aracteritzacié de mutacions causants
de la malaltia de Gaucher.
Aproximacié a una terapia génica.

Anna Diaz Font
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1.1. Caracteritzacid6 de nous al-lels causants de la malaltia de Gaucher

produits per recombinacions entre el gen GBA i el pseudogen

Un dels objectius d’aquesta tesi era la busqueda de nous al-lels recombinants que no
s’haguessin descrit fins al moment. Disposavem d’un pacient candidat a ser portador d’una
mutacié d’aquest tipus. Aquest pacient havia estat diagnosticat com a malalt de Gaucher tipus
| i inicialment genotipat com a homozigot per a la mutaci6 N370S. Perd aquest pacient
presentava una edat d’aparici6 de la malaltia molt primerenca per ser homozigot per la
mutacioé N370S i en analitzar els pares, que s’esperava que fossin portadors cadascun d’ells de la

mutacié N370S, es va comprovar que la mare no era portadora d’aquesta mutacio.

Una de les explicacions del perqué la mare no portava la mutacio i, en canvi, el fill es
veiés homozigot per la mutacié N370S, era que el fill fos en realitat heterozigot per la mutacio
N370S i en I'altre al-lel portés una delecid. Aquesta delecio faria que vegeéssim la mutacié N370S
en homozigosi perque realment només estariem amplificant un al-lel. La delecié hauria d’afectar
com a minim la zona d’anellament d’un dels dos encebadors, perd podria afectar a tot el gen.
Una de les causes que explicaria aquesta delecid podria ser una recombinacio entre el genii el

pseudogeén amb la formacio d’un gen de fusié entre tots dos.

En analitzar el DNA del pacient vam poder determinar que tenia una delecié que
abarcava la majoria del gen com a consequencia d’una recombinacié amb el pseudogeén, a
nivell de I’intré 2. Es va poder acotar el punt de la recombinacidé en una regié de només 18

nucleotids.

Referéncia del treball publicat:

A new gene-pseudogene fusion allele due to a recombination in intron 2 of the
glucocerebrosidase gene causes Gaucher disease. Blood Cells, Molecules and Diseases
(2000) 26(5): 409-416.
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A New Gene-Pseudogene Fusion Allele Due to a Recombination in
Intron 2 of the Glucocerebrosidase Gene Causes Gaucher Disease

Submitted 07/17/00
(Communicated by Ernest Beutler. M.D.. 07/17/00)

Bru Cormand,"* Anna Diaz,"* Daniel Grinberg,' Amparo Chabas,” and Lluisa Vilageliu'

ABSTRACT: Gaucher disease is the most prevalent sphingolipid storage disorder in humans caused by a
recessively mnherited deficiency of the enzyme glucocerebrosidase. More than 100 mutations have been described
in the glucocerebrosidase gene causing Gaucher disease. Some of them are complex alleles with several mutations
due to recombination events between the gene and its highly homologous pseudogene. The generation of these
recombinant alleles involves, in most cases, a crossover in the 3" end of the gene, beyond exon 8. However, in a
few cases recombination took place in a more upstream location. Here we describe the analysis of a patient with
type I Gaucher disease who bears a new complex allele. This allele was originated by a crossover between the gene
and the pseudogene at intron 2, the most upstream recombination site described so far, which gave rise to a fusion
gene. The patient was first diagnosed as homozygous for the ¢.1226 A — G (N370S) mutation but the early onset
of the disease prompted us to perform parental DNA analysis which showed that the mother was not a N370S
carrier, suggesting deletion of at least part of the gene. Molecular analysis of the complex allele was carried out
by Southern blot, PCR, and sequencing. We were able to close down the region of the recombination event to an
interval of 18 nucleotides, corresponding to the last 15 nucleotides of intron 2 and the first 3 nucleotides of exon
3 of the gene. These 18 nucleotides are identical between the gene and pseudogene making any further refinement
impossible. An exhaustive list of published glucocerebrosidase complex alleles, describing their recombination
points, 1s included for comparison. @ 2000 Academic Press

INTRODUCTION

Gaucher disease (GD) is an inherited defi-
ciency of the lysosomal enzyme glucocerebrosi-
dase, encoded by the GBA gene on chromosome
Ip21. Many disease-causing alleles have been
described in the GBA gene (1) most of them being
point mutations. A highly homologous pseudo-
gene, GBAP, originated by an ancestral gene du-
plication, is located 16 kb downstream. The pres-
ence of these homologous regions in a small
genomic interval enhances the probability of re-
arrangements resulting in the production of the
so-called “complex alleles” or “Rec” mutations.
These alleles are generated either by crossovers or
gene conversion events between the GBA gene
and its pseudogene. All of them were found in

heterozygosis, suggesting lethality in homozygo-
sis. The few homozygous cases described to date
correspond to abortions or neonatal deaths (2—4).

The first gene-pseudogene fusion allele was
described 1n 1990 (5). It bears several sequence
changes, normally present in the pseudogene: two
missense mutations, L444P and A456P, and the
silent polymorphism V460V. Since then, alleles
with these changes, usually known as RecNeil,
have been reported in different populations, being
the most frequent complex allele in GD. Another
complex allele, RecTL (6), which bears the same
changes as RecNeirl plus D409H, has also been
described several times. Now it is clear that each
of these Rec alleles could have arisen from dif-
ferent mutational mechanisms such as gene con-
version or unequal crossing over. In most cases
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this issue was not addressed and the name Ree-
Neil or ReeTL is used independently of the mu-
tational mechanism. Besides these two relatively
frequent complex mutations, some other recom-
binant alleles have been reported in individual
cases. The recombination site for most of them
lies in the 3" end of the gene, beyond exon 8 (1, 7,
8). Only few crossovers have been described in
the 5’ end of the GBA gene such as those de-
scribed by Reissner et al. (9) in intron 3 or Filo-
camo et al. (10) 1n intron 6.

Here we report a new recombinant allele,
present in heterozygosis in a type 1 GD patient.
An exhaustive molecular characterization of this
allele allowed the refinement of the crossover site
to an 18-bp interval in the boundary between
intron 2 and exon 3 of the GBA gene. This 1s the
most upstream recombination event described so
far in a GD mutant allele.

MATERIALS AND METHODS

Patient

The patient, now a 14-year-old boy, was clin-
ically diagnosed of Gaucher disease at the age of
2 years 10 months. Diagnosis was confirmed by
low glucocerebrosidase activity in cultured fibro-
blasts. He presented severe splenomegaly from
the first months of life but development has been
normal despite important splenomegaly (17.5 cm
below ¢.b.) and hepatomegaly. He has no hemor-
rhagic diathesis. Neurological involvement is ab-
sent. Radiologically, the lower end of both femora
show the characteristic Erlenmeyer flask appear-
ance. The patient has no bone pain or pathological
fractures. Recent analyses show diminished levels
of cholesterol and Fe, and normal (in the low
range) leukocyte and platelet counts. A bone mar-
row aspirate showed storage of lipid cells. Clini-
cal data were provided by Dr. T. Toll. (Hospital
Sant Joan de Déu, Barcelona, Spain). This patient
was partially described as patient [.3 in Cormand
et al. (11).

Enzymatic Analyses

The 3-glucosidase activity was measured with
N-stearoyldihydroglicosyleeramide (1 mM) or

4-methylumbelliferil-B-glucopyranoside (4.5 mM)
in the presence of sodium taurocholate (1.5%
w/v) and Triton X-100 (0.2% v/v), as previously
reported (12).

DNA Isolation

Genomic DNA was prepared from fibroblasts
using the salting out procedure (13).

Sequence Numbering

Nucleotides are numbered throughout the pa-
per according to the recommendations by Beutler
and Gelbart (1). The A of the first ATG of the
GBA gene 1s considered as nucleotide +1. This
implies the subtraction of 583 nucleotides from
the genomic sequence by Horowitz et al. (14).
This sequence was corrected afterwards (Ref. 15;
GenBank Accession No. J03059). However, we
have not taken into account this corrected version
for nucleotide numbering, in order to allow com-
parisons with previous published results. This
produces small inconsistencies in the length of
some of the PCR or Southern fragments.

Detection of the ¢.1226 4 — G (N370S5)
Mutation

The N370S mutation in exon 9 of the gluco-
cerebrosidase gene was analyzed in the patient
through mismatched PCR amplification and Xfiol
digestion as previously described (16). The anal-
ysis was also performed on DNA material from
the parents and an unaffected brother.

Southern Blot, Probe Preparation, and
Hybridization

Genomic DNA was single digested with Ssp 1,
Bam HI, and Xbal enzymes, electrophoresed on a
0.7% agarose gel, and blotted onto a nylon mem-
brane (Amersham) using standard protocols.

For probe preparation, total RNA was pre-
pared from human cultured fibroblasts by the Ul-
traspec RNA Isolation System (Biotech). Reverse
transcription was performed using the Time Saver
¢DNA Synthesis Kit (Pharmacia Biotech) with an
antisense primer at the 3'-UTR end of the gluco-
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cerebrosidase mRNA (5'-CTCTTTAGTCACA-
GACAGCG-3', genomic position 6173-6192).
The full coding region of the ¢cDNA was PCR-
amplified in a 1836-bp fragment using the reverse
transeription primer described above and a sense
primer at the 5' end of the ¢cDNA (5'-GCCG-
GAATTACTTGCAGGGC-3', genomic position
—140 to —121). The PCR was performed with the
Expand Long Template PCR System (Boehringer
Mannheim). The glucocerebrosidase ¢cDNA probe
was labeled with [w-*?P]dCTP by random
priming.

Southern blot hybridization was carried out at
high stringency following a standard protocol.
The membrane was exposed to a Hyperfilm-MP
(Amersham) for 3 days.

Characterization of the GBA Gene—Pseudogene
Fusion by PCR Amplification and Sequencing

A forward gene-specific primer (5'-CCGT-
GTTCAGTCTCTCCTAG-3', genomic position
954-973) in intron 2 of the GBA gene and a
reverse nondiscriminatory primer (5-CCT-
CAGGGCCTGAAAAAGCT-3', genomic posi-
tion 2601-2620) in intron 5 were used to amplify
a 1675-bp gene product in normal chromosomes
or a 1024-bp gene/pseudogene fusion product in
mutated chromosomes. The PCR was performed
under the following conditions: 100 ng of tem-
plate DNA, 1 U of Expand High Fidelity poly-
merase (Boehringer Mannheim), 200 pM dNTPs,
10 pmol of each primer, in the recommended
buffer in a final volume of 25 ul. The PCR
program consisted of 35 cycles of denaturation at
94°C for 40 s, annealing at 62°C for 30 s, and
extension at 68°C for 2 min.

The PCR product was purified by GFX PCR
DNA and Gel Band purification kit (Amersham
Pharmacia Biotech) and sequenced by fluores-
cence dideoxy cycle sequencing (ABI 373A Flu-
orescent DNA sequencer, Perkin—Elmer).

RESULTS
Biochemical Analysis

Acid B-glucosidase (substrate 4MU-B-glu-
coside) and (-glucocerebrosidase (N-stearoyl-di-

411

A
<118 bp (WT)
€101 bp (N370S)
B
BamH|
c M
Sspl Xbal
C P
C__M - W o
M s <17.1Kb <«4.6 Kb
S <3 Kb . «4.3 Kb
.6
- *12.4Kb gL 3.9 kb
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FIG. 1. Characterization of the two mutant alleles of
the patient. (A) Detection of mutation N370S by Xhol
digestion of a mismatched-PCR 118-bp product and elec-
trophoresis on a 2.5% Nu-Sieve agarose gel. The presence
of the mutation creates a Xhol restriction site, producing
digestion fragments of 17 bp (not shown) and 101 bp. C,
healthy control: . father; M. mother: P, patient; B, brother.
(B) Southern blot analysis using a 1.8-kb RT-PCR fragment
mcluding all the coding region of the GBA gene as a probe.
Genomic DNA from a healthy control individual (C) and
the patient’s mother (M) or the patient (P) was single
digested with Sspl, BamHI, and Xbal. The lower intensity of
a 17.1-kb band (Sspl) and the appearance of extra bands of
3 kb (BamHI) and 3.6 kb (Xbal) suggest the presence of a
rearrangement between the GBA gene and its highly homol-
ogous pseudogene.

hydroglucocerebroside) were 9 and 15% of nor-
mal values. Chitotriosidase activity was 16313
nmol’h X ml (215-fold increase over control).

Mutation Characterization

The patient was originally misdiagnosed as
homozygous for the common N370S mutation
(12) as the PCR-based analysis showed only the
pattern corresponding to the N370S allele. How-
ever, family data showed that only the father was
a N370S carrier (Fig. 1A), suggesting a deletion
i the maternal allele.

To characterize this deletion, Southern analy-
ses with enzymes Sspl, Xbal, and BamHI were
performed. Note that due to limited material from
the patient (P), some of the experiments were
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FIG. 2. Schematic representation of the GBA4 gene (open boxes), the GBA pseudogene (shadowed boxes) and the
gene-pseudogene fusion. The predicted SspI (S), BamHI (B) and Xbal (X) restriction and the expected sizes of the digestion
products are shown. A/u sequences within the gene are depicted as hatched boxes. The location of PCR primers 3b-F (specific
for the gene) and 5-R (nonspecific) used mn Fig. 3 and the crossover site are mdicated.

performed using maternal DNA (M), which has
the same deletion as the patient. Sspl digestion
(Fig. 1B) showed a two-band pattern of about 17
(corresponding to the gene) and 12 kb (corre-
sponding to the pseudogene), similar to that of the
wild type (Fig. 2). The lower intensity of the
upper band suggested the complete deletion of the
gene. However, digestion analysis with other en-
zymes, such as BamHI and Xbal, showed differ-
ent patterns when compared to control DNA. In
particular for BamHI, an extra band of approxi-
mately 3 kb was obtained, while an extra band of
3.6 kb was found with Xbal (Fig. 1B). Moreover,
some of the bands, such as the Xbal 3.9 kb band
in the patient DNA, are more intense than others.
These results suggest that a genomic rearrange-
ment, different from a complete deletion of the
gene, should have taken place.

412

The data are consistent with a crossover oc-
curring between the first and the second A/ se-
quences of the gene and its homologous region in
the pseudogene. The size of the bands corre-
sponding to the normal and rearranged GBA
genomic region digested with Sspl, BamHI, and
Xbal are indicated in Fig. 2. Note that the Sspl
fragment containing the fusion gene has a similar,
but not identical, size to that of the wild type
pseudogene fragment. For the exact length of the
fragments, distances between restriction sites
were calculated from the published 75-kb se-
quence of the GBA region (GenBank Accession
No. AF023268; Ref. 17).

We performed a PCR experiment in order to
confirm the hypothesis that the gene-pseudogene
crossover occurred in a site located between in-
trons 2 and 4 of the gene. While the forward
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< 1.6 Kb (gene)

< 1 Kb (fusion)

FIG. 3. Characterization of the GBA gene-pseudogene
fusion by PCR amplification. The location of primers is
indicated in Fig. 2. A 1-kb fusion band was obtained from
the mother (M) and the patient (P), whereas the father (F)
and an unatfected brother (B) only showed the 1.6-kb gene
band. A healthy control individual (C) was mcluded.

primer (intron 2) is specific for the gene, the
reverse primer (intron 5) is not specific. Amplifi-
cation on control genomic DNA produces a
1.6-kb fragment from the gene, and no product
from the pseudogene. If the hypothesis is correct,
a 1.0-kb band should be produced from the fusion
gene. Figure 3 shows that both the patient and his
mother bear this fusion product, whereas the fa-
ther and the brother do not.

Upon cloning and sequencing the fusion prod-
uct, a precise localization of the crossover was
obtained. As shown in Fig. 4, the recombinant
allele bears an “A” at position 1021 (as in the
normal gene sequence) and a dinucleotide “GT,”
present in the pseudogene, instead of a “CCC”
trinucleotide at positions 1040—1042 of the gene.
All downstream sequences belong to the pseudo-
gene. These data close down the point of the
crossover to nucleotides 1022—-1039. The fact that
this 18-nt region shows no differences between
gene and pseudogene precludes any further re-
finement.

DISCUSSION

Several complex alleles of the glucocerebro-
sidase gene have been described. The two most
common alleles, RecNeil and RecTL, are identi-
fied according to the pseudogene variants they
bear. However, this classification does not take
into account neither the actual site of the recom-
bination nor the molecular mechanisms by which
these alleles were generated. Although Southern
blot analyses or long-PCR amplification could
help to understand the mechanism underlying
these mutational events, only in a few cases has
this issue been addressed (for example, Refs. 5, 9,
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18). Most of the reported complex alleles involve
a crossover in the 3 region of the gene, beyond
exon 8 (1, 7, 8). As suggested, recombinational
hotspots could be present in this region. However,
it is also possible that, due to a technical bias,
some of the crossovers occurring farther upstream
could be missed. Usually, the presence of recom-
binant alleles is only investigated when L444P, a
mutation normally present at the 3’ end of the
pseudogene, has been detected. However, as the
usual detection protocol for this mutation involves
digestion of a PCR-amplified fragment, it could
be missed in alleles bearing pseudogene se-
quences 1n the annealing site for the gene-specific
primers. To our knowledge, the most upstream
crossover described so far was located in intron 3
(9). Here we describe a new complex allele which is
due to a recombinant event in a more upstream
position, in particular between intron 2/exon 3 of the
gene and the homologous site of the pseudogene.
The patient was originally diagnosed as an
N370S homozygote (12). This misdiagnosis was
due to the lack of amplification of the maternal
allele. Similar cases have been also described (19,
20). In all these situations, the severe symptoms
presented by the patient or the early onset of the
disease prompted a more detailed analysis which
allowed correction of the original genotype deter-
mination. The combination of Southern blot anal-

Gene Pseudogene

18 bp

| Eai
acr -rar;'c-r cecere cc-rcccnﬂl—;-rélj_ﬂc cece T

| ﬂ

L i,

FIG. 4. Determination of the GBA gene-pseudogene
crossover site by sequence analysis. The 1-kb PCR product
shown 1 Fig. 3 was sequenced using primer 3b-F, which
recognizes a specific sequence in intron 2 of the GBA gene.
The position of the crossover was narrowed down to a
genomic interval of 18 bp between a gene-specific nucleo-
tide (A) and pseudogene-specific nucleotides (GT).
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TABLE 1

Complex Alleles Reported to Date

Exons Pseudogene changes in the fusion

First crossover” Second crossover? affected Allele names (or converted) gene® References
1022-1039 — 3-11 Rec (int-2) 33 mutations This study

(int 2—ex 3) 13 polymorphisms
Intron 3 — 4-11 Rec A 19 mutations (7,9

8 polymorphisms

2456-2476 2965-3578 5-6 Complex C RI20W, WI84R, N188K, V191G, 24

(int 4—ex 5) (ex 6-int 6) S196P, G202R, F2131
Intron 6 — 7-11 Complex I 7 mutations (10)

5 polymorphisms

Intron 8—exon 9 — 9-11 Rec B del55, D409H, L444P, A456P, V46OV (7)
Intron 8—exon 9 — 9-11 Rec(g4889-6506)  del55, D409H, L444P, A456P, V460V (25)
5005-5294 5690-5722 (int 9) 9 Rec[1263del55, del55, D409H, L444P, A456P, V460V (26)

(int 8—ex 9) 1342G=C]
5005-5294 5900-6731 9-10/11  cl263del+RecZL  del55, D409H, L444P, A456P, V460V (27)

(int 8—ex 9) (ex 10—ex 11)
5349-5373 (ex 9) — 9-11 RecTL D409H, L444P, A456P, V460V (6. 28)

Complex B

Exon 9 — — Rec C D409H, L444P, A456P, V460V (@)
5374-5689 5886-5898 (ex 10)  9-10 RecA456P D409H, L444P, A456P 27

(ex 9-int 9)
5374-5689 — 10-11 RecNeil L444P, A456P, V460V (5. 6, 28)

(ex 9-int 9) Complex A
Intron 9 — 10-11 Rec D L444P, A456P, V460V 7
5689-5723 (int 9) — 10-11 Rec allele of L444P, A456P, V460V (29)

patient 1043

Intron 9 — 10-11 Rec E L444P, A456P, V460V (7
Intron 9—exon 10 — 10-11 Rec F L444P, A456P, V460V (7)

Note. nt, intron; ex, exon.

“ Location of first crossover or 5" limit of gene-converted region.
? Location of second crossover or 3' limit of gene-converted region. (—) Indicates nonexistant or not described crossover.
“ Only mutations in the coding sequence or splice sites were considered.

ysis, PCR amplification and sequencing allowed
the complete characterization of this mutant: it 1s
a recombinant allele with the crossover point lo-
cated within a 18-bp interval at the end of intron
2 and beginning of exon 3. This allele, which we
have named Rec(int-2), is a null allele, as it in-
cludes a frameshift mutation early in exon 3
(g.1040delC). All the band sizes observed in
Southern analyses are consistent with this cross-
over site according to the restriction site data
within the 75-kb published sequence (17). How-
ever, the higher intensity of the 4.3 kb band ob-
tained after control DNA digestion with Xbal (see
Fig. 1B) suggests the existence of an extra Xbal
site, 5' of the pseudogene, not present in the
reported sequence. We propose that a sequencing
error or a polymorphism could have occurred in
the nucleotide 52090 of the 75-kb sequence, con-
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verting a C to a G and the sequence “TCTAC A”
(nt. 52086-52091) to “TCTAG A,” a Xbal site.
This would generate a 4248-bp fragment that
would comigrate with the 4257 bp fragment of the
gene (see Fig. 2).

Large deletions are difficult to characterize. Par-
ticularly, it may be complicated to differentiate a
fusion gene generated by a crossover in the 5’ region
of the gene from a complete deletion of the gene, as
a PCR amplification of part of the gene could fail to
make this distinction, depending on the primers and
the site of the crossover. Moreover, the Sspl analy-
sis, frequently used to detect rearrangements, could
also be non-informative, as shown i the case pre-
sented m this work (Fig. 1B).

Several complex alleles have been published
so far. Most of them are listed in Table 1, not
including those reported only in abstracts or con-
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gress communications. In some cases, an internal
part of the gene has been replaced by the homol-
ogous sequence of the pseudogene. Both gene
conversion or double crossover events have been
suggested as putative mutational mechanisms.
The two crossover sites (or the two limits of the
converted region) are indicated for them in Table
1. On the other hand, complex alleles presenting
gene sequences at their 5’ end and pseudogene
sequences at the 3’ end, may derive from a single
crossover event. They are consistent with the gen-
eration of a gene-pseudogene fusion resulting in
the deletion of the chromosomal material between
them. Characterization of this kind of allele may
be difficult and it has seldom been performed. In
some cases the recombination site has not been
precisely identified. Thus, some of the complex
alleles found in independent patients and bearing
the same combination of pseudogene mutations
could represent indeed the same allele. In the case
presented here we were able to confirm the gen-
eration of a fusion gene and to define the crossover
region precisely in the 5" end of the GBA gene.

An increasing number of reports suggest that
recombinant alleles are a frequent cause of muta-
tion in GD (18, 21-23), and also a possible source
of genotyping misdiagnosis (11, 19, 20). The in-
correct assignment of mutated alleles may even-
tually lead to confusing clinical correlations, and
further complicate the prognosis of the disease. A
focused search and complete characterization of
complex alleles, including Southern blot and long
PCR methods, would shed light both on mutation
mechanisms and genotype-phenotype correlations
in Gaucher disease.
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1.2. Caracteritzacio del mecanisme de generacio de I'al-lel RecNcil en

poblaci6 argentina i espanyola

Una de les mutacions causants de la malaltia de Gaucher és I’al-lel recombinant RecNcil.
Aquest al-lel és un al-lel complex que es defineix per contenir 3 canvis (L444P, A456P i V460V).
Aquests tres canvis estan presents en el pseudogén GBA (GBAP). Hi ha diferents mecanismes pels
quals aquests canvis passen al gen i esdevenen patogéniques. Basicament aquests mecanismes
sOn la conversid6 génica i la recombinacid o entrecreuament desigual. Depenent de quin
mecanisme el generi, I’estructura de I’al-lel és diferent, i es pot posar de manifest pels diferents

patrons de Southern blot generats amb I’enzim Sspl.

Ens vam proposar analitzar els mecanismes que generaven aquests diferents patrons dels
al-lels Recs en els pacients portadors de I’al-lel RecNcil. Disposavem de mostres de 25 pacients
d’origen argenti, ja que en aquesta poblacié la freqliéncia d’aquesta mutacié és especialment
elevada (Cormand i col.,, 1998b), i també mostres de 3 pacients de la poblacié espanyola

portadors de la mutacié RecNcil.

També vam analitzar mostres de pacients portadors de la mutacié L444P, tant de la
poblacié argentina com de la poblacié espanyola. En total vam analitzar 34 pacients argentins i

27 espanyols, entre portadors de I’al-lel RecNcil i la mutacio L444P.

Es va posar de manifest que la majoria d’al-lels RecNcil s’havien produit per conversié
génica i que en alguns dels al-lels analitzats, RecNcil o L444P, s’havien produit reordenaments

gue implicaven el gen de la metaxina.

Referéncia del treball publicat:

Gene rearrangements in the glucocerebrosidase-metaxin region giving rise to disease-
causing mutations and polymorphisms. Analysis of 25 RecNcil alleles in Gaucher disease
patients. Human Genetics (2003) 112: 426-429.
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Abstract The glucocerebrosidase and metaxin genes lie
in a gene-rich region that also includes two corresponding
pseudogenes. This gives rise to recombinant alleles. We
analysed two groups of patients from Argentina and Spain:
25 bearing the RecNcil allele and 36 carrying L444P. The
mutational mechanism is described and the crossover site
precisely defined. Most of the RecNeil alleles were gener-
ated by gene conversion. Rearranged alleles involving the
metaxin gene were also identitied. The high frequency of
RecNcil alleles associated with a polymorphic rearrange-
ment at the metaxin level is probably due to a founder ef-
fect.

Introduction

The most prevalent glucocerebrosidase (GBA) complex
allele causing Gaucher disease (GD) 1s RecNeil (Zimran
et al. 1990). Although it is not frequent in most popula-
tions, it has been found at a high frequency (21%) among
Argentinian GD alleles (Cormand et al. 1998b). This al-
lele is generated either by gene conversion or by unequal
crossing over between the GBA gene and the pseudogene
(GBAP) (Zimran et al. 1990). Southern blot and mi-
crosatellite analyses may identify which mechanism is in-
volved. While gene conversion produces a wild-type pat-
tern, a GBA-GBAP unequal crossover generates a pattern
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that corresponds to that of a fusion gene. Additionally, a
third pattern, the result of a crossover between the metaxin
and the pseudometaxin genes, has been reported. It has
been suggested that this is a non-Gaucher disease-causing
variant (Tayebi et al. 2000).

Subjects and methods

Thirty-four Argentinian (22 bearing the RecNerl allele and 12 bear-
ing the L444P mutation) and 27 Spanish (three carrying RecNeil
and 24 L444P) GD patients were analysed for the presence of ge-
nomic rearrangements. Some have been described elsewhere (Cor-
mand et al. 1998a, 1998b).

DNA preparation, mutation detection, PCR amplification, se-
quencing, and microsatellite and Southern blot analyses were per-
formed as described (Cormand et al. 1998a, 1998b; Rodriguez-
Mari et al. 2001). Sequence numbering: GenBank AF023268.

Gene mutation nomenclature used in this article follows the
recommendations of den Dunnen and Antonarakis (2001). Gene
symbols used in this article follow the recommendations of the
HUGO Gene Nomenclature Committee (Povey et al. 2001).

Results and discussion

In order to characterise the mechanisms generating the
RecNeil alleles, DNA samples were analysed by Southern
blot using the Sspl restriction enzyme and/or by determin-
ing the number of alleles at the ITG6.2 polymorphism de-
scribed by Lau et al. (1999).

The data obtained from the 25 GD patients carrying the
RecNeil allele showed that nine of them presented either
Southern and/or ITG6.2 patterns similar to those of wild-
type individuals, suggesting that the RecNcil allele was
generated by gene conversion (structure A in Fig. 1A).
Fifteen presented either the 17.1/15.6/12.4-kb Southern pat-
tern and/or the three-allele ITG6.2 combination, indicating
the presence of a duplication (structure C in Fig. 1A, B).
Only one RecNcil allele (patient A48) appeared to have
been caused by a recombination event leading to a tusion
gene (structure Bl). This was suggested by the 13.9-kb
Southern band and the lack of one ITG6.2 allele, and was
further confirmed by a specific 4.6-kb PCR amplification.
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Fig.1 A Genomic region in-
cluding the GBA and MTX genes
and pseudogenes, showing the
unequal crossover between the
GBA-MTX clusters that gives
rise to rearranged structures.

S indicates Sspl restriction sites.
Lengths of restriction fragments
are indicated by dashed lines.
Genes are depicted in grey and
pseudogenes in whire. Tran-
scription direction is indicated.

A

[Structure A]

ITG6.2

Structure A corresponds to that
found in wild-type chromo-
somes. A gene conversion event

between the GBA pseudogene
and gene would not alter this ge-
nomic structure. B Different ge-
nomic structures (B, B2 and C)
in rearranged chromosomes.
Genome structures Bl and B2 : f
generate a 13.9-kb band when

analysed by Southern blot. This GGGAGGECACCCE
rearrangement implies a deletion GBAintron 9
of the whole region between the
two gene clusters, eliminating
the ITG6.2 marker. Structure C
(the reciprocal product of B2)
produces a three-band South-
ern pattern with an additional
15.6-kb band. The sequences
correspond to gene/pseudogene
boundaries within the amplified
fragments. Each chromatogram
includes positions (boxed) that
are different in the gene and
pseudogene. Minimal intervals
for crossover sites are indicated.
Genotypes of patients bearing
structures Bl and B2 are A48:
N3705/RecNeil, Ad: N370S/
L444P and A89: G377S/L444P.
The specific 4.6-kb and 1.9-kb
PCR fragments and primers are
also indicated. Primer sequences
and PCR conditions are avail-
able on request. C Lefr Southern
blot from individuals presenting
structure A in one chromosome
and either structure A (patient

[Structure B1]

PATIENT A48

GBASH-F B>_46kb W MTXLR

PATIENTS A4 AND A89

< 1252bp |—>

AGCAGGGCCAdTG
GBA exon 11

ih vy

JUIN R

AAGGGCACATITC
MTX intron 6

GAGCCTITGCAGG
GBAPintron 9

GBAOb-F P> 4.6kb < MTXL-R
[Structure B2]

GBAP

GBAP10-F P19 kb MTXP-R

‘_.
Il
MY

ABCAGGGCCAGTS
GBAPexon 11

[Structure C]

AAGGGCACAQIC
MTXP intron 6

A57, N370S/RecNcil), B (pa-
tient A89) or C (patient A77,
N3705/RecNcil) in the other.

Right Chromatogram showing
ITG6.2 analysis for the same in-
dividuals. Asterisks on ITG6.2

A+C A+A A+B "

alleles correspond to number of
alleles per peak. Allele sizes are
shown below the peaks. For AB9
(A+B), parental analysis (not
shown) indicated that the chro-
matogram corresponded to only
one allele

156 Kb >

. -

A+C
3alleles
417.1Kb * %

13.9Kb

A+A
12.4 Kb 2alleles

A+B
1allele

The genomic structure was also analysed in samples
from the 36 patients homozygous or heterozygous for the
L444P mutation. Most presented the same structure as the
wild-type samples. Surprisingly. different results were
found in three samples. Two of these (A4 and A89) pre-

sented the 17.1/13.9/12.4-kb Southern pattern, only one
ITG6.2 allele and the 4.6-kb PCR amplification fragment
indicative of a B rearrangement. As they bore only the
L444P mutation and not the two additional changes of the
RecNcil alleles, the crossover must have taken place be-
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Table 1 Genotypes for GBA

mutations and markers ITG6.2. Indivi- Type Mutations ITG6.2 5GC3.2 D1S1595
5GC3.2 and DIS1595 for indi.  duals
I‘éﬂ:‘\‘l‘gﬁjtliﬁlgii ?ﬁ;’ﬁ;&‘:‘l‘l Al 2 RecNeil/DA09H 318 322 322 222222 78
mutation are listed separately. Al2 I RecNeil/N3708 318 322 322 222222 58
Alleles shown in bold are as.  Al15 1 RecNeil/N370S 322322 322 220 222 57
sumed to be in phase with the Al6 1 RecNal/N370S 318 322 322 222 222 38
duplication (according to pa- A28 1 RecNcil/N370S 318322322 222222 58
ITJII“L?JL‘L Y }\IE?TNOET%S‘;O\:II © A% 1 RecNeil/N370S 318 322 322 222222 58
318 and 222 as reported in Lau A3 1 RecNeil/N370S 318322322 222222 58
otal. 1999 and Rodricuez-Mari  A69 | RecNeil/N3708 322322 322 222222 58
etal. 2001). For Al and A0,  A70 1 RecNcil/N370S 318322322 222222 58
the phase could not be estab-  A7] 1 RecNeil/N3708 318 322322 222222 58
lished for one allele (N.D. = A74 1 RecNeil/N370S 322322 322 N.D. N.D.
HObESepImEd) A77 1 RecNail/N3708 322322 322 222222 37
AS0 1/3° RecNeil/F41 11 318 322 322 222222 57
A8S | RecNeil/N3708 318 322322 222222 38
A109 1 RecNeil/N370S 318322322 N.D. 58
*No neurological symptoms at 137 1 L444P/N370S 318322322 222222 55
¥ Contr.19G  — ++ 318 318 322 222222 25

three years of age

yond the 3" end of the GBA gene, giving rise to structure
B2. This rearrangement is expected to be non-pathogenic
and independent of the L444P mutation. The third sample
(I.37) presented three ITG6.2 alleles, indicating that it
bears a duplicated segment (structure C).

The crossover sites for alleles bearing structures B,
B2 and C were narrowed down to the shortest possible
fragments. In patient A48, the crossover took place some-
where within a 252-bp fragment in the GBA/GBAP intron
9, generating structure B1l. As shown, at position [VS9+
17 there are three Gs, as in the gene (four Gs in the
pseudogene), and at IVS9-101 there is a T, as in the
pseudogene (C in the gene). This crossover generates the
Bl structure shown in Fig. 1B: exons 1-9 of the GBA
gene fused to exons 10 and 11 of the GBA pseudogene
(exon 10 1s the one where the three RecNcil changes are
located). For patients A4 and A9, the crossover site was
located beyond the GBA sequence: positions 38,481 (G)
and 38,491 (T) correspond to gene sequences (A and C in
the GBAP). But at position 39,744, within intron 6 of the
pseudometaxin gene (or 60,356 of the metaxin gene), they
bore the metaxin sequence (T), confirmed by Dralll di-
gestion (data not shown). Thus, the crossover site was
narrowed down to a 1,252-bp interval, generating struc-
ture B2. For alleles bearing structure C, a specific PCR
amplification was performed to yield a 1.9-kb fragment,
which was analysed by Hhal and Dralll digestion (not
shown) and sequencing. The crossover site was within the
same sequence interval as that for structure B2, but in this
case the reciprocal product was generated. Positions 38,481
(A) and 38,491 (C) in exon L1 correspond to GBAP, while
position 39.744 (C) corresponds to the pseudometaxin
gene. This rearrangement is presumably not pathogenic
since a copy of the GBA gene remains intact. Thus, the
presence of the disease-causing mutations in the patients
must have arisen independently.

As structures B2 and C are not directly associated with
Gaucher disease they may be found in the control popula-

tion. Yet, when the presence of these structures was
analysed in 49 healthy Spanish individuals, no B2 or C al-
leles were found. However, as all 15 patients bearing the
C structure and the RecNcil allele were Argentinian with
Spanish surnames, a control population from Galicia (the
origin of most Spanish immigrants to Argentina) was also
analysed. In this sample we found one structure-C allele
(and also one structure-B) among 86 chromosomes.

After finding that more than 50% of the RecNeil alle-
les bore the duplication, haplotype analysis was per-
formed in order to examine whether the high frequency of
this complex, rearranged allele could be explained by a
founder effect. Markers ITG6.2, 5GC3.2 (Lau et al. 1999),
and D1S1595 were used. Analysis of “RecNeil + duplica-
tion (structure C)” alleles (Table 1) showed that ten out of
13 bore the same haplotype: 322-322-222, for the dupli-
cated ITG6.2 and for the 5GC3.2 markers, respectively,
and genotypes of two other patients are consistent with
this haplotype. For marker D1S1595, ten out of 14 bear
allele 8 in phase with mutation RecNcil. The alleles 322
(ITG6.2), 222 (5GC3.2) and 8 (D1S1595) are over-repre-
sented in the “RecNcil + duplication™ alleles. This associ-
ation proved significant in a chi-square test for the 322
(P=0.002), and 8§ (P<0.001) alleles, but not for the 222
(data not shown). These data suggest a single origin for
the duplicated alleles associated with a RecNcil mutation.
The duplication was also found together with mutation
LA44P in one patient (1.37) and in one control individual
(19G).

In summary: we found that most RecNcil alleles were
generated by gene conversion, we mapped the precise
crossover site on the rearranged alleles and we found that
a founder effect might account for the high frequency of
RecNeil alleles associated with the duplication at the
metaxin level.
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