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The consistent deletion of 3p21 in lung cancer has led to
intensive efforts to identify a lung tumor suppressor gene
at this locus. We recently mapped the gene for the selenium-
dependent drug-detoxifying enzyme glutathione peroxidase
1 (GPX1) to this location by in situ hybridization. We
developed a polymerase chain reaction-based assay which
demonstrated the existence of three GPXI alleles character-
ized by the number of alanines in a polyalanlne coding
sequence in exon 1. These three alleles produced a hetero-
zygote frequency of 70% in two separate populations:
normal tissue DNA taken from Centre d'Etude du
Polmorphisme Humain (CEPH) parents and normal tissue
taken from cancer patients. In contrast, 10 heterozygote
tumors were detected out of 64 lung cancer specimens.
Linkage analysis of GPX1 to Genethon 3p markers in
CEPH pedigrees demonstrated that GPX1 was located
between the two microsatellite markers believed to flank
the lung cancer deletion site. Nucleotide sequence analysis
of GPX1 alleles did not reveal any mutations of this gene
in lung tumors. However, sequence analysis did reveal
that the three GPX1 alleles were characterized by three
nucleotide substitutions in addition to the polyalanlne
polymorphism, including a substitution at codon 198 which
results in either a proline or leucine at that position.
Therefore, the different GPX1 alleles encode structurally
different hGPxl subunits. In addition, analysis of allele
frequency suggests that the GPX1*ALA7 allele may occur
less frequently in tumors with 3p21 deletions.

Introduction
Lung cancer epidemiology has demonstrated environmental
associations with both its prevalence and prevention. Cigarette
smoking, with its resultant exposure to DNA-damaging
activated hydrocarbon products, is estimated to be the cause
of 85-90% of all lung cancers (1). Dietary selenium, on the
other hand, has been implicated in the chemoprevention of
lung cancer (2,3). In addition, cytogenetic analysis of lung
tumors has determined consistent chromosomal abnormalities
in these tumors. Virtually all small cell lung cancers (SCLCs*)
and 50% of non-small cell lung cancers (NSCLCs) contain a

•Abbreviations: SCLC, small cell lung cancer, NSCLC, non-small cell lung
cancer, RCC, renal cell carcinoma; hGPxl, the human cytosolic glutathione
peroxidase 1 enzyme; GPXI, the gene encoding the human glutathione
peroxidase I enzyme; CEPH, Centre d'Etude du Polmorphisme Humain; PCR,
polymerase chain reaction; LOH, loss of heterozygosity; UTR, untranslated
region.
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deletion of the short arm of chromosome 3, in the region of
3p21, by karyotype analysis and loss of heterozygosity studies
(4-10). Although cigarette smoking is associated with increased
damage at fragile chromosomal sites in peripheral blood and
bone marrow cells (11,12), the exact relationship of the
environmental factors to the genetic abnormalities which result
in lung cancer is not yet understood.

Human cellular glutathione peroxidase I (hGPxl) is a
selenium-dependent enzyme that participates in the detoxifica-
tion of activated oxygen species by catalyzing reduction of
these damaging compounds through the coupled oxidation
of reduced glutathione (13). We have recently reported that the
GPXI locus maps to chromosome 3p21 by in situ hybridization
analysis of lymphocyte metaphase spreads (14), and that GPXI
is immediately downstream from another gene previously
mapped to 3p21, RHOA. (15). We also found that a cloned
GPXI gene contained a sequence polymorphism, with a
variable number of GCG triplet nucleotide repeats encoding
for alanine in a polyalanine tract in exon 1 (15).

The presence of an informative polymorphism in the GPXI
locus would provide a genetic tool with which to look for
hemizygous or homozygous GPXI deletions in lung cancer.
We therefore developed a PCR-based assay to detect and
characterize the polyalanine polymorphism. Analysis of this
region demonstrated the existence of three alleles with an
observed heterozygosity in 70% of normal tissue specimens
analyzed. Thus, we were able to use this assay both to locate
the GPXI locus relative to other 3p markers by linkage
analysis with pedigrees provided by the Center d'Etude du
Polymorphism Humain (CEPH) and to determine the frequency
with which this locus was lost in lung cancer.

Materials and methods
Polymorphism detection
Lung cancer and renal cell carcinoma samples were either primary cell lines
derived from tumors or surgical specimens as previously described (16-18).
Paired normal tissue DNA was extracted from patient lymphocytes. Between
50 and 100 ng of cellular DNA was amplified by polymerase chain reaction
(PCR) using standard methods. Custom oligonucleotide primers were pur-
chased from the Midland Certified Reagent Company (Midland, TX). The 5'
primer, starting at -61 relative to the start of transcription, was
GAAACTGCCTGTGCCACGTGACC (Figure 1). The 3' primer was CGA-
GAAGGCATACACCGACTGGGC, which started from +107 relative to the
start of transcription of the cloned GPXI sequence (Figure 1). Therefore,

TTCTTGGACAATTGCGCC ATG TCT OCT GCT CGO CTA GCG GCG GCG OCO
met cy» ala ala arg leu ala ala ala ala

3'

GCG nrr rAG rm nro TAT ncc TTC TCT, GCG CGC CCO era occ GGC
ala ala gin «er val tyr ala phe ser ala arg pro leu «la gly

Fig. 1. Nucleotide sequence of the 5' flanking sequence, the 5' untranslated
region (UTR) and the 5' coding region of GPXI. Underlined sequences
show the position of primers used for PCR amplification of the segment of
DNA containing the polyalanine polymorphism (in italics). The sequence
shown is for an allele containing six alanines.
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alleles containing five, six or seven alanines in this tract would produce PCR
fragments of 165, 168 or 171 nucleotides in length respectively. The 3' primer
was end-labeled with [y-^PJATP with T4 polynucleotide kinase (Promega)
and the reactions were performed in a Perkin Elmer 9600 thermal cycler with
an annealing temperature of 60°C for 30 cycles. The PCR products were
size-fractionated on a 6% polyacrylamide sequencing gel and detected by
autoradiography.

Linkage analysis

Human genomk DNA samples from CEPH families 102, 104, 884, 1331,
1332, 1347, 1362, 1413 and 1416 were used for the linkage analysis. This
subset of the CEPH panel was composed of the nine largest families and
consisted of 146 individuals. The microsatellite-based genetic linkage map
constructed by Jean Weissenbach and co-workers (21) was based on genotyping
of these CEPH families. The GPXI locus genotyping data for these reference
families were entered into CEPH database version 6 and converted to a format
suitable for use with the CRIMAP program (19, 20) using LNKTOCRI
(prepared by J.Reefer and A.Chakravarti and obtained from Ken Buetow).
Two-point and multipoint linkage analyses were performed with CRIMAP
version 2.4 on a VAX/VMS mainframe computer.

The Genethon microsatellite markers for chromosome 3p described by
Weissenbach (21) were used for mapping the GPXI locus. Genotyping data
deposited in the CEPH database for 10 uniquely ordered, highly polymorphic
Genethon markers and data from the additional microsatellite D3S1358 (22),
were used to construct a linkage map with an order supported by odds greater
than 1000:1. The GPXI locus was added to these loci using the option BUILD.
The FLIPS option examined the permutations of two or three loci in order to
detect incorrect positions of adjacent loci. The Kosambi interference function
was used to calculate genetic distance.

Sequence analysis

Both exons of GPXI in 16 lung tumor specimens were amplified by PCR
using primers which spanned the entire coding region. The GPXI 5' flanking
sequence in seven lung tumor specimens was amplified by primers which
spanned the 802 bp sequence between RHOA and GPXI. After treatment with
a DNA purification system (Promega) the nucleotide sequence of the PCR
fragments was determined using primers end-labeled with [/y-33P]ATP and
T4 DNA polynucleotide kinase (Promega). The sequencing reactions were
performed in a Perkin Elmer 9600 thermal cycler using a thermal cycle
sequencing kit (Stratagene) according to the manufacturer's instructions
and size-fractionated on a 6% polyacrylamide gel. Nucleotide substitutions
characteristic of the three GPXI alleles were confirmed by sequencing those
regions in an additional 21 specimens.

Results
We first determined the size distribution of the polyalanine
tracts, the relative frequency of each allele in a normal
population and the percentage of normal genotypes that were
heterozygous. As shown in Table I, we found evidence for
only three alleles, with five, six and seven aJanines in the
polyalanine sequence. Each allele occurred with significant
frequency, and -70% of genotypes were heterozygous in two
different normal populations: the European CEPH parents and
normal tissue taken from American cancer patients.

Table I. Observed heterozygote frequency of GPXI polyalanine
polymorphism

CEPH parents
(n = 52)

Normal tissue from
cancer patients (n = 42)

Homozygotes
GPXI*ALA5, GPX1*ALA5
GPX1*ALA6, GPX1*ALA6
GPX1*ALA7, GPX1*ALA7
Total
% observed homozygotes

Heterozygotes
GPXI*ALAS, GPX1*A1A6
GPX1*ALA5, GPX1*ALA7
GPX1*ALA6. GPXIMLA7
Total
% observed heterozygotes

4
5
7

16
30%

11
18
7

36
70%

4
7
1

12
29%

13
14
3

30
71%

Since we identified a polymorphism that thus appeared to
have the possibility of being informative in 70% of cases,
we examined SCLC, NSCLC and non-papillary renal cell
carcinoma (RCQ cell lines and tumors for the presence of
GPXI alleles. As summarized in Table II, in SCLC, a tumor
virtually always associated with 3p21 deletions, none of 20
specimens (14 cell lines and 6 rumors) were heterozygous at
the GPXI locus. In comparison, in a series of 44 NSCLCs, a
tumor that is associated with 3p21 deletions in about half the
cases, 10 heterozygous tumors were detected. In non-papillary
RCC, a tumor associated with 3p21 deletions, 2/27 RCC
specimens were heterozygous. DNA from normal tissue was
available from 13 lung cancer patients and 24 patients with
renal cell carcinoma. Of the 13 lung cancer patients, nine were
informative (heterozygous) and all nine had tumors which
showed loss of heterozygosity (LOH) for GPXI (six SCLC
and three NSCLC). Of the 24 renal cell carcinoma patients,
19 were informative and 17/19 (89%) showed LOH at GPXI.
We also examined normal and tumor cell line DNA from six
patients with papillary renal cell carcinomas, a tumor not
associated with 3p deletions. Of these six specimen pairs, three
were informative, and none of the three showed LOH for GPXI.

To determine whether GPXI was located between micro-
satellite markers believed to flank the site of deletions in lung
cancer, we used GPXI polymorphisms in CEPH pedigrees to
map the location of GPXI relative to microsatellite markers
(Table ITI). The GPXI locus was placed on the Genethon
microsatellite chromosome 3p map between D3S1260 and
D3S1289 with the likelihood odds of at least 1000:1. D3S1358,
a tetranucleotide repeat developed by one of us (22), also
uniquely localized between these markers, distal to the GPXI
locus. Table III shows the recombination frequencies, Kosambi
distances and local support for the GPXI locus and the other
11 microsatellite markers on the Genethon chromosome 3p

Table II. Observed GPXI heterozygote frequency in lung cancer and renal
cell carcinoma

SCLC NSCLC RCC

Tumors examined
Heterozygotes
Normal tissues examined
Informative cases
LOH/Informative cases

20
0
9
6
6/6

44
10
4
3
3/3

27
2

24
19
17/19

Table HI. Recombination frequencies (q), Kosambi distances (cM) and
local support for the GPXI locus and 11 uniquely ordered microsatellite
markers on the sex-averaged genetic linkage map of chromosome 3p

Locus e cM Local support

D3S1293
D3S1266
D3S1298
D3S1260
D3S1358
GPXI
D3S1289
D3S1295
D3S13OO
D3S1312
D3S1287
D3S1285

0.08
0.10
0.02
0.07
0.01
0.01
0.04
0.04
0.03
0.07
0.01

7.8
9.7
2.0
7.2
1.0
0.8
4.4
3.9
2.7
6.8
1.2

6.92
21.11

1.79
21.11
2.95
3.03
6.33
9.52
3.48
7.15
1.26

Local support is the log10 likelihood difference when adjacent pairs of loci
were reversed by the FLIPS option of CRIMAP.
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map. The Genethon markers D3S1260 and D3S1289 were
identified by Naylor et al. to define the region of minimal
deletion in lung cancer (23).

We examined the nucleotide sequence of the GPXI open
reading frame from 17 lung tumors and found no evidence for
GPXI mutations. We also found no mutations in these speci-
mens in the intron-exon borders or in a sequence in the 3'
untranslated region recently shown to be important for insertion
of the rare seleno-cysteine amino acid residue in the nascent
polypeptide (24). In addition, we examined the 802 bp 5'
flanking sequence between RHOA and GPXI in seven lung
tumors and found no mutations in this region.

Nucleotide sequence analysis did reveal, however, that other
nucleotide substitutions co-segregate with the polyalanine
polymorphism. The characteristics of these alleles are
summarized in Table IV. The GPX1 alleles with five or seven
alanines are identical except for the length of the polyalanine
polymorphism. The GPX1 allele with six alanines in the
polyalanine sequence, GPX1 *ALA6, differs from the others in
that it has a leucine for proline substitution at codon 198, a T
for C substitution at +2, and a G for A substitution at -592.

Therefore, since the different GPX1 alleles encode structur-
ally different hGPxl subunits, we determined whether there
was a difference in the occurrence of the different GPX1
alleles in lung cancer and RCC. We compared tumors associated
with deletion of the lung cancer locus at 3p21 (SCLCs and
homozygous NSCLCs) to closely associated tumors that do
not have deletions at the lung cancer deletion site (heterozygous
NSCLCs and RCCs). As shown in Table V, there was a trend
toward decreased frequency of the GPX1*ALA7 allele in
homozygous versus heterozygous NSCLC specimens (18%
versus 35% respectively) that was not statistically significant
(comparing frequency of alleles GPX1 *AIA5 and GPX1 *ALA6
versus GPXJ*ALA7, chi square P = 0.19) and the same trend
in the comparison of SCLC specimens to non-papillary RCCs
(15% versus 28% respectively).

Discussion
Lung cancer is a malignancy directly caused by exposure to
smoking-related carcinogens (1). In contrast, dietary selenium
has been associated with a decreased risk of lung cancer
(2,3). The gene for the selenium-dependent drug-detoxifying

Table IV. Characteristics of GPXI alleles

Allele

GPXI*ALAS
GPXI*ALA6
GPXI*ALA7

nt at -592

A
G
A

nt at +2

C
T
C

Table V. Frequency of GPXI alleles in SCLC,

Allele'

GPXI'ALAS
GPXI *ALA6
GPXI*ALA7

NSCLC
heterozygotes
(n = 20)

6(30%)
7 (35%)
7 (35%)

No. of
alanines

5
6
7

Codon 198

CCC (proline)
CTC (leucine)
CCC (proline)

NSCLC and RCC

NSCLC RCC
homozygotes (n = 29)
(n = 34)

18(53%)
10(29%)
6(18%)

11 (38%)
10 (34%)
8(28%)

SCLC
(n = 20)

6(30%)
11 (55%)
3 (15%)

Tumors are assumed to contain only one allele if only a single allele is
detected.
n = number of alleles.

glutathione peroxidase 1 enzyme, GPXI, was originally
mapped to 3q 11-13.1 (25). However, we isolated a genomic
fragment that contained GPXI and the 3' end of another gene,
the Ras-related gene RHOA, in its 5' flanking sequence (15).
The gene encoding RHOA had been mapped to 3p21 (26), and
we recently confirmed that both genes map to 3p21 by in situ
hybridization (14). In this report we demonstrate that the gene
for the selenium-dependent hGPxl enzyme is located within
the minimal region of 3p21 that is frequently deleted in lung
cancers, and that LOH of GPXI was observed in all informative
cases of lung cancer examined.

Glutathione peroxidases protect cells against oxidative dam-
age by reducing hydrogen peroxide and a wide range of
organic peroxides with reduced glutathione (13). Glutathione
peroxidase activity has been detected in lung tumors (27,28),
but it is unclear which glutathione peroxidase isozymes account
for this activity. The classic cytosolic form of the enzyme,
hGPx 1, belongs to a family of selenium-dependent glutathione
peroxidases which includes another cytosolic form of the
enzyme hGPx2 (29), a plasma glutathione peroxidase hGPx3
(30) and a phospholipid hydroperoxide glutathione peroxidase
hGPx4 (31). hGPx2, hGPx3 and hGPx4 have been localized
to chromosomes 14, 5 and 19 respectively (32).

Several in vitro and in vivo studies have shown that selenium
exposure increases GPxl activity and RNA expression,
although not GPXI gene transcription (15,33-37). Numerous
case-control epidemiological studies have examined the rela-
tionship of serum selenium levels and the risk of lung cancer
(38-42). The results of these studies have been mixed, possibly
because of small sample sizes and the inherent variability of
serum selenium levels. Recently, however, measurement of
toenail selenium levels has been validated as a reliable measure
of long-term selenium intake (43-45), and a large prospective
study of over 120 000 men and women has demonstrated
an inverse association between toenail selenium levels and
the risk of lung cancer. These epidemiological findings are
supported by studies which demonstrate that selenium can
prevent lung tumor induction by i.p. injection of the tobacco-
specific toxin 4-(methylnitrosamine)-l-(3-pyridyl)-l-butanone
(46). In this paper we have demonstrated that a polymorph-
ism exists in the coding region of GPXI which gives rise to
a significant (70%) observed frequency of heterozygosity in
two normal populations (Table I). In contrast, no heterozygosity
was observed in the GPXI locus in SCLC, suggesting LOH
of this locus in this disease (Table II). In the series of 44
NSCLCs, we would have expected to find -15 heterozygotes
(half of the NSCLCs would lack 3p21 deletion and 70% of these
would occur in heterozygotes). We observed heterozygosity in
10/44 NSCLCs, indicating that LOH at this locus does not
occur at a significantly greater frequency than suggested by
previous cytogenetic analyses.

Nucleotide sequence analysis demonstrated that the three
GPXI alleles identified by the polyalanine polymorphism
contained other characteristic nucleotide substitutions, includ-
ing a substitution which results in an amino acid substitution
at the carboxy end of the hGPxl subunit (Table IV). We also
found a trend in the frequency of the GPX1*ALA7 allele
between homozygous lung tumors and two groups of closely
related tumors: RCCs, tumors associated with 3p deletions but
not at the lung cancer locus, and heterozygous NSCLCs. Since
these tumor specimens came from patients accrued from the
same population base, ethnic or geographic variation should
not account for differences in these allele frequencies. Clearly,
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a larger study population will be needed to verify these
preliminary findings.

No mutations were found within the remaining GPX1
alleles from lung tumors. Therefore, GPX1 does not have the
characteristics expected of a classic tumor suppressor gene.
However, the findings in this study are compatible with the
possibility that certain constitutional GPX1 genotypes may
increase the risk of developing lung cancer, or that deletion
of a GPX1 allele may result in lung cancer by increasing
susceptibility to carcinogens. It is also possible that GPX1
is only a bystander playing an auxiliary role, providing a
useful polymorphism closely linked to the lung cancer tumor
suppressor gene on 3p21. Ongoing studies ofGPX1 genotypes
and gene expression in lung cancer patients and their tumors,
as well as biochemical characterization of the hGPxl enzymes
encoded by these distinct alleles, should help clarify the
possible role of GPX1 in lung cancer.
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