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SUMMARY
The m class glutathione S-transferase gene GSTM1 is polymor-
phic in humans, with approximately half of the Caucasian pop-
ulation being homozygous deleted for this gene. GSTM1 en-
zyme deficiency has been suggested to predispose people to
lung and bladder cancer. Some people in a Saudi Arabian
population, however, have been described previously with ul-
trarapid GSTM1 enzyme activity. Here we have evaluated the
molecular genetic basis for this observation. Genomic DNA
from two Saudi Arabian subjects exhibiting ultrarapid enzyme
activity and from 13 Swedish subjects having null, one, or two
GSTM1 genes were subjected to restriction fragment length
polymorphism analysis using the restriction enzymes EcoRI,
EcoRV, and HindIII and combinations thereof. Hybridization
was carried out using a full-length GSTM1 cDNA or the 59 and

39 parts of the cDNA. The restriction mapping data revealed the
presence of a GST m cluster with two GSTM1 genes in tandem
situated between the GSTM2 and GSTM5 genes. A quantitative
multiplex polymerase chain reaction method, which simulta-
neously amplified a fragment of the GSTM1 gene and the
b-globin gene, was developed, and the genomic GSTM1 copy
number was determined from the GSTM1/b-globin ratio. This
method clearly separated GSTM1 1/2 subjects (ratios be-
tween 0.4 and 0.7) from GSTM1 1/1 subjects (ratios between
0.8 and 1.2). The two Saudi Arabians with ultrarapid GSTM1
activities had ratios of approximately 1.5, indicating that they
carried three GSTM1 genes. These results demonstrate the
existence of a novel m class GST cluster containing a dupli-
cated active GSTM1 gene causing ultrarapid enzyme activity.

The GSTs are a family of enzymes involved in xenobiotic
detoxification by means of conjugating glutathione to the elec-
trophilic center of the compound. GSTs contribute in the pro-
tection against a broad range of compounds including carcino-
gens, pesticides, antitumor agents, and environmental
pollutants (1). The mammalian cytosolic GSTs have been
grouped into six classes based on amino acid sequence similar-
ity and antibody cross-reactivity, which are designated a, m, p,
s, u, and k. One member of the GST m class, GSTM1, is poly-
morphic in humans and three alleles have been described:
GSTM1*A, GSTM1*B, and GSTM1*O (2–4). The GSTM1*A
and *B alleles differ only by a K172N amino acid exchange and
seem to be functionally identical (5). The GSTM1*O allele has
been shown to be the result of a deletion of the entire GSTM1
gene (6). Approximately half of the Caucasian population are
homozygous deleted for this allele and fail to express the protein

(7). As the GSTM1 enzyme is effective at detoxifying some
carcinogenic epoxides, including the highly carcinogenic diol-
epoxide intermediate from benzo[a]pyrene (8), much impor-
tance has been placed on the GSTM1*O/O (GSTM1 2/2) ge-
notype. It has been suggested that homozygous deletion of the
GSTM1 gene is associated with an increased risk of developing
some types of lung cancers, in particular adenocarcinomas (9,
10) and squamous cell carcinomas (11, 12). There are numerous
studies that have also demonstrated a significant association
between subjects lacking GSTM1 activity and the risk of devel-
oping bladder cancer (13, 14), adenocarcinoma of the stomach
and colon (15, 16), and pituitary adenomas (17). Although this
association has not been observed in some investigations (16,
18) and is probably confounded by other factors (1, 19), it seems
that the combination of cigarette smoking and lack of GSTM1
activity constitutes an increased risk for developing certain
cancers.

In humans, the GSTM1 gene is situated in the GST m

cluster, which has been localized to chromosome one in the

This work was supported by grants from the European Union, Biomed 2, the
Swedish Medical Research Council, and the Research and Ethical Committee,
Riyadh Armed Forces Hospital.

ABBREVIATIONS: GST, glutathione S-transferase; RFLP, restriction fragment length polymorphism; PCR, polymerase chain reaction; kb,
kilobase pair(s); bp, base pair(s).

0026-895X/97/060958-08$3.00/0
Copyright © by The American Society for Pharmacology and Experimental Therapeutics
All rights of reproduction in any form reserved.
MOLECULAR PHARMACOLOGY, 52:958–965 (1997).

958

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


region 1p13.3 (20, 21). The cluster contains four other m class
genes in addition to GSTM1, namely GSTM2, M3, M4, and
M5 (20). A detailed physical map of the cluster has been
described showing the GSTM1 gene to be situated down-
stream of the GSTM4 and GSTM2 genes and upstream of
GSTM5 (22). The GSTM1*O deletion is postulated to be
caused by an unequal crossing over event between sequences
about 5 kb downstream from GSTM2 and GSTM1 (22), re-
sulting in the deletion of the entire GSTM1 gene and span-
ning a region of approximately 18 kb. Evidence suggests that
at least one other m class GST gene or pseudogene exists and
is found on chromosome 3, probably in the region 3p24–3pter
(20, 23). With the exception of GSTM1, none of the other
known GST m genes have been found to be deleted in hu-
mans. The only other polymorphisms that have been identi-
fied in these genes are a HindIII RFLP, which probably
occurs in the GSTM5 gene (20) and a 3-base deletion in
intron 6 of GSTM3 (24).

In a study examining the potential association of the
GSTM1 null phenotype and coronary atherosclerosis devel-
opment among Saudi Arabians and Filipinos, it was observed
that a small percentage of the subjects expressed very high
GSTM1 activities when compared with activities expected for
a GSTM1 1/2 or 1/1 genotype (25). To determine the mo-
lecular genetic basis for this ultrarapid GSTM1 activity, re-
striction mapping and multiplex PCR were used to analyze
the GST m cluster in genomic DNA from Swedish and Saudi
Arabian subjects having variable levels of enzyme activity, as
measured using the substrate trans-stilbene oxide. The re-
sults presented in this study describe the identification and
characterization of a duplicated GSTM1 gene carried by the
people who displayed ultrarapid GSTM1 activity.

Materials and Methods
Nomenclature. This report uses the nomenclature system rec-

ommended for human GSTs (26).
Samples and GSTM1 activity. Genomic DNA samples were

obtained from Saudi Arabian subjects who participated in a GSTM1
phenotyping study (25) and Swedish subjects involved in a lung
cancer susceptibility study (10). These people were phenotyped for
GSTM1 activity in whole blood using trans-stilbene oxide as the
substrate according to the assay procedure described previously (27).
In particular, two people were selected from the Saudi Arabian
population because they displayed very high GSTM1 activities.
Other Saudi Arabian and Swedish control samples were chosen for
analysis based on their GSTM1 activities, including those with phe-
notypes suggesting GSTM1 1/2, 1/1, or 2/2 genotypes. The
present study was approved by the ethical committee at Karolinska
Institutet.

Genomic RFLP analysis. After restriction enzyme digestion,
samples (2 mg per lane) were subjected to gel electrophoresis at 0.8
V/cm for a period of 24 hr (EcoRI and HindIII digests) or 6 days
(EcoRV), using 0.8% or 0.7% agarose gels, respectively. The DNA
was then transferred to Qiabrane membranes (Qiagen GmbH,
Hilden, Germany). A full-length human GSTM1*B cDNA probe de-
scribed previously (6) was used for Southern blot analysis, which also
cross-hybridizes with GSTM2, M4, and M5 but not GSTM3 (22). To
construct a 59 half and a 39 half of the full-length probe, the GSTM1
cDNA was cut at a BglII restriction site located in the beginning of
exon 8 (6). All hybridizations and washes were done at 61°.

Multiplex PCR analysis. The oligonucleotide primers selected
for multiplex PCR included the primers 59-CTGGATTGTAGCAGAT-
CATGC-39 and 59-CTCCTGATTATGACAGAAGCC-39, which am-
plify a 625-bp fragment of the human GSTM1 gene (28). A 268-bp

fragment from the human b-globin gene was amplified simulta-
neously using the primers 59-CAACTTCATCCACGTTCACC-39 and
59-GAAGAGCCAAGGACAGGTAC-39 (29). Approximately 125 ng of
genomic DNA from each sample were added to a reaction tube
containing 0.5 mM of each primer, 1 3 reaction buffer IV (Advanced
Biotechnologies, Surrey, UK), 0.25 mM of each dNTP, 1.6 mM MgCl2
and 1.2 units of Taq DNA polymerase (Advanced Biotechnologies,
Surrey, UK) in a total reaction volume of 30 ml. PCR amplification
was achieved using a Perkin Elmer Cetus thermal cycler (Norwalk,
CT) with a 94° initial denaturation for 5 min, followed by 23 cycles of
94° for 48 sec, 60° for 48 sec, 72° for 1.5 min, and a final extension of
72° for 5 min. To determine the optimal cycle number, a GSTM1 1/1
sample was amplified for increasing cycles to a maximum number of
32. When quantified and plotted against cycle number, it was estab-
lished that 23 cycles of PCR amplification fell in the exponential
phase of the reaction and yet was easily visible on ethidium bromide
stained gels. Samples were analyzed by running 12 ml of the product
on a 1.5% agarose gel containing ethidium bromide and photo-
graphed under UV light using Polaroid type 665 film. Quantification
of PCR band and Southern blot fragment intensities was performed
using a personal densitometer (Molecular Dynamics, Sunnyvale,
CA).

Results
Southern blot analysis of the GST m cluster from

people displaying very high GSTM1 activity. The frag-
ments observed in EcoRI Southern blot analysis have been
assigned to the known m class GST genes that can cross-
hybridize with the full-length GSTM1 probe used (22). The
8.0-kb fragment contains the GSTM1 gene and is absent in
people who are homozygous deleted for the gene (6). Genomic
DNA samples from 13 Swedish control subjects with variable
GSTM1 enzyme activities indicating the presence of null,
one, or two GSTM1 genes (Table 1) were subjected to EcoRI
RFLP analysis to determine the actual genotypes (Fig. 1).
The Southern blot revealed the absence of the 8.0-kb frag-
ment in one subject (S5) with no GSTM1 activity. The other

TABLE 1
GSTM1 activities and genotypes in Swedish control subjects and
two Saudi Arabians with ultrarapid GSTM1 activity
GSTM1 activities were obtained from previous studies (10, 25) and determined in
whole blood using trans-stilbene oxide as the substrate. Activities ,600 indicated
a GSTM1 2/2 genotype, 600–2500 a 1/2 genotype, and .2500 a 1/1 geno-
type. GSTM1/GSTM4 ratios were calculated from the EcoRI Southern blot as
described in Fig. 1 and under Materials and Methods. GSTM1 genotypes were
determined from the GSTM1/GSTM4 ratios, whereby a ratio of 0.5–0.8 repre-
sented a GSTM1 1/2 genotype, 1.2–1.5 a 1/1 genotype, and 1.7–2.0 a 1/11
genotype.

Sample GSTM1 activity GSTM1/GSTM4 ratio GSTM1
genotype

pmol/min/ml of whole blood

A1 5900 1.69 1/11
S1 2600 1.23 1/1
S2 2400 0.56 1/2
S3 2300 1.25 1/1
S4 1300 0.67 1/2
S5 300 0 2/2
S6 1600 0.72 1/2
S7 4400 1.38 1/1
S8 1500 0.61 1/2
S9 400 0 2/2

S10 1400 0.77 1/2
S11 3200 1.41 1/1
S12 1500 0.67 1/2
A2 7500 1.96 1/11

S13 2500 0.63 1/2

S, Swede; A, Saudi Arabian.
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samples carried the 8.0-kb EcoRI fragment. The intensity of
this fragment was compared with that of the 9.0-kb fragment
(GSTM4) used as an internal standard, and a ratio was
calculated from the densities of the two fragments to deter-
mine the GSTM1 genotype of the people. As shown in Table
1, the homozygous and heterozygous carriers were clearly
separated into two groups whereby GSTM1 1/2 subjects
gave ratios between 0.5 and 0.8 and those with a GSTM1 1/1
genotype between 1.2 and 1.5. It was also observed that the
two Saudi Arabian people with very high GSTM1 activities
(A1 and A2) had 8.0-kb EcoRI fragments approximately 30
and 50% more intense than the mean of the four GSTM1 1/1
samples (see Fig. 1), suggesting the presence of an extra
GSTM1 gene in these people.

To further characterize the locus from subjects having
ultrarapid enzyme activity, Southern blot analysis using the
restriction enzyme EcoRV was performed as shown in Fig. 2.
Using the same full-length GSTM1 probe that was employed
for EcoRI RFLP analysis, a 29-kb fragment was observed in
all samples. A 38-kb fragment was seen in GSTM1 1/1 and
1/2 subjects but was absent in subjects homozygous for a
gene deletion, indicating that the GSTM1 gene was located
on this fragment. Samples homozygous or heterozygous de-
leted for the GSTM1 gene demonstrated a 20-kb fragment.
An additional fragment of approximately 56 kb was present
only in the two Saudi Arabians with ultrarapid GSTM1 ac-
tivity. Previous data have shown the absence of EcoRV re-
striction sites located in the complete sequences of the
GSTM1 and M4 genes (30, 31) or in the cDNA from the
GSTM2 gene (32). The only reported EcoRV restriction site
has been found in the 39-noncoding region of the cDNA from
GSTM5 (33). The extra fragment of 56 kb was thus sugges-
tive of a GST m cluster containing two GSTM1 genes on the
fragment (Fig. 2).

Determination of the approximate locations of the
EcoRV restriction sites in the GST m cluster. To charac-
terize the cluster containing two GSTM1 genes with respect
to the location of the EcoRV restriction sites, genomic DNA
from two Swedes, one being GSTM1 1/1 (S1) and the other
GSTM1 2/2 (S9) were digested with selected combinations
of restriction enzymes and hybridized with the GSTM1
probe. When the combination of EcoRV and EcoRI restriction
enzymes were used on the two genomic DNA samples, the
previously assigned EcoRI fragment of 20 kb (6) was lost in
both cases, and the 9.0-kb fragment appeared with only half
of the intensity (Fig. 3A). Hybridization with the 39 half of the
GSTM1 probe (6) (see Materials and Methods) caused the
9.0-kb fragment to disappear from samples cleaved with
EcoRI and EcoRV, indicating that it was part of the original
20-kb fragment and that the 9.0-kb EcoRI fragment was cut
by EcoRV (Fig. 3A). An additional fragment of approximately
5 kb was also observed in samples that were digested with
the combination of enzymes when hybridized with the full-
length or the 59 half of the probe. It represents one of the two
fragments created by EcoRV digestion of the 9.0-kb EcoRI
fragment, which contains the GSTM4 gene.

The two samples were also digested with HindIII alone and
with a combination of EcoRV and HindIII (Fig. 3B). The
fragments obtained after HindIII digestion of genomic DNA
have been assigned to the m class GST genes (22). In partic-
ular three 5.5-kb fragments are observed, one of which con-
tains the 59 end of GSTM4 and another the 39 end of GSTM2.
As shown in Fig. 3B, the 5.5-kb fragment, which was not
shortened using both EcoRV and HindIII, hybridized with
the 59 half and not the 39 half of the probe, showing that it
contained the 59 part of the GSTM4 gene and had no EcoRV
site. One of the 5.5-kb HindIII fragments was shortened to
3.8 kb when the two samples were digested with the combi-
nation of EcoRV and HindIII. The 3.8-kb fragment hybrid-
ized with the 39 half of the probe and not with the 59 half,

Fig. 1. EcoRI RFLP analysis of the m class GST genes from genomic
DNA samples. Hybridization was done with a human GSTM1 cDNA
probe. The lengths of the fragments are indicated and the GST m gene
found on each fragment. DNA samples from 11 Swedish (S) people and
two Saudi Arabian subjects with ultrarapid GSTM1 activity (A1 and A2)
are shown. The GSTM1 genotypes of the people are also indicated; 1
GSTM1 gene; 2, the absence of a gene.

Fig. 2. EcoRV RFLP analysis of the m class GST genes from genomic
DNA samples. Hybridization was done with a human GSTM1 cDNA
probe. The approximate lengths of the fragments are indicated on the
left-hand side and the positions of DNA molecular weight Marker XV
(Boehringer Mannheim, Mannheim, Germany) fragments are shown on
the right-hand side. DNA samples from 13 Swedish people (S1–S13)
and two Saudi Arabian subjects with ultrarapid GSTM1 activity (A1 and
A2) are shown. The GSTM1 genotypes of the people are also indicated;
1 GSTM1 gene; 2, the absence of a gene.
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indicating that it was created by EcoRV digestion of the
5.5-kb fragment that contained the 39 end of the GSTM2
gene. The other 5.5-kb fragment that was shortened to 5.1 kb
using the enzyme combination probably contains another m
class GST gene. Based on the GST m cluster map (22) and the
present Southern blot results, maps of clusters containing a
duplicated GSTM1 gene, one GSTM1 gene, and a deleted
GSTM1 gene were determined and are shown in Fig. 4, A and
B.

Determination of GSTM1 genomic copy number
from DNA samples. A quantitative multiplex PCR method
was used to simultaneously amplify a fragment of the
GSTM1 gene and the b-globin gene from genomic DNA. By
calculating the densitometric ratio between the intensity of
the GSTM1 band and the constant b-globin band, the
GSTM1 copy number carried by an individual could be de-
termined. Genomic DNA from the Swedish control subjects,
which had been analyzed for GSTM1 activity and genotyped
by EcoRI RFLP densitometric analysis, was amplified and
subsequently quantified to determine the GSTM1 copy num-
ber. A representative gel showing the PCR products is shown
in Fig. 5. The two Saudi Arabians with ultrarapid enzyme
activity had GSTM1 bands that were much more intense
than that of GSTM1 1/1 subjects. Using the GSTM1/b-
globin ratios calculated from the control samples, a ratio
falling between 0.40 and 0.70 was defined as representing a
GSTM1 1/2 genotype and one between 0.80 and 1.20 indi-
cated a GSTM1 1/1 genotype. This approach allowed for the
clear separation between the two different genotypes (Table
2 and Fig. 6A). A good correlation between the GSTM1 copy
number determined by multiplex PCR and the assigned
EcoRI RFLP genotype was observed (Table 2). The GSTM1/
b-globin ratios for the ultrarapid Saudi Arabian subjects
were approximately 1.5, higher than the range representing
a GSTM1 1/1 genotype and indicative of three GSTM1
genes (Table 2 and Fig. 6A).

Twenty additional Saudi Arabian people with phenotypes
suggesting GSTM1 1/2 or 1/1 genotypes were analyzed for
GSTM1 copy number. This was done to ensure that the
comparison between the two ultrarapid Saudi Arabians and
the Swedish samples was not influenced by factors such as
interethnic differences in primer binding sequences. The
GSTM1/b-globin ratios for the subjects are shown in Fig. 6B.
No differences were observed in the calculated ratios be-
tween the two populations and all Saudi Arabian samples fell
into the ranges indicative of a GSTM1 1/2 or 1/1 genotype.

Discussion
The results presented indicate strongly that the molecular

genetic basis for ultrarapid GSTM1 enzyme activity, demon-
strated previously among Saudi Arabians, is caused by the
presence of a GST m cluster containing two functional GSTM1
genes in tandem. This conclusion is based on several observa-
tions: (i) trans-stilbene oxide is a substrate specific for GSTM1,
and this compound was used in the phenotyping study; (ii) the
8.0-kb EcoRI fragment contains the entire GSTM1 gene and
was more intense in subjects with the duplicated GSTM1 gene;
(iii) the 56-kb EcoRV fragment corresponds to a haplotype that
has been generated by the addition of the 18-kb fragment lost in
GSTM1 deleted haplotypes; (iv) restriction mapping using var-
ious combinations of enzymes showed that ultrarapid activity

Fig. 3. RFLP analysis of the m class GST genes using different com-
binations of restriction enzymes. Genomic DNA samples from a GSTM1
1/1 (S1) and a GSTM1 2/2 (S9) subject were used. A, Samples were
digested with EcoRI alone and in combination with EcoRV as indicated.
The blot was hybridized with the full-length GSTM1 cDNA probe and
also the 59 and 39 parts of the same probe (see Materials and Methods).
The fragment sizes of a molecular weight marker (HindIII/EcoRI digest
of l DNA) are shown in kilobases. B, Samples were digested with
HindIII alone and in combination with EcoRV as indicated. The blot was
hybridized with the full-length GSTM1 cDNA probe and also the 59 and
39 parts. The fragment sizes of a molecular weight marker (HindIII/
EcoRI digest of l DNA) are shown in kilobases.
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subjects carried a GST m cluster with two GSTM1 genes in
tandem; and (v) the PCR primers used in the multiplex PCR
reactions were specific for the GSTM1 gene and gave ratios
indicative of an extra gene in both subjects having ultrarapid
GSTM1 activity.

Quantification of GSTM1 copy number using genomic
DNA from the subjects was performed using a multiplex PCR
method. The coamplification of the b-globin fragment with
the variable GSTM1 fragment allowed the determination of
the GSTM1 copy number carried by the individual and also

acted as an internal amplification control for the PCR reac-
tion. It was found that the calculated number of GSTM1
copies determined by this method corresponded with the
genotypes determined by EcoRI RFLP analysis. The two
Saudi Arabian people with ultrarapid enzyme activities had
ratios indicative of three GSTM1 genes, supporting the
Southern blot data that revealed the presence of a duplicated
GSTM1 gene. The multiplex PCR approach proved to be a
simple and convenient way of determining GSTM1 genotype
and genomic copy number and could be applied easily in the

Fig. 4. Schematic illustration of
the human GST m cluster contain-
ing a duplicated GSTM1 gene. A,
Maps of GST m clusters contain-
ing one GSTM1 gene (1), no M1
gene (2), and two M1 genes
(11). The relative positions of the
four m class genes located in the
cluster have been determined
previously. EcoRI, HindIII, and
EcoRV (RV) restriction sites giving
rise to the fragments observed
during Southern blot analysis are
indicated. B, Hypothetical mech-
anism for the generation of a GST
m cluster containing a duplicated
GSTM1 gene caused by an un-
equal crossover event between
two homologous sequences.
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routine analysis of GSTM1 copy number in molecular epide-
miology studies as well as for the analysis of any other gene
of interest.

The generation of a GST m cluster containing a duplicated
GSTM1 gene probably involved an unequal recombination
between two homologous but nonallelic sequences flanking
the GSTM1 gene. This may have occurred because of a chro-
mosomal misalignment followed by an unequal crossing over

event or by unequal crossing over between sister chromatids.
The outcome of such an event would be the generation of a m
cluster containing two GSTM1 genes in tandem on one clus-
ter and a deleted GSTM1 gene on the other (Fig. 4B). The
break points of the GSTM1 deletion have been reported to be
about 5 kb downstream from the GSTM2 gene and 5 kb
downstream from the GSTM1 gene (22), resulting in a dele-
tion spanning approximately 18 kb. EcoRV RFLP analysis
showed that a cluster containing one GSTM1 gene gave a
38-kb fragment; therefore, a cluster consisting of two GSTM1
genes would be expected to be roughly 18 kb longer because
of the unequal crossover event. Both Saudi Arabians with
ultrarapid GSTM1 activity carried an EcoRV fragment of
about 56 kb, which was the expected length of a fragment
consisting of two GSTM1 genes in tandem.

Fig. 5. Multiplex PCR analysis of genomic DNA samples for GSTM1
copy number. A representative gel showing fragments amplified simul-
taneously from genomic DNA in a multiplex PCR. Thirteen Swedish
samples (S1–S13) and the two Saudi Arabian subjects with ultrarapid
GSTM1 activity (A1 and A2) were amplified. The longer fragment (625
bp) was amplified from the GSTM1 gene, and the 268-bp fragment was
from the b-globin gene. Homozygous GSTM1 deleted subjects (S5 and
S9) failed to amplify the GSTM1 fragment. The molecular weight Marker
VIII (Boehringer Mannheim) was run with the PCR products and also a
negative control containing no template DNA (2).

TABLE 2
Determination of the GSTM1 copy number using a multiplex PCR
method
GSTM1 genotypes were determined from the GSTM1/GSTM4 ratios as de-
scribed. GSTM1/b-globin ratios between 0.40 and 0.70 were representative of a
GSTM1 1/2 genotype, 0.80 and 1.20 a 1/1 genotype, and 1.30 and 1.60 a
1/11 genotype.

Sample GSTM1 genotype GSTM1/b-globin ratio
mean 6 SD

A1 1/11 1.59 6 0.13
S1 1/1 1.17 6 0.03
S2 1/2 0.63 6 0.03
S3 1/1 1.15 6 0.03
S4 1/2 0.68 6 0.04
S5 2/2 0
S6 1/2 0.70 6 0.05
S7 1/1 1.13 6 0.08
S8 1/2 0.54 6 0.10
S9 2/2 0

S10 1/2 0.68 6 0.05
S11 1/1 0.97 6 0.10
S12 1/2 0.66 6 0.02
A2 1/11 1.47 6 0.02

S13 1/2 0.60 6 0.10

S, Swede; A, Saudi Arabian.

Fig. 6. Evaluation of GSTM1/b-globin ratios from multiplex PCR anal-
ysis in relation to GSTM1 genotype. The ratio between the variable
GSTM1 fragment and the constant two copy b-globin fragment was
used to determine the GSTM1 copy number. A, The results from 13
Swedish subjects who had been genotyped by EcoRI RFLP analysis
(Table 1) are shown; open bars, GSTM1 1/2 genotype; light gray bars,
GSTM1 1/1 genotype. Dark gray bars, the Saudi Arabians with ultra-
rapid GSTM1 activity (A1 and A2) gave ratios that indicated three
GSTM1 genes (1/11). The results are the mean of three independent
experiments. B, The distribution of GSTM1/b-globin ratios from Saudi
Arabian people with GSTM1 phenotypes that suggest GSTM1 1/2 or
1/1 genotypes are shown. Of the 20 Saudi Arabian subjects that were
analyzed, all had ratios indicative of a GSTM1 1/2 genotype (open
bars) or a GSTM1 1/1 genotype (light gray bars). The results are the
mean of at least three independent experiments.

Duplication of the Human GSTM1 Gene 963
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A potential outcome of having extra GSTM1 genes could be
an increased protective effect against some carcinogenic
chemicals because of the more rapid detoxification of these
compounds. One carcinogen found in cigarette smoke is ben-
zo[a]pyrene, which can be metabolized by phase I enzymes to
a diol-epoxide, one of its most carcinogenic forms. This car-
cinogen can be further conjugated with glutathione by
GSTM1, resulting in a deactivated compound (8). Therefore,
people carrying extra GSTM1 genes have the ability to rap-
idly conjugate and inactivate compounds that are substrates
for this enzyme, including potential carcinogens.

Excluding the human immunoglobulin genes, which are
subject to complex somatic recombination, reports describing
inherited duplication events of an entire gene causing a phe-
notypic change are uncommon (34–36). One well studied
example of this involves CYP2D6, a cytochrome P450 enzyme
involved in the metabolism of many clinically used drugs and
implicated as a risk factor for cancer (19). People carrying
duplicated, multiduplicated, and amplified (13-fold) func-
tional CYP2D6 genes have been shown (34, 37–39). These
subjects display ultrarapid metabolism of probe drugs for
this enzyme and require higher than normal doses of drugs to
achieve therapeutic levels, indicating that the extra gene(s)
result in higher levels of protein to be expressed (34, 37). Also
in the present case, the duplicated GSTM1 gene seemed to be
functional and a gene dosage effect was observed in the
subjects with this genotype.

In the Saudi Arabian population phenotyped, 56% of the
subjects were homozygous for the GSTM1 deleted allele (25),
which is roughly the same frequency as reported in several
other studies in Caucasian populations. Because over half of
the Saudi Arabian population were homozygous for the
GSTM1*O allele it would be reasonable, based on the un-
equal crossover event as the cause for this genotype, to expect
a high frequency of people carrying duplicated GSTM1 genes.
This was not the case, as only 3% of the Saudi population had
very high GSTM1 activities, some of which probably carried
duplicated GSTM1 genes. However, because of the high fre-
quency of the GSTM1*O allele in the population, it is possi-
ble that some people had a 11/2 genotype, which would
have been included in the 1/1 phenotypic group. The low
frequency of potential duplicated GSTM1 genes is in contrast
to the high frequency (21%) of people from the same Saudi
Arabian population who were found to carry duplicated
CYP2D6 genes (39). It has been postulated that the CYP2D6
gene has undergone a selective environmental pressure in
some populations, including the Saudi Arabians (40). The
high frequency of the GSTM1*O allele suggests that this
gene has not encountered strong environmental selection
pressure during evolution, although the rapidly expanding
number of compounds found in the environment make it
likely that the GSTM1 enzyme might be increasingly in-
volved in chemical detoxification.

In conclusion, this study identified a duplicated functional
GSTM1 gene as the genetic basis for the ultrarapid enzyme
activity observed in some Saudi Arabian subjects. The find-
ing that this polymorphic detoxification enzyme has under-
gone a stable duplication event implicates that other en-
zymes involved in the metabolism of foreign compounds may
also be found in multiple copies and cause phenotypic alter-
ations. The global distribution of people carrying duplicated
or multiduplicated GSTM1 genes and the consequences of

multiple GSTM1 gene copies for environmentally related
diseases remain to be determined.
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