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The primary structure of human selenium-depen-
dent phospholipid hydroperoxide glutathione peroxi-
dase (GPX4) was determined by genomic cloning. The
gene structure of GPX4 spans only 2.8 kb and consists
of 7 exons. The coding sequence resides on all 7 exons,
and the mitochondrial leader sequence is contained
entirely within the first exon. The selenocysteine cod-
ing nucleotide resides on the third exon. The introns
all commenced with the consensus nucleotide se-
quence GTR and ended with the consensus nucleotide
sequence YAG. Analysis of the GPX4 gene sequence
identified a potential alternative tissue-specific first
exon. Chromosomal FISH studies placed the GPX4
gene at 19p13.3 location, and downstream of the 23 k-
Da polypeptide DNA-directed RNA polymerase gene.
© 1998 Academic Press

The phospholipid hydroperoxide glutathione peroxi-
dase, GPX4, belongs to the family of selenium-depen-
dent peroxidases, and was first described in 1982 (1,2).
In contrast to the classical cellular glutathione peroxi-
dase, GPX1, the GPX4 enzyme is a monomeric enzyme
with two distinct forms (2). It consists of a mitochon-
drial form of approximately 22 kd and a non-mitochon-
drial form of approximately 19 kd (3). The tissue distri-
bution of GPX4 is also distinct from GPX1. GPX4 is
highly expressed in the testes and thyroid, whereas
GPX1 is highly expressed in the liver, the lungs and
certain human tumor cell lines (4-6). The GPX4 enzyme
is capable of reducing peroxidized phospholipids, cho-
lesterol hydroperoxides, and thiamine hydroperoxides
(2,7,8). While the GPX1 enzyme can reduce free fatty
acid hydroperoxides, it cannot reduce phospholipid hy-
droperoxides like GPX4 (9). Thus, GPX4 is considered
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to be the primary enzymatic defense against oxidation
for biomembranes.

Subcellular distribution studies have identified the
GPX4 as residing in the mitochondria, cytoplasma and
the nuclear envelope (6,10,11). It is known that the
import of GPX4 into the mitochondria does require a
leader sequence (12). The human, rat, mouse, and pig
cDNA sequences have been determined, and the pig
gene was also isolated (3,13-18). Studies in the rat dem-
onstrated that GPX4 uses multiple transcription and
translation start sites (6). Transgenic overexpression
of GPX4 protects host cells from oxidative stress and
against various lipid hydroperoxide mediated injury
(19,20). In addition to this antioxidant role, recent stud-
ies indicate GPX4 is also capable of modulating 15-
lipoxygenase products (15,21).

Thus, GPX4 displays several unusual properties in-
cluding tissue expression, subcellular localization, hor-
monal dependence and regulation of lipoxygenase prod-
ucts (4,6,11,21,22). Pursuing the mechanism(s) behind
these unusual properties of GPX4 requires knowledge
of the upstream nontranscribed region (also known as
the promoter region), intron/exon structure, and down
stream nontranscribed region which is often implicated
in tissue-specific regulation. Therefore, to further in-
vestigate the unusual tissue distribution and hormonal
regulation of GPX4, we determined the genomic struc-
ture of the human GPX4 gene which was previously
determined to be a single copy gene residing on chromo-
some 19 (23).

MATERIALS AND METHODS

A probe corresponding to the last 653 through 875 nucleotides of
human GPX4 cDNA (16) was generated from a pCD human cDNA
library (Dr. Paul Berg, Stanford, CA) using PCR amplification. Oligo-
nucleotides used for PCR screening were gga cct gcc cca cta ttt cta
(upstream) and tgt ctg ttt att ccc acc cgg (downstream). The entire
PCR probe was sequenced to confirm nucleotide identity to human
GPX4 cDNA sequence (16). Amplification of human genomic DNA
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FIG. 1. Structural organization of the human selenium-dependent phospholipid hydroperoxide glutathione peroxidase (GPX4) gene.

Striped boxes indicate exons of the gene. Restriction enzyme sites are identified as Bglll (Bg), BamHI (B), Ncol (N), and Sall (S). The three
overlapping clones and their relative location are provided below the GPX4 map. The regions sequenced and their corresponding GenBank

accession numbers are noted at the bottom of the diagram.

with these PCR primers yielded a single product of correct size, which
was also sequenced to confirm nucleotide identity. A human genomic
foreskin fibroblast bacteriophage P1 library (Genome Systems, St.
Louis, MO) was screened by PCR using these oligonucleotides. Three
clones were identified as positive by PCR amplification. The PCR
amplification product from one of the clones, 13648, was sequenced
to confirm that the product corresponded to nucleotides 633 to 875
of the GPX4 cDNA sequence (16). The nucleotide sequence analysis
was performed by the dideoxynucleotide chain-termination method
with sequencing grade Tag DNA polymerase and the fmol thermocy-
cling DNA sequencing kit by Promega Corp. (Madison, WI) using
the Direct Incorporation SEQ protocol. The reagent 7deazaGTP was
added when necessary to minimize band compression often associ-
ated with the high G + C content in genomic DNA. All DNA inserts
were sequenced in both directions to ensure accuracy of the sequenc-
ing data, the gene was sequenced in each direction in overlapping
fragments, and autoradiograms containing sequence letters were
proofread after data entry.

The chromosomal localization of the P1 Clone 13648 was deter-
mined by the fluorescence in situ hybridization (FISH) technique as
previously described (24). The entire P1 clone #13648 was labeled
with digoxigenin dUTP by nick translation. The initial experiment
resulted in specific labeling of the short arm of a group F chromosome
believed to be chromosome 19 on the basis of size, morphology, and
banding pattern. A second experiment was conducted in which a
genomic probe which had been previously mapped to chromosome
19q, and confirmed by cohybridization with a probe from the E2A
locus, was cohybridized with the P1 clone. This experiment resulted
in the specific labeling of the long arm and the short arm of chromo-
some 19. Measurements of 10 specifically labeled chromosomes dem-
onstrated that GPX4 is located at the terminus of the short arm of
chromosome 19, an area corresponding to the 19p13.3 band A total
of 80 metaphase cells were analyzed with 75 exhibiting specific label-
ing. Thus, the FISH chromosomal localization studies localized the
human GPX4 gene to the 19p13.3 region, which is in agreement with
a previous report using somatic cell hybrids that localized GPX4 to
chromosome 19 (23).

RESULTS AND DISCUSSION

Analysis of three overlapping clones (Figure 1) re-
vealed that the human GPX4 gene (AF 060973) consists
of 7 exons over a 2.8 kb region, which is in contrast to
the other classical selenium-dependent GPX enzymes
(GPX1 and GPX2) which contain only two exons. The
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exon lengths are identical to that previously reported
in the pig gene (15) with the exception of the 5" and 3’
untranslated regions. The 27 amino acid mitochondrial
leader sequence (12) resides entirely in the first exon
and the selenocysteine codon (15) resides in the third
exon. Analysis of the exon/intron junctions revealed
that GPX4 splicing followed the general consensus
splice sequences for exon-intron junctions with one ma-
jor exception (Table 1).

Analysis of the GenBank nonredundant database re-
vealed the upstream region (AF060972) of the GPX4
gene (Figure 1) was homologous to the downstream
region of a cosmid clone (AC004151), also previously
localized to chromosome 19p13.3 region, which con-
tained the 23 k-Da polypeptide DNA-directed RNA
polymerase Il gene. There was no homology of the re-
gion (AF060974) downstream of GPX4 to any GenBank
submission.

Analysis of dBEST and TIGR Human-Gene Index
(THC201938) databases revealed the presence of a po-
tential alternative first exon that was tissue-specific.
The clones obtained from human testis-derived tissue
(such as AA400687), where GPX4 is highly expressed,
all contain the same first exon (exon 1a, figure 1) pre-

TABLE 1
Sequences at the Intron/Exon Splice Junctions

Exon # and size Intron size

(bp) Donor (bp) Acceptor
1, 161 ACCATG gt gagc 1068 tt gcag TGCGCG
2, 95 GTACCG gt gggc 86 tcgcag GGCCTT
3, 145 AAGCAG gt gggc 147 ccacag GAGCCA
4, 152 GGGAAA gt gecgt 433 tt ccag TGCCAT
5, 25 ACCAAG gt aagg 133 ccacag AGITCC
6, 60 CCCCTG gt gggt 80 cgacag GTGATA
7, 240
Consensus NAGgtra yag NNN
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viously identified when the mRNA sequence of GPX4
was first determined using a human testis cDNA li-
brary (16). Several dBEST clones from non-testis li-
braries, such as heart or colon tissue where GPX4 is
minimally expressed (such as AA733049 or AA587357)
all contain a different first exon (exon 1b, figure 1),
with an out-of-frame start codon, located slightly down-
stream from the testis-associated first exon. The use of
a tissue-specific alternative first exon to control expres-
sion is compatible with a previous report describing
different transcription and translational start sites for
testis versus somatic tissue (6). Computer analysis of
the GPX4 sequence did not identify any repetitive ele-
ments. Interestingly, while the GRAIL program identi-
fied 7 exons, only the first 3 were correctly identified.
In contrast, while the GENIE Program only recognized
5 exons it did identify the last 4 exons correctly (exons
1,4,5,6,7).

In summary, the GPX4 gene resides at chromosomal
location 19p13.3, consists of 7 exons spanning 2.8 kb (in
contrast to GPX1 and GPX2), the exon/intron junctions
follow the general consensus splice sequences (with one
exception), a tissue-specific alternative exon splicing
appears to be present, and the upstream neighboring
gene is the 23 k-Da polypeptide DNA-directed RNA
polymerase Il gene. There is no homology of the region
downstream of GPX4 to any GenBank of other data-
bank submission, so the downstream neighboring gene
cannot be identified at this time.
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