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Nuclear run-on experiments have shown that the high level of expression of the mouse cytosolic glutathione
peroxidase mRNA in erythroid cells is due to up-regulation of the gene at the transcriptional level. Studies of the
chromatin structure around the cytosolic glutathione peroxidase geme have revealed a series of DNase I
hypersensitive sites (DHSS) in the 3’ flanking region of the gene in erythroid and other high-expression tissues that
are lacking in low-expression cells, in addition to a DHSS over the promoter region in both high- and
low-expression tissues. Functional transfection experiments have demonstrated that one of the 3' DHSS regions
functions as an enhancer in erythroid cells but not in a low-expression epithelial cell line; and site-directed
mutagenesis and footprinting experiments reveal that the activity of the erythroid cell-specific enhancer requires
a cluster of binding sites for the CACC/GT box factors and the GATA and Ets families of transcription factors.

The glutathione peroxidases (GSHPXs) constitute a family
of selenocysteine (SeCys)-containing enzymes whose func-
tion is to remove organic peroxides and H,O, (see references
9 and 14 for reviews). To date, four enzymes with different
tissue distributions have been characterized: the cytosolic
GSHPX (cGSHPX) was the first to be isolated and se-
quenced, but a different GSHPX present in plasma and a
third form of GSHPX that specifically reduces hydroperox-
ide derivatives of intact phospholipids have been character-
ized (reviewed in reference 66); very recently, another
cellular GSHPX different from cGSHPX has also been
characterized (12). As we first showed for cGSHPX (8), the
SeCys-containing selenoproteins are unique in that the
SeCys is encoded by an in-frame UGA codon; this has now
been demonstrated for all four GSHPX types (12, 61, 67) and
several other eukaryotic and bacterial SeCys-containing
selenoproteins (6, 20, 27, 75, 76). All cells contain low levels
of cGSHPX, but high levels are particularly important in
tissues in which peroxides are produced at high levels, for
example, in erythrocytes as a by-product of the redox
reactions involved in oxygen transport or during detoxifica-
tion processes in liver or kidney. We have shown previously
(1, 2, 8) that the high-level expression of cGSHPX in
erythroid cells, liver, and kidney in comparison to most
other tissues (brain tissue, fibroblasts, and epithelial cells,
for example) is due to up-regulation at the level of cGSHPX
mRNA. In this report, we analyze further the molecular
mechanisms responsible for this tissue-specific regulation:
we show that the cGSHPX gene is in an altered chromatin
structure in high-expression tissues, as judged by a series of
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tissue-specific DNase I-hypersensitive sites (DHSS) 3’ to the
gene and that up-regulation of transcription in erythroid cells
is due to a tissue-specific 3’ enhancer. Detailed analysis of
the nature of the nuclear proteins binding to the enhancer
and mutagenesis studies have shown that members of the
GATA, CACC/GT box, and Ets families of transcription
factors are involved in enhancer function.

MATERIALS AND METHODS

Cells and cell culture. Adherent mouse erythroleukemia
(MEL) cells (F4-12B2; a gift from W. Ostertag, Hamburg,
Germany), mouse epithelial cell line C5 (35), STO mouse
fibroblasts, HepG2 liver cells, and HeLa cells were grown in
a modification of Eagle minimal essential medium with
double concentrations of amino acids and vitamins, 10%
fetal calf serum (Tissue Culture Services), and in transient
transfection experiments with 100 pg of streptomycin per ml
and 37.5 pg of penicillin per ml. The erythroid/megakarocyte
HEL cell line (39) and the erythroid/myeloid K562 cell line
were grown in RPMI 1640 medium supplemented with 10%
fetal calf serum. KMOE cells (47) were grown in a mixture
consisting of RPMI 1640 (33%), a minimal essential medium
(33%), and Ham’s F12 (33%) supplemented with 10% fetal
calf serum. FDCP-mix A4 cells were grown as previously
described (25).

Nuclear run-on experiments. Briefly, 2 x 107 nuclei in 200
pl of a solution of 30 mM Tris-HCI (pH 8.3), 5 mM MgCl,,
150 mM KCl, 0.05 mM EDTA, 1 mM dithiothreitol, 20%
(volfvol) glycerol, and 0.25 mM (each) ATP, GTP, and CTP
were labelled with 3.7 MBq of [a->*PJUTP for 30 min at
30°C, and RNA was extracted by the RNAzol method (10).
RNA (4 x 10°) cpm from MEL or C5 nuclei was hydridized
at 42°C for 72 h to prehydridized filters containing 2 ug of
test or control plasmid in a solution of 50% formamide, 5Xx
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SSPE (1x SSPE is 0.18 M NaCl, 10 mM NaPO,, and 1 mM
EDTA [pH 7.7]), 5% Denhardt’s solution (59), 0.5% sodium
dodecyl sulfate (SDS), and 100 p.g of denatured herring testis
DNA per ml and then washed in 1x SSC (1x SSCis 0.15 M
NaCl plus 0.015 M sodium citrate)-0.1% SDS at 65°C.

Mapping of DHSS. Nuclei were prepared (4), and DNase I
digestions were performed for 10 min at 0°C in a solution of
60 mM KCl, 15 mM NaCl, 15 mM Tris-HCI (pH 7.5), 5 mM
MgCl,, 0.5 mM spermidine 0.15 mM spermine, 1 mM
phenylmethylsulfonyl fluoride, and 0.2 mM EGTA [ethylene
glycol-bis(B-aminoethyl ether)-N,N,N’,N’-tetraacetic acid]
at a nucleic acid concentration of 0.5 mg/ml (16). Genomic
DNA was then isolated by the proteinase K treatment,
phenol-chloroform extraction, and RNase treatment (1).

Plasmid constructions. Plasmid pLW2 (17) contains the
bacterial chloramphenicol acetyltransferase (CAT) gene un-
der the control of the herpes simplex virus type 2 (HSV-2)
immediate-early 5 (IE-5) gene promoter with the transcrip-
tional termination sequences of the HSV-2 IE-5 gene in-
serted downstream of the CAT gene. Plasmid p22 is a
promoterless CAT construct used as the basis for construc-
tion of all cGSHPx-CAT recombinants. p22 was derived
from pLW?2 by insertion of the 900-bp BamHI-Xbal fragment
containing the CAT gene and transcription termination se-
quences into plasmid pUC13. Plasmid pGPY289 contains
cGSHPx promoter sequences from —289 to +10 bp (with
respect to the transcription initiation site) immediately up-
stream of the CAT gene of p22. pGPY289 was constructed
by cloning the 470-bp Xbal-Pstl fragment of the cGSHPx
promoter into pUC12. The Xbal-Hinfl fragment was isolated
from this plasmid, blunt ended, and cloned into the Smal site
of p22. Plasmid pGPY158 was derived from pGPY289 by
removal of the 5’ 141 bp by Xmalll-Ss¢I digestion. Plasmid
pGPY1.7, containing promoter sequences from —1700 to
+10 bp, was constructed by cloning a 1.55-kb EcoRI-Xmalll
fragment of promoter sequence into pGPY289. Plasmid
pGPY1.7(4.0)+ contains the 3’ 4-kb partial EcoRI-BarmHI
fragment (see Fig. 3), pGPY1.7(1.8)+ contains the 1.8-kb 3’
EcoRlI fragment, and plasmid pGPY1.7(2.2)+ contains the 3’
2.2-kb EcoRI-BamHI fragment cloned into the polylinker
sequence 3’ to the CAT gene in pGPY1.7. pGPY1.7(650)+,
pGPY1.7(HS II), and pGPY1.7(HS III) contain 650-, 340-,
and 310-bp polymerase chain reaction (PCR) fragments
corresponding to regions containing DHSS II and III, DHSS
II, and DHSS III, respectively. These fragments were
cloned in the HindIlII site of pGPY1.7 in either their natural
(+) or opposite (—) orientations.

Plasmid pHSV B-Gal contains the B-galactosidase gene
under the control of the HSV IE-5 gene promoter and was
used to standardize for transfection efficiency in the func-
tional experiments.

Preparation of PCR fragments. Specific DNA sequences
were amplified by the PCR with Perkin-Elmer Cetus Amp-
liTaq DNA polymerase. To amplify sequences from plasmid
DNA, 20 ng of plasmid DNA was mixed with the appropriate
oligonucleotide primers (1 pM) in 100 pl of a solution of 10
mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl,, 0.1%
gelatin, 200 pM deoxynucleoside triphosphates, and 2.5 U of
AmpliTaq DNA polymerase. Amplification was achieved by
30 cycles of 1 min at 93°C, 1 min at 58°C, and 1.5 min at 75°C
in a Perkin-Elmer Cetus thermal cycler. Extension time of
the last cycle was 10 min to ensure that all single-stranded
DNA had been copied or reannealed to form double strands.
The products of the PCR were resolved by agarose gel
electrophoresis and purified by Geneclean (BIO 101 Inc.).

Nuclear protein preparation. Approximately 10 cells
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were washed in phosphate-buffered saline and then twice
with TMS (5 mM Tris-HCI [pH 7.5], 2.5 mM MgCl,, 125 mM
sucrose). Cells were lysed in 200 ml of TMS plus 0.25%
Triton X-100, and nuclei were harvested by centrifugation
(1,600 x g, 20 min). Nuclei were washed three times in 200
ml of TMS and resuspended in approximately 5 ml of TMS (5
to 10 mg of DNA per ml), and 0.1 volumes of 4 M NaCl was
added dropwise with stirring. The solution was centrifuged
at 10,000 x g for 20 min, and the supernatant was spun at
100,000 x g for 60 min. Solid ammonium sulfate was added
to 0.35 g/ml and left on ice for 30 min. The precipitate was
pelleted at 10,000 x g for 30 min and redissolved in 5 ml of
ES50 buffer (50 mM ammonium sulfate, 20 mM N-2-hydroxy-
ethylpiperazine-N'-2-ethanesulfonic acid [HEPES; pH 7.9],
5 mM MgCl,, 0.1 mM EDTA, 0.1% [vol/vol] Brij 35, 20%
[vol/vol] glycerol, 1 mM dithiothreitol) and dialyzed for 16 h
against 1 liter of storage buffer (50 mM NaCl, 20 mM HEPES
[pH 7.9], 5 mM MgCl,, 20% [vol/vol] glycerol, 1 mM DTT).
The crude protein extract was cleared by centrifugation at
100,000 x g for 60 min, and aliquots were stored at —70°C.

A microscale technique for the preparation of DNA-
binding proteins (3) was also employed for electrophoretic
mobility shift assays (EMSAs). Where possible, microscale
and large-scale nuclear protein preparations were compared
in EMSAs and found to produce identical results.

All manipulations were carried out at 4°C, and all solutions
contained 0.5 mM phenylmethylsulfonyl fluoride, 0.5 mM
benzamidine, 10 mM sodium butyrate, 10 mM B-glycero-
phosphate, 2 mM levamisole, 50 mM sodium orthovanadate
(pH 8.0), and 1 pg (each) of leupeptin, aprotinin, bestatin,
and pepstatin per ml.

FP analysis. Footprinting probes were prepared by 5’ end
labelling of DNA restriction fragments with T4 polynucle-
otide kinase and [y->2P]ATP and isolated after secondary
restriction (53). Alternatively, probes were generated by
PCR with one of the primers first end labelled with
[y->?P]ATP (34). Markers were prepared by chemical se-
quencing reactions (40). DNase I footprint (FP) protection
assays were performed in a volume of 100 pl of storage
buffer in the presence of 6 ug of poly(dI-dC) - poly(dI-dC), 2
ng of end-labelled restriction fragment, and up to 80 pnl (30
ng) of nuclear protein extract. After partial DNase I diges-
tion, the nucleic acid was purified and resolved by denatur-
ing 6% polyacrylamide gel electrophoresis and autoradiog-
raphy.

EMSA. Double-stranded oligonucleotides were 5’ end
labelled with T4 polynucleotide kinase and [y->?P]ATP, and
5' overhangs were filled in with Klenow fragment of DNA
polymerase and excess deoxynucleotide triphosphates and
purified by electrophoresis on an 8% polyacrylamide gel.
Labelled oligonucleotide (0.1 ng) was incubated on ice for 30
min with protein extracts (0 to 10 pg) in the presence of 6 pg
of poly(dI-dC) - poly(dI-dC) in a final volume of 20 pl of
storage buffer. Samples were electrophoresed in a 5% poly-
acrylamide gel in 0.2 Tris-borate-EDTA for 2 to 3 h at 4°C
at 150 V, and the gel was dried for autoradiography. Oligo-
nucleotide competitors were added at a 200-fold molar
excess. The following oligonucleotides were used in this study
(all sequences are written 5’ to 3'): Fpl, CCCAAACGTG
AACTTCTCCTTTCTGAGTTT; Fp2, TTGGTGGATGAGG
AAGTGACTGTGTGCCCC; Fp3, GACTCTAGAAATCTA
GATCTTTGCCCACAG; Fp4, TGTTTTGCACAGCTGCA
ACAGCCTTGCACA; GATA, CCGGGCAACTGATAAG
GATTCCCTG; mGATA, CCGGGCAACTGATGAGGAT
TCCCTG; Ets3, ATACTCCAGAAGGAGGAAGCCAGTA
GACAA; PU-1, GATCCATAACCTCTGAAAGAGGAACT
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TGGTTAGGT; PEA3, GATCCTCGAGCAGGAAGTTC
GA; E74, GATCTCTAGCTGAATAACCGGAAGTAACT
CATCCTAG; E74m, GATCTCTAGCTGAATAACCCAAG
TAACTCATCCTAG; AP1, AAGCATGAGTCAGACA; and
CCAAT, GATCCAAACCAGCCAATGAGAACTGCTCCA.

Generation of site-directed mutations by PCR. Introduction
of specific mutations and deletions into the enhancer frag-
ments by recombinant PCR was performed as previously
described (26). Briefly, for each mutated construct a pair of
overlapping primers containing the required mutations or
deletion were used in two separate PCRs to produce two
DNA fragments overlapping in the region to be mutated. The
fragments were gel purified, and 20 ng of these primary PCR
fragments was used in a further PCR together with outside
primers containing HindIII restriction sites to produce a
full-length DNA fragment containing the appropriate muta-
tion or deletion. These fragments were purified, digested
with HindIIl, and cloned into the HindIII site of pGPY1.7.
Constructs containing mutations or deletions introduced by
PCR were sequenced by the dideoxy chain termination
method (60). Mutations introduced into GATA-1 (GATA
AGG to GATGAGG) and CACC factor (CACCC to GG
GCC) binding sites were as previously described (52).

Primers used in the preparation of the constructs used in
this study were as follows: pGPY1.7(650), 209H and 210H;
pGPY1.7(HS II), 210H and 6; pGPY1.7(HS III), 5 and 209H;
pGPY1.7(HS II)a, 33 and 34; pGPY1.7(HS II)b, 35 and 36;
pGPYL1.7(HS II)c, 37 and 38; pGPY1.7(HS II)d, 39 and 40;
pGPYL.7(HS IIl)a, 17 and 18; pGPY1.7(HS III)b, 3 and
209H; pGPY1.7(HS III)c, 19 and 20; pGPY1.7(HS III)d, 10
and 13; pGPY1.7(HS IIl)e, 9 and 12; pGPY1.7(HS III)f, 23
and 24; pGPY1.7(HS III)g, 11 and 14; pGPY1.7(HS III)h, 11,
14, 23, and 24.

Oligonucleotide PCR primers. The following oligonucleo-
tide PCR primers were used (all sequences are written 5’ to
3'): 209H, GCCAAGCTTCTTCATACTACCACAAGTCTC;
210H, GCCAAGCTTTCCCAGGACATGGTTAAGGTC,; 3,
AGCAAGCTTCGTCAAACCTTGCAAGTTTAC; 5, ACGC
AAGCTTAAGGTGGAAGGCAGGTGTAG:; 6, CGCAAGC
TTTTCCGTCGAATCTCACAACAC; 9, GGGCCCCACCC
TTTAAACATCTCAAGACAC; 10, GGGCCCGGGCCTTT
AAATATCTCAAGACACG; 11, GGGCCCGGGCCTTTAAA
CATCTCAAGACAGC; 12, GTGTCTTGAGATGTTTAAAG
GGTGGGGCCC; 13, GTGTCTTGAGATATTTAAAGGCC
CGGGCCC; 14, GTGTCTTGAGATGTTTAAAGGCCCGG
GCCC; 17, GTGTGGCAGGAAACACTCCAGTGTGTGTC
C; 18, GGACACACACTGGAGTGTTTCCTGCCACAG; 19,
AATAGGACACATCTTAAAACATACACATCTTAAA
GG; 20, CCTTTAAGATGTGTATGTTTTAAGATGTGTC
CTATT; 23, GGAGCTGTTTCTCATCATAACCTCCCAG
AC; 24, GTCTGGGAGGTTATGATGAGAAACAGCTCC;
33, GGCCACCCTAACCCCTTTTTGGTGGATGAG; 34,
CTCATCCACCAAAAAGGGGTTAGGGTGGCG; 35, TTC
TGAGTTTTTGGTTGCCCCTGTTCACAC; 36, GTGTGA
ACAGGGGCAACCAAAAACTCAGAA; 37, TTCACAC
AAGACTCTCCCACAGAAGTCTGT; 38, ACAGACTTCT
GTGGGAGAGTCTTGTGTGAA; 39, TTGCCCACAGAAG
TCCACAGTGTTACCAGC; and 40, GCTGGTAACACTGT
GGACTTCTGTGGGCAA.

Transfections and CAT assays. Plasmid constructs were
transfected into MEL or C5 cells together with a plasmid
containing the B-galactosidase gene (pHSVB-gal) by the
calcium phosphate precipitate method as previously de-
scribed (15). CAT activities were measured, normalized for
transfection efficiency by using the B-galactosidase activity
as a control (48), and then expressed relative to the CAT
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FIG. 1. Nuclear run-on experiments. The figure shows an auto-
radiograph of the hydridization of in vitro transcripts from MEL
nuclei (right panel) or C5 epithelial cell nuclei (left panel) to the
recombinant plasmids indicated. pGSHPX contains the entire
1.55-kb Xbal (X)-to-EcoRI (R) cGSHPX gene fragment. pExon2,
the 706-bp EcoRI cGSHPX gene fragment; pGP220, the upstream
200-bp Sau3A (Sa) cGSHPX gene fragment (see line diagram of the
cGSHPX gene, with the exons boxed and coding regions filled in and
the transcription start site marked with an arrow). Plasmids contain-
ing part of the B,M cDNA (pB,M) (65) and the entire PBG-D cDNA
(pPBG-D) (11) and PIC20H were included as controls.

activity produced in the same cell type by transfection of
plasmid pLW2 (17) in which the CAT gene is under the
control of the HSV IE-5 promoter.

RESULTS

Nuclear run-on experiments. In order to confirm that the
up-regulation of cGSHPX mRNA in erythroid cells is due to
transcriptional control, in vitro transcription experiments
were performed. To allow the possibility of future functional
studies, MEL cells were compared with an epithelial cell line
(CS) that expresses only low levels of cGSHPX mRNA,
since both cell lines are capable of being transfected at a
reasonable efficiency. Thus, nuclei from MEL or CS cells
were incubated with radioactive nucleoside triphosphates,
and the nuclear RNA was extracted and hydridized to filters
containing various fragments of the cGSHPX gene cloned in
the plasmid vector pIC20H (see map of cGSHPX gene for
details [Fig. 1]). The controls used included plasmid vector
pIC20H and plasmids containing a fragment of the B,-
microglobulin (8,M) cDNA or of the complete cDNA encod-
ing the heme pathway enzyme, porphobilinogen deaminase
(PBG-D). The results (Fig. 1) show a very much higher level
of transcripts on the cGSHPX gene in MEL nuclei compared
with those in C5 nuclei, whereas transcription on the g,M
and PBG-D genes is similar in MEL and CS cells. The lower
hydridization to the cGSHPX exon 2 probe compared with
the entire gene probably simply reflects the fact that the
former contains a shorter sequence to which transcripts can
hybridize. As would be expected, no hydridization is found
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to a probe upstream of the main transcription initiation site
(pGP220).

Mapping of DHSS. To locate potential cis control regions
that might be responsible for up-regulating the transcription
of the cGSHPX gene in erythroid cells, DHSS in the vicinity
of the cGSHPX gene were mapped by the technique of
indirect end labelling. To map any DHSS 5’ to the gene,
DNA purified from DNase I-treated nuclei was digested with
EcoRl, and the fragments were electrophoresed in agarose
before Southern blotting and hydridization with a 469-bp
Sstll-to-EcoRI probe covering part of the first exon, intron,
and second exon of the cGSHPX gene, as shown in Fig. 2A.
This experiment showed cleavage of the 2.2-kb genomic
EcoRI fragment in DNase-treated nuclei from MEL cells
and, to a lesser extent, brain tissue (a low-expression tissue)
to give a diffuse band at about 0.6 to 0.9 kb that maps to a
diffuse 300-bp DHSS (site I) over the promoter.

To identify any DHSS 3’ to the cGSHPX gene, DNA from
DNase-treated nuclei was digested with EcoRI, and the
resulting Southern blot was hydridized with a 706-bp frag-
ment containing mostly exon 2 sequences (Fig. 2B). These
experiments showed DNase I cleavage of the 1.8-kb EcoRI
genomic band in MEL nuclei in the region of two prominent
DHSS resolved as doublets (sites II and III), mapping to
about +1.4 and +1.8 kb from the transcription initiation site.
However, DHSS II and III appear to be absent in brain
tissue (Fig. 2B) (the apparent minor band in the 0.4 U of
DNase track was spurious hydridization and not reproduc-
ible). Other experiments using an SstII digest with the same
exon 2 probe allowing detection of any DHSS within the
9-kb region 3’ to the cGSHPX gene (Fig. 2C) confirm the
presence of DHSS II and III in MEL cells and reveal another
3’ DHSS (IV) at about +3.5 kb that is also present in liver,
another high-expression tissue, together with other more
diffuse DHSS (Fig. 2C). Other experiments have failed to
detect DHSS IV in brain tissue (data not shown). Overall,
these results suggest that cis control regions responsible for
the high expression of the cGSHPX gene in erythroid cells
lie in the 3'-flanking DNA from +1 to +3.5 kb.

The upstream 1.7 kb of the cGSHPX gene acts as a relatively
non-tissue-specific promoter. To attempt to identify cis con-
trol regions regulating the tissue-specific transcription of the
cGSHPX gene, we have tested the 5'-flanking DNA for

FIG. 2. Mapping DHSS around the cGSHPX gene in different
tissues. Nuclei from MEL cells (Fr™) or mouse liver (Lv) or brain
tissue (Br) were treated with the indicated amounts of DNase I
(units per milligram of DNA) prior to DNA isolation, as described in
Materials and Methods, and then digested with the appropriate
restriction enzyme before electrophoresis and Southern blotting. (A)
5' DHSS were mapped by EcoRI digestion and hybridization with
the SstII-EcoRI probe shown (hatched bar). The positions of size
markers are given at the top of the photograph. The line diagram
shows the cGSHPX gene (with exons marked as boxes and the
coding regions filled in) with the positions of the EcoRI sites (R) in
the genomic DNA at —1.7 kb and +525 bp relative to the transcrip-
tion initiation site and the region to which the DHSS maps marked.
(B) Mapping of DHSS in the 3'-flanking DNA. DNA from DNase
I-treated nuclei was digested with EcoRlI, and the resulting blot was
hydridized with the EcoRI exon 2 fragment probe shown (hatched
box). The map indicates the positions of the genomic EcoRI sites at
+525 bp and +2.3 kb and the positions to which the major DHSS
map are shown. (C) DNA from DNase I-treated nuclei was digested
with SstII, and the blot was hydridized with the same exon 2 probe
used for Fig. 2B (hatched). The positions of the SstII sites at +59 bp
and about +9 to 10 kb are shown.
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FIG. 3. Testof cGSHPX 5' and 3’ sequences for tissue-specific promoter and enhancer activity. (A) Test of promoter function. pGPY.289,
pGPY.158, and pGPY.1.7 contain cGSHPX gene sequences from —289 bp, —158 bp, and —1.7 kb to +10 bp, respectively, inserted upstream
of the promoterless CAT gene in plasmid p22. These constructs were transfected into MEL (open boxes on histogram) or C5 cells (filled boxes
on histogram), CAT activities were measured and expressed relative to the CAT activity produced in the same cell type by transfection of
plasmid pLW?2 (17) in which the CAT gene is under the control of the HSV IE-5 promoter. The standard errors of the results of at least six
transfections are indicated by the error bars. (B) Test of 3’ DHSS regions for enhancer activity. The top line shows a map of the cGSHPX
gene with the exons boxed and the coding regions filled in and the positions of the four DHSS marked above. The positions of the EcoRI (R)
and BamHI (B) restriction enzyme sites used to generate constructs for transfection studies are also marked. pGPY1.7(4.0)+,
pGPY1.7(1.8)+, and pGPY1.7(2.2)+ contain the 4-kb partial EcoRI-BamHI fragment, the 1.8-kb EcoRI fragment and the 2.2-kb
EcoRI-BamHI fragment, respectively, cloned in the natural orientation into the HindIII site 3’ to the CAT gene in pGPY1.7. pGPY1.7(650)+
contains a 650-bp subfragment of the 1.8-kb EcoRI fragment inserted into pGPY1.7, and GPY1.7(HSII)+ and GPY1.7(HSIII)+ contain either

the DHSS II or DHSS III regions alone, respectively.

promoter activity when linked to the CAT reporter gene and
transfected into MEL or C5 cells. In all our transfection
experiments, variations in transfection efficiency were con-
trolled by measurement of the level of B-galactosidase pro-
duced from a B-galactosidase expression plasmid cotrans-
fected with the cGSHPX/CAT constructs. We have tested
three promoter constructs containing sequences from —1.7
kb, —289 bp, or —158 bp to +10 bp inserted upstream of the
CAT gene (the cGSHPX translation initiation codon is at
+38 bp). The results (Fig. 3A) show that the ~289 and —158
bp promoters function equally well in both MEL and C5 cells
compared with the activity of the HSV IE-5 promoter in
pLW2. However, the longer 1.7-kb cGSHPX promoter
fragment functions 1.5 to 2 times as efficiently in MEL cells
compared with C5 cells.

Identification of an erythroid cell-specific 3’ enhancer. Our
original genomic DNA recombinant (21) contained about 14

kb of 5'-flanking DNA but little 3'-flanking sequence. By
screening another genomic DNA library (from adult DBA/2J
liver DNA [Clontech catalog number ML1009d]) with a
706-bp EcoRI exon 2 fragment (Fig. 2B), we isolated recom-
binants containing about 5 kb of 3'-flanking sequence. This
allowed us to test fragments of the 3'-flanking DNA in the
DHSS II to IV regions for tissue-specific enhancer activity.
The 1.8-kb EcoRI fragment from +525 bp to +2.3 kb
containing DHSS II and III and the 2.2-kb EcoRI-BamHI
fragment from +2.3 to +4.5 kb containing DHSS IV were
cloned, either separately or linked together in the natural
orientation, into the polylinker sequence 3’ to the CAT gene
in pGPY1.7 (Fig. 3B), and the constructs were transfected
into both cell types as before. In this case, the CAT activities
were expressed relative to the values for the pGPY1.7
promoter construct in each cell type (Fig. 3B). The results
show that the entire 4-kb region containing DHSS II to IV
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gave an 11-fold increase in CAT activity in MEL cells but
not in C5 cells (Fig. 3B, line 2). Using the 1.8-kb EcoRI and
2.2-kb EcoR1-BamHI fragments separately revealed that this
effect is due mainly to sequences within the 1.8-kb EcoRI
fragment containing DHSS II and III (which gives an eight-
fold increase [Fig. 3B, line 3]), rather than the 2.2-kb
EcoRI-BamHI fragment containing DHSS IV (which gives
only a threefold increase [Fig. 3B, line 4]). By further
experiments, the erythroid cell-specific enhancer was lo-
cated more precisely to a 650-bp fragment containing DHSS
II and III, which retained the full enhancer effect of the
1.8-kb fragment when tested in either orientation (only the
natural orientation is shown in Fig. 3B, line 5). To define
whether DHSS regions 1I, III, or both are required for full
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FIG. 4. Footprinting studies. Details of labelling of probes, prep-
aration of nuclear extracts from MEL or CS5 cells, and footprinting
reactions are given in Materials and Methods. (A to E) A+G
sequencing reactions on the probes, together with the position of the
sequence relative to the transcription initiation site, are included.
The positions of the FPs referred to in the text are also marked.
Details of probes used (see panel F for details): A, probe 1; B, probe
2; C, probe 4; D and E, probe 5.

enhancer activity, two further PCR fragments containing
either DHSS II or DHSS III were obtained and tested for
enhancer activity by insertion 3’ to the CAT gene in pGPY-
1.7 as before. The results (Fig. 3B, lines 6 and 7) show that
the DHSS III region possesses most of the enhancer activity,
although DHSS II has some activity.

Footprinting studies. To determine whether binding of
erythroid cell-specific nuclear proteins to the enhancer are
involved in its activity, in vitro footprinting studies were
performed with various subfragments of the 650-bp fragment
region suitable for identifying any protein-binding sites over
the entire DHSS II and III region (Fig. 4F). By using probes
1 and 2 labelled on complementary strands of the DHSS II
region (Fig. 4F), four FPs were found with MEL nuclear
extracts but not with C5 extracts (Fig. 4A and B). The
positions of these FPs are shown alongside the sequence of
the DHSS II and III region in Fig. 5: two (FP1 and FP2)
contain potential binding sites for the Ets-related family of
transcription factors. There is also a further weak FP over



6296 O’PREY ET AL.

+1185
TCCCAGGACATGGTTAAGGTCAGTCTTGAGTCGCCGTTACAGCAGAGGCC

Ets3
ATACTCCAGAAGGAGGAAGCCAGTAGACAAGGGCAGACTGCCTAACGGTT

Ets

WTMWMMQ;?F_@WWMW

Ets
GATGAGGAAGTGACTGTGTGCCCCTGTTCACACAAGACTCTAGAAATCTA

Fp 2 Fp 3

GATCTTTGCCCACAGAAGTCTCT TTTGCACAGCTGCAACAGCCTTGCACA
¥p 3 Fp 4

GTGTTACCAGCTTCTCTTTGCTGCATGAACCCACACTGCTACTCAGTCGC

TTAATTTATGCTGGGTGTTGTGAGATTCGACGGAAAAGGTGGAAGGCAGG

CACCC/GT

TGTAGAGTGT! TGTGTGTCCTGAGACCAGCC

¥p 5

TGGGCCTACTTGAGGCAGAAAAAATGATTGTCAAACCTTGCAAGTTTACA

GATA
GAGCTGTTTCTTATCATARCCTCCCAGACACTCTGCAGTARCTAGGTTCA
Fp 10

GTTGTTTTCTTAGGAACATGAATCCAGAGACTTTGTGGGTAGTATGAAGC
+1835
FIG. 5. Sequence of the DHSS II and III regions. The sequence
of the 650-bp fragment from +1185 to +1835 bp containing the
DHSS II and III regions (Fig. 3B) is given with the CACC motifs and
potential binding sites for GATA-1 and Ets proteins boxed. The
locations of the FPs identified in Fig. 4 are underlined.

another possible Ets binding site (marked ets3 in Fig. 5) (data
not shown). In similar studies with probes from the DHSS
III region labelled on each strand (probes 4 and 5, Fig. 4F),
six further FPs were found with MEL extracts (FP5 to FP10,
Fig. 4C to E [Fig. 4E is a longer run of the gel shown in Fig.
4D in order to resolve FP8 to FP10 better). In contrast, only
FP5 and FP8 are found in C5 cells (Fig. 4C to E). The
positions of FP5 to FP10 are shown with the sequence of the
DHSS III region in Fig. 5. This reveals that FP5 and FP8
contain CACC/GT motifs which are known to bind various
nuclear factors involved in gene regulation in erythroid and
other contexts, whereas the erythroid cell-specific FP6, FP7,
FP9, and FP10 contain potential binding sites for the
GATA family of transcription factors. In view of the tissue
specificity of the FPs in these regions and the fact that
they contain consensus binding sequences for GATA-1
(WGATAR), we assume that this is the GATA family
member binding to these sites. Finally, footprinting experi-
ments with probe 3 (Fig. 4F) using both MEL and CS5
extracts failed to reveal any further FPs between DHSS 11
and III (data not shown).

Site-directed mutagenesis. To test directly the roles of the
various nuclear protein binding sequences within the eryth-
roid cell-specific enhancer, sequences within the various FPs
in the DHSS II and III regions were mutated individually and
in various combinations, and their effects on enhancer
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function were tested. The mutations introduced are summa-
rized in Fig. 6 together with the assays of enhancer function.
Both the DHSS III and II regions have enhancer activity
when tested in the opposite orientation (Fig. 6A, line 2, and
Fig. 6B, line 2, respectively), although with DHSS III
enhancer activity is reduced to about 50% in the opposite
orientation. As far as the DHSS III region is concerned,
introducing mutations known to prevent specific nuclear
protein binding (52) into the GATA sequence in FP10 (Fig.
6A, line 8) substantially reduces the enhancer activity in
MEL cells, as does, to a lesser extent, mutation of the
GATA motifs in FP6 and FP7 or FP9 (Fig. 6A, lines 5 and 7,
respectively). Deleting the CACC motif in FP5 (Fig. 6A, line
4) or mutating the CACC motifs in FP5 or FP8 to GGGCC
(Fig. 6A, lines 3 and 6, respectively), which was shown by
EMSA experiments to abolish protein binding (data not
shown), also reduces the enhancer activity by about 50%.
Indeed, enhancer function is completely abolished by the
combination of the three FP8 to FP10 mutations (Fig. 6A,
line 10). Overall, therefore the results show that the en-
hancer activity of the DHSS III region in MEL cells is due to
the cluster of GATA and CACC/GT motifs, particularly
those in the FP8 to FP10 region.

Similar detailed deletion-mutagenesis studies of the DHSS
II region (Fig. 6B) show that the putative Ets-binding sites in
FP1 and FP2 are important for its enhancer activity in MEL
cells (Fig. 6B, lines 3 and 4, respectively), with FP3 also
having a small role (Fig. 6B, line 5). In contrast, deletion of
FP4 has no detectable effect on enhancer activity, at least in
transient transfection assays of this type (Fig. 6B, line 6).

The nature of the nuclear proteins binding to the DHSS II
region. To obtain further information about the tissue spec-
ificity of the nuclear factor(s) binding to FP1 to -4, EMSA
experiments were performed with nuclear extracts from a
variety of cell lines. Control EMSA experiments confirmed
that all the nuclear extracts contained approximately equiv-
alent amounts of an unrelated transcription factor, the
CCAAT box binding factor. A probe from the putative
Ets-like binding site in FP1 gave a single major retarded
complex with extracts from several erythroid cell lines
(MEL, K562, HEL, and, to a lesser extent, KMOE) as well
as normal 14-day fetal liver (which comprises about 80%
erythroid cells at this stage of development [24]), but not
with C5 or HeL a epithelial cells or with the mouse fibroblast
line, STO (data not shown). Competition experiments (Fig.
7A and B) show that the major retarded complex found with
the FPI probe and MEL or fetal liver extracts is specific,
since it is inhibited by unlabelled FPI oligonucleotide itself.
It is also inhibited by an oligonucleotide from the FP2 and
ets3 regions as well as oligonucleotides containing the bind-
ing sites recognized by some Ets family members, such as
the PUI oligonucleotide, which binds PU1 specifically (42—
44) and the E74 oligonucleotide, recognized by Fli-1 (45) and
Erg (56). However, the PEA3 oligonucleotide, which is
recognized by Ets-1, Ets-2, and Elk-1 (32, 55, 70, 73)
competes less efficiently (Fig. 7A and B). The specificity of
these competition experiments is also demonstrated by the
fact that a mutated E74 oligonucleotide (E74m), which does
not bind Ets proteins (45), fails to compete with FPI (Fig. 7A
and B). These EMSA experiments strongly suggest that the
Ets protein binding to FPI is PU1. Although FPI does not
contain a perfect Ets binding site consensus sequence, an
identical sequence involved in the regulation of the CD11b
promoter has been shown to bind PU1 (50).

In contrast, the Ets-like binding site in FP2 gives two
retarded complexes with fetal liver extracts (Fig. 7D): one
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FIG. 6. Site-directed mutagenesis of the erythroid cell-specific enhancer. Mutations were introduced into the DHSS III (A) and DHSS II
(B) regions and then tested for enhancer activity when placed 3’ to the CAT gene under the control of the 1.7-kb cGSHPX promoter fragment
in GPY1.7. The details of the precise mutations and how they were constructed are given in Materials and Methods. Constructs were tested
by transient transfection into MEL cells (open boxes on histograms) or C5 cells (solid boxes), and CAT activities are expressed relative to
the value for GPY1.7. Error bars give the standard errors of the results from at least six transfections. (A) C (open ovals), CACC motif; G
(filled circles), GATA binding site; (B) E (open rectangles), Ets binding site; Fp3 (filled circle) and Fp4 (filled square), FP3 and FP4 regions,

respectively.

migrates at the same position as the complex obtained with
the FPI oligonucleotide and is inhibited effectively by the
FPI oligonucleotide; the other, more slowly migrating com-
plex, which is less obvious with MEL extracts (Fig. 7C), is
not inhibited by the FP1 or PUI oligonucleotides, whereas it
is inhibited by PEA3 and E74 oligonucleotides (Fig. 7D).
Both complexes are inhibited by the ezs3 oligonucleotide
(Fig. 7D). We conclude, therefore, that normal fetal liver
contains Ets proteins capable of binding to the FPI and FP2
regions of the cGSHPX enhancer, one of which is almost
certainly PU1.

Similar EMSA experiments performed with FP3 probes

confirmed our previous footprinting data indicating binding
with extracts from two erythroid cell lines, MEL and K562
(and at lower levels with HEL extracts), but not with the
non-erythroid cell extracts tested (Fig. 8A). Although the
sequence of FP3 showed no obvious similarity to the con-
sensus binding sequence for the erythroid/megakaryocyte-
specific transcription factor GATA-1 (WGATAR), in fact
competition experiments demonstrated that the FP3 re-
tarded complex was effectively inhibited by an oligonucleo-
tide containing a GATA-1 binding site from the mouse
a-globin promoter, but not by one containing a mutated
GATA-1 binding site or an unrelated AP1 binding site (Fig.
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FIG. 7. Nuclear proteins binding to the FP1 and FP2 regions. Labelled FP1 (A and B) or FP2 (C and D) probes were incubated with MEL
(A and C) or fetal liver (B and D) nuclear extracts either alone or in the presence of a 200-fold excess of various unlabelled competitors: FP1,
FP2, and Ets3, oligonucleotides from the DHSS II region (Fig. 5); PU1, PEA3, and E74, oligonucleotides known to bind different Ets proteins
(see text for details); E74m, a mutated version of E74 that has lost its ability to bind Ets proteins. The sequences of the various
oligonucleotides are given in Materials and Methods together with the details of how the EMSA experiments were performed.

8B). Reciprocal experiments showed that unlabelled FP3  factors. However, the position of migration of the retarded
oligonucleotide competed efficiently with a labelled GATA-  complexes with the FP3 and GATA-1 probes are not exactly
1-binding oligonucleotide (Fig. 8B). There is little doubt, the same (Fig. 8B), which might suggest that the factor
therefore, that the erythroid cell-specific FP3 is attributable finding to FP3 is not be GATA-1. Information on the
to binding of a member of the GATA family of transcription DNA-binding specificities of GATA family members has
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FIG. 8. Nuclear proteins binding to the FP3 region. (A) A
labelled oligonucleotide from the FP3 region was analyzed by
EMSA with various erythroid (MEL, K562, and HEL) and non-
erythroid cell lines (see Materials and Methods for details). (B) A
labelled FP3 oligonucleotide or a GATA binding probe (AG
ATAAG) from the mouse a-globin gene were incubated with MEL
nuclear extracts either alone or in the presence of a 200-fold excess
of unlabelled competitor oligonucleotide and subjected to EMSA.
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FIG. 9. Nuclear proteins binding to the FP4 region. A labelled
oligonucleotide from the FP4 region was incubated with nuclear
extracts from MEL cells (A) or other cell types either alone (B) or in
the presence of 200-fold excess of unlabelled FP4 oligonucleotide or
an AP1-binding oligonucleotide (A) and then analyzed by EMSA.
The sequences of the oligonucleotides used are given in Materials
and Methods.

recently been published (33, 41); intriguingly, the sequence
of the FP3 region contains a 12-nucleotide match to an
oligonucleotide found to bind GATA-2 and GATA-3 rather
than GATA-1 (oligonucleotide CC28 [33]).

Finally, EMSA experiments with oligonucleotides from
the FP4 region (Fig. 9B) show a series of retarded complexes
with MEL and fetal liver nuclear extracts, with the highest-
molecular-weight complex seemingly erythroid cell specific.
Competition experiments (Fig. 9A) show this complex to be
specific, but the nature of the proteins binding to its remains
unknown. However, this region of the GSHPX enhancer
seems not to be functionally important in transient transfec-
tion experiments (Fig. 6B).

ets mRNAs expressed in erythroid cells. To determine
which members of the ets gene family are expressed in the
various erythroid cell lines and might therefore be involved
in the role of the FP1 and FP2 regions in erythroid cell-
specific cGSHPX enhancer activity, total cellular RNAs
from MEL, K562, HEL, and normal fetal liver were ana-
lyzed by Northern (RNA) transfer experiments for the
presence of specific ets mRNAs, as well as cGSHPX mRNA
and 7S RNA (as a loading control) (Fig. 10). erg mRNA was
not detectable in any of the RNAs analyzed (data not
shown). However, although none of the other four ets
mRNAs examined is expressed in C5 or liver-derived HepG2
cells, both fetal liver and MEL cells express significant
amounts of Fli-1 mRNA and Spi-I mRNA (which encodes
PU1), but little or no ets-1 or ets-2 mRNAs, whereas HEL
cells express detectable amounts of all four ets mRNAs (Fig.
10). In contrast, K562 cells express only very low levels of
the ets-2 mRNA and possibly a trace of Spi-1 (PU1l) mRNA
(Fig. 10). This result probably explains why the GPY1.7
(HSII)+ construct containing the DHSS II region (Fig. 3B)

Key to competitors: mGATA, mutated GATA sequence (AGAT
GAG); AP1, AP1 binding probe. The sequences of the various
oligonucleotides used are given in Materials and Methods. (C)
Possible GATA binding sequences in the FP3 region.
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FIG. 10. ets-related mRNAs expressed in normal mouse fetal
liver cells and various erythroid and nonerythroid cell lines. Total
cellular RNAs were electrophoresed in agarose-formaldehyde gels,
transferred to nylon filters, and then hydridized with a GSHPX gene
probe, a variety of etzs cDNA probes, or a 7S RNA probe as a
loading control.

does not possess enhancer function after transfection into
K562 cells (data not shown). Indeed, it seems significant that
the only erythroid cell line that expresses high levels of
cGSHPX mRNA is the one that also contains high levels of
both GATA-1 (Fig. 8A) and PU1 or Fli-1 (Fig. 10).

DISCUSSION

These experiments show that the up-regulation of cG-
SHPX mRNA expression in erythroid (MEL) cells is con-
trolled at the level of transcription, as evidenced by nuclear
run-on experiments and the presence of tissue-specific
DHSS 3’ to the gene. The cGSHPX promoter itself seems to
function in a non-tissue-specific manner when tested in
transient transfection experiments, although there is some
suggestion that upstream sequences, between —0.289 and
—1.7 kb, may confer a small erythroid cell-specific increase
in promoter activity. However the most important conclu-
sion from our studies is that the up-regulation of cGSHPX
gene transcription in erythroid cells is mediated primarily by
a tissue-specific enhancer 3’ to the gene located in a region
that shows two DHSS (DHSS II and III) in the chromatin of
erythroid cells.

Detailed analysis of the enhancer in terms of nuclear
protein binding sites and site-directed mutagenesis has re-
vealed some novel features as well as similarities with the
control elements regulating the erythroid cell-specific ex-
pression of other genes. The 3’ region of the cGSHPX gene
enhancer contains a cluster of four binding sites for the
GATA family of transcription factors and two sites for
CACC/GT factors. The function of these GATA sites is most
likely attributable to GATA-1, which we and others have
implicated in the functioning of erythroid cell-specific pro-
moters and enhancers regulating a variety of globin and
nonglobin genes (15, 52) (reviewed in reference 49). In
addition, there is another GATA binding site of unusual
sequence further upstream, and from recent data identifying
the DNA-binding specificities of different family members by
the method of PCR-mediated random site selection (33, 41),
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it would appear likely that this site binds GATA-2 rather
than GATA-1. This is of particular interest, since small
changes in GATA-2 expression in erythroid cells have a
pronounced effect on the balance between proliferation and
erythroid differentiation (7).

GATA binding sites which do not conform to the consen-
sus sequence WGATAR have also been found in the eryth-
roid control regions of other genes for example, the human
“y-globin promoter (TGACAA) (38), human a-globin locus
control region (LCR) (TGATTA) (63), human B-globin LCR
(AGATGG) (64), and rat erythroid L' pyruvate kinase pro-
moter (AGAAA) (36). Interestingly, FP3 may contain
closely spaced or overlapping binding sites for GATA fac-
tors in opposite orientations, a feature observed in other
erythroid control elements such as the chicken and mouse
GATA-1 gene promoters (23, 69), human B-globin LCR HS2,
3, and 4 (51, 54, 68), mouse B-globin LCR (29), chicken
B-globin enhancer (58), and rat erythroid cell-specific L’
pyruvate kinase gene promoter (36).

It seems significant that GATA factors cooperate with
factors binding to the CACC/GT motif in order to generate
the active cGSHPX enhancer, as we have shown to be the
case also for the erythroid cell-specific promoter of the gene
encoding the heme pathway enzyme porphobilinogen deam-
inase (15). The CACC/GT motif is also found near binding
sites for GATA-1 in many other erythroid control elements,
for example the human «a- and e-globin promoters (51), the
B-globin enhancer (57), the human o and 8 LCRs (28, 54, 63,
64, 68), and the promoters of nonglobin genes such as human
erythroid 5-amino levulinate synthase (13) and rat erythroid
L’ pyruvate kinase (36). Thus, these binding sites are com-
mon features of many erythroid cell-specific regulatory
elements, and it has been proposed that the interaction of
GATA-1 with CACC/GT binding proteins plays a key role in
the activity of the B-globin LCR in erythroid cells (51).
Furthermore, similar GATA and CACC/GT motifs are found
in other genes such as the mouse and human T-cell receptor
a gene enhancer (71). In this case, T-cell-specific GATA-3
bound to the GATA motif interacts with non-tissue-specific
factors bound to the CACC/GT motif and may be important
in T-cell-specific gene expression. Numerous factors have
been shown to bind to CACC/GT motifs, including the
non-tissue-specific factors TEF2 (72), Spl (30, 51), and
related factors Sp2 and Sp3 (22, 31), but which factors bind
to erythroid control regions in vivo is not clear.

However, perhaps the most novel feature to emerge from
these studies is the identification of a cluster of two, or
possibly three, functionally important Ets binding sites just
upstream of the GATA/CACC cluster, within the DHSS II
region. The role of these Ets-binding sites has, of necessity,
been established only in erythroid cell lines, some of which
have aberrant activation of ets genes as a result of retroviral
transformation (5, 42, 44, 62). Nevertheless, we presume
that they are functionally important in normal erythroid
development in view of their location next to the GATA-
CACC/GT cluster. Which members of the Ets family are
involved in the regulation of cGSHPX in normal erythroid
cells via binding to these sites is not certain. However, likely
candidates are PU-1 and Fli-1, since they are expressed in
normal fetal liver and MEL cells. The involvement of Ets
family members in the regulation of erythroid genes has not
previously been reported. However, there are potential Ets
binding sites in the mouse and human GATA-1 gene promot-
ers (46, 69) and in the DNase I hypersensitive region within
intron 2 of the mouse B-globin gene (19). In the latter case, a
factor binds to an Ets consensus sequence, and its tissue
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distribution suggests that this factor is PU-1 (18). This site is
closely associated with a binding site for GATA-1. It is
possible, therefore, that Ets family members are involved in
the regulation of other genes in erythroid cells. Recently, it
has been shown that Ets proteins and GATA-1 appear to be
involved in the regulation of megakaryocyte-specific gene
expression (37). Interestingly, Ets-1 and Fli-1 were shown to
transactivate the promoter of the megakaryocyte-specific
gene GP IIb, whereas Ets-2 and PU-1 do not (37, 74). Thus,
different Ets proteins seem to be involved in the regulation of
tissue-specific expression in the various hematopoietic lin-
eages. Since both erythroid cells and megakaryocytes ex-
press GATA-1 and Fli-1, other control mechanisms must be
involved in distinguishing erythroid cell-versus megakaryo-
cyte-specific patterns of gene expression, for example, other
tissue-specific activators or repressors.

A question we have been unable to address is how
cGSHPX mRNA is up-regulated in other highly expressing
tissues, such as liver and kidney. The presence of a predom-
inant 3' DHSS (DHSS IV) in both liver and kidney cells
might suggest that sequences in that region are responsible.
However, this region has only a small (threefold) enhancer
activity in erythroid cells, which also show DHSS IV. Our
intention to test the DHSS IV region functionally by trans-
fection experiments with liver or kidney cell lines has been
thwarted by the fact that none of the 13 cell lines we have
been able to test shows levels of cGSHPX mRNA compara-
ble with those found in vivo (data not shown).
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