)

quenced two different clones, representing each of the two
alleles.

While one ofthe clones had a single base substitution (A -
G) at position 1226, the second one was found to have three
different base pair substitutions in the coding region: T -+ C at
position 1448 (Leu -- Pro), G -* C at position 1483 (Ala
Pro), and G -* C at position 1497 (no amino acid change). A
fourth nucleotide substitution G -- A occurred at position
1703 in the 3' noncoding region.

All of these four point mutations match exactly the se-
quence found normally in the glucocerebrosidase pseudogene
downstream from nucleotide 1300 on the cDNA sequence (4,
1 1). To study the molecular mechanism of the apparent re-
combination of active gene and pseudogene we performed
Southern blot analysis of genomic DNA, digested with the
restriction endonucleases Sac II and Ssp I separately (Fig. 1).
An attempt to improve the resolution of the pattern on the gel
by using rotating agarose gel electrophoresis (17) and reverse
field electrophoresis using the PPI-200 programmable electro-
phoresis controller (MJ Research, Inc., Cambridge, MA)
under various conditions failed to improve resolution of frag-
ments in the desired size range. Sac II normally cuts outside

the glucocerebrosidase gene/pseudogene complex, giving a
single band of 49 kilobases (kb) when hybridizing to a full-
length glucocerebrosidase cDNA probe. In the present case, a
second shorter fragment of - 27 kb was obtained. Similar
Southern blot analysis with Ssp I restriction endonuclease
normally reveals two bands of - 18 and 13 kb. In the present
case, an additional band of 14 kb was obtained.

These studies provide evidence for rearrangement ofDNA
in the glucocerebrosidase gene complex. Unequal crossover
apparently has occurred between the functional glucocerebro-
sidase gene and the pseudogene as the molecular event respon-
sible for the creation of the fusion gene. The loss of DNA
between the gene and pseudogene accounts for the shorter
than normal fragments found on restriction analyses.

In determining the crossover region, we analyzed genomic
DNA by the polymerase chain reaction technique, using our
previously described methods for the detection of mutations
1226 and 1448 (15). This analysis indicates that the transition
from the functional gene to the pseudogene occurred between
nucleotides 5933 and 6272 of the glucocerebrosidase gene.
Since the sequences of the gene and pseudogene are identical
between these two nucleotides, the exact point of crossover
could not be determined.
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Figure 1. Southern blot analysis of genomic DNA samples digested
with Sac II and Ssp I. (a) the samples from the patient are in lanes I
and 5. Lanes 2-4, showing the normal pattern, were obtained from a

normal individual (lane 2) and from two other Gaucher patients
(lanes 3 and 4). (b) lane 1, DNA from the patient showing the extra
14-kb band; lanes 2, 4, and 5 contain DNA from other Gaucher dis-
ease patients; and lane 3 is a normal control. The lanes from the pa-
tient are marked with an arrow.

Discussion

We report the occurrence in a patient with adult-type Gaucher
disease of a cDNA representing transcription from a fusion
gene, in which the 5' end is the functional glucocerebrosidase
gene and the 3' end is the pseudogene.

A map of the glucocerebrosidase gene/pseudogene com-
plex reveals that the restriction endonuclease Sac II cuts out-
side the complex, yielding a single fragment - 49 kb in length
(Fig. 2). If the fusion gene had arisen through the process of
gene conversion (18), the length of this fragment should re-
main unaltered in the affected individuals. Similarly, if a long
transcript encompassing both the gene and the pseudogene
had been processed in such a way as to create the mRNA that
was detected, the restriction pattern would have been unal-
tered. The appearance of an altered, shorter fragment in the
Sac II digest of our patient proves that the fusion gene was
created through an unequal crossover event.

This conclusion is further confirmed by the results of the
Ssp I analysis. Normally (in healthy individuals and in
Gaucher patients), Ssp I cuts outside the glucocerebrosidase
gene complex and inside the intergenic region, producing two
major bands when hybridizing to the glucocerebrosidase
cDNA. Since the intergenic sequence is missing in the fusion
gene described herein, there should be a loss of the Ssp I inter-
genic site(s) of this gene complex with a probable additional
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change in the distance between the two outside Ssp I sites. Our
finding of a third band (- 14 kb in length) fits this prediction
well, and indicate that the other normally sized bands are
derived from the other allele.

Ssp I analysis is technically easier to perform than Sac II
analysis, since it requires blotting of shorter DNA fragments.
Therefore, we used it as a means for the detection of similar
fusion genes in other patients. 18 additional individuals with
Gaucher disease who did not have the 1226/1226 genotype
were studied. No additional cases were encountered.

A fusion gene containing the 5' portion ofthe 6-globin gene
and the 3' part of the fl-globin gene produces a form of thalas-
semia in which the abnormal hemoglobin is designated hemo-
globin Lepore. The fusion gene we describe here is the only
other inherited disease ofman ofwhich we are aware in which
a fusion gene producing an abnormal protein has been identi-
fied as the result of crossing over between two different genes.

Similar events, presumably representing crossing over
within a gene that generates a duplication, have been described
in the case of Duchenne muscular dystrophy (19) and in the
LDL receptor gene (20). Color blindness is apparently fre-
quently due to crossing over between genes for green and red
pigment (21, 22). Crossovers between virtually identical genes,
the a-globin genes, accounts for the deletions seen in a-thalas-
semia-2 (23) but here the fusion protein is normal and the
disease state results from the loss of a copy rather than the
formation of an abnormal one.

The existence of this "Lepore"-like glucocerebrosidase
gene is an experiment of nature that provides data regarding
the molecular anatomy of the glucocerebrosidase genes on
chromosome 1 and also has significant implications in respect
to the molecular diagnosis and pathogenesis of Gaucher dis-
ease. The fact that the 5' end of the fusion gene was derived
from the functional gene indicates that the functional gene is 5'
to the pseudogene; the complex that would be formed if the
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Figure 2. The formation of a fusion gene from the glucocerebrosi-
dase (GC) gene and pseudogene. The portion of the genes in which
the crossing-over occurred are shown.* Sac II restriction analysis of
the glucocerebrosidase gene/pseudogene complex shows that the frag-
ment containing the normal glucocerebrosidase gene/pseudogene
complex is - 49 kb long, and the one containing the fusion gene is
- 27 kb long. The fusion gene is of the same length as the functional
GC gene (7.6 kb), because all of the missing segments of the pseudo-
genes (which make it - 1.6 kb shorter) are 5' to the point of cross-
ing-over. Most of these segments are Alu sequences (4) and are repre-
sented as diagonal dashed areas on the GC gene diagram. The 55 bp
deletion in exon 9 of the pseudogene is represented by white dots.
The horizontal lines in exons 1 and 11 are the noncoding regions.
Since the lengths of both the GC gene and pseudogene are known, as
are the lengths of the Sac II fragments, the intergenic distance can be
calculated as being - 16 kb.

functional gene were 3' to the pseudogene would have included
a copy of the normal gene, and in this event the patient would
not have had Gaucher disease. Moreover, since the deletion
should be equal to the size of the deleted portions of the gene
itself plus the length of the intergenic DNA, we can now cal-
culate that the functional gene is separated from the pseudo-
gene by a distance of - 16 kb (see Fig. 2).

The fusion gene that we have detected would drastically
impair the production or the stability of glucocerebrosidase. It
contains a base change occurring normally in the pseudogene
that causes severe Gaucher disease when present as a point
mutation in the functional gene (5). In addition another
downstream base pair substitution produces another ala -
pro substitution at nucleotide 1483.

The analysis of mutations in Gaucher disease patients has
been difficult due to the existence of several different abnor-
mal alleles and because of the need to separate the glucocere-
brosidase gene from its 95% homologous pseudogene. The oc-
currence of fusion genes makes such analysis even more com-
plicated, but fortunately crossovers of the type we have
described here are uncommon. In any case, this experiment
does yield interesting information regarding the structure of
this important gene complex.
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