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The human glutathione S-transferase P1-1 gene: modulation of expression
by retinoic acid and insulin
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Glutathione S-transferases (GSTs) are a group of enzymes which
play an important role in the detoxication of xenobiotics. It is
shown that the expression of human glutathione S-transferase
P1-1 (GSTP1-1) is suppressed by retinoic acid (RA) as the result
of decreased transcription from its gene, GSTPJ. Chlor-
amphenicol acetyltransferase (CAT) assays indicate that the
effect of RA on the transcription of a GSTPI promoter-CAT
fusion gene is mediated by the region -99 to + 72 of GSTPJ. A
consensus activator protein 1-binding site, located at nucleotide
position -59 to -65 of GSTPI, is suggested to be responsible
for RA repression. This effect of RA on GSTPI expression is
mediated by the human 4-type RA receptor, hRAR/,

INTRODUCTION

Glutathione S-transferases (GSTs) (EC 2.5.1.18) are a group of
multifunctional dimeric enzymes involved in the detoxication
of numerous carcinogenic, toxic or pharmacologically active
electrophiles by catalysing the conjugation of these electrophiles
to glutathione (Jakoby, 1978; Ketterer et al., 1988; Coles and
Ketterer, 1990). The cytosolic forms of GST subunits can be
grouped into four evolutionary classes, namely Alpha, Mu, Pi
and Theta, based on their primary structures, and their kinetic
and immunological properties (Mannervik and Danielson, 1988;
Meyer et al., 1991).
The Pi-class GST from rat, GST 7-7, is of particular interest as

it is associated with chemically induced hepatic preneoplastic
foci, hyperplastic nodules and hepatocellular carcinoma (Satoh
et al., 1985; Sugioka et al., 1985a,b). The gene encoding GST
subunit 7 has been studied by Muramatsu and colleagues, who
have identified multiple regulatory elements (Okuda et al., 1987,
1989, 1990; Sakai et al., 1988; Imagawa et al., 1991a,b). In
particular, it has been shown that the transcription of subunit 7
is induced by phorbol 12-myristate 13-acetate (PMA) and the ras

oncoprotein (Sakai et al., 1988). Recently, it has been
demonstrated that the expression of GST 7-7 is enhanced in the
presence of epidermal growth factor and insulin (Hatayama et
al., 1991) and suppressed by the glucocorticoid hormone
dexamethasone (Sakai et al., 1992).
The human Pi-class GST, GSTPl-1 (formerly GST i,

Mannervik et al., 1992) has been associated with malignancy and
the development of chemotherapeutic drug-resistance (Batist et
al., 1986; Deffie et al., 1988). We have previously sequenced the
gene encoding human GSTPI-I including its promoter region
(Cowell et al., 1988) and demonstrated that the consensus

but not the chicken retinoid X receptor, cRXR. The retinoid
X receptor does not augment the action of hRAR/? on GSTPJ.
In addition, it is shown that GSTPl-1 expression is enhanced by
insulin as a result of increased transcription of GSTP1. Assay of
CAT activity indicates that the effect ofinsulin on the transcription
of GSTPI is also mediated by the region -99 to + 72 of GSTPJ.
Comparison with sequences of other insulin-responsive genes,
suggests that insulin enhancement of GSTPI expression is
effected by an eight-base-pair sequence, 'CCCGCGTC', located
at + 48 to + 55 in intron 1 of the gene. These results are discussed
in relation to the increased expression of GSTPl-l in many
tumour cells.

activator protein 1 (APl)-binding site (-59 to -65) is essential
for its promoter activity and that an intronic sequence (+8 to
+ 72), which up-regulates the transcription of GSTPI, is integral
to the promoter (Xia et al., 1991a,b). In this paper we report that
the transcription of GSTPI is negatively modulated by retinoic
acid (RA) and positively modulated by insulin.

EXPERIMENTAL
Materials
All tissue-culture media and ingredients were from GIBCO BRL.
RA, insulin, GSH and 1-chloro-2,4-dinitrobenzene (CDNB) were
obtained from Sigma Chemical Company. Acetyl-CoA was
supplied by Boehringer-Mannheim Biochemicals. Deoxycytidine
5'-triphosphate ([a-32P]dCTP, 500 Ci/mmol) was purchased from
Amersham International. [14C]Chloramphenicol (50 Ci/mmol)
was obtained from DuPont (U.K.). Plasmid construct
pSSO.2CAT, which contains the promoter region (-99 to + 72)
of GSTPI, has been described by Dixon et al. (1989). A human
fl-type RA receptor expression construct (hRARfl) and a chicken
retinoid X receptor expression construct (cRXR) were gifts from
Dr. P. Brickell, Department of Biochemistry and Molecular
Biology, University College, London, U.K. pCH110, a ,1-
galactosidase expression construct, was purchased from
Pharmacia LKB.

Cell culture
All media were supplemented with 10% (v/v) foetal-calf serum
and 10 ,ug/ml gentamicin. Human bladder carcinoma cells (EJ)
(Knowles et al., 1980) were maintained in Dulbecco's modified
Eagle's medium (DMEM). Human breast carcinoma cells

Abbreviations used: AP1, activator protein 1; CAT, chloramphenicol acetyltransferase; CDNB, 1-chloro-2,4-dinitrobenzene; GST, glutathione S-
transferase; RA, retinoic acid; RAR, retinoic acid receptor; hRARfi, human f8-type RAR expression construct; RXR, retinoid X receptor; cRXR, chicken
RXR expression construct; PMA, phorbol 12-myristate 13-acetate.
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(MCF7), a gift from Dr. P. Beverley of Imperial Cancer Research
Fund, London, U.K. were cultured in RPMI 1640 medium. The
simian virus 40-transformed human keratinocyte cell line
(SVK14), a gift from Dr. T. Kamalaki, Department of Bio-
chemistry, Charing Cross Hospital Medical School, London,
U.K. was maintained in RPMI 1640 medium supplemented with
5 ,ug/ml hydrocortisone.

GST activity assay
GST activity was determined as described by Habig et al. (1974)
using CDNB as substrate.

H.p.Lc. quantifiatlon of GSTP1-1 In cultured cells
Cultured cells were homogenized in 10 mM sodium phosphate,
pH 7.0, 0.16 M KCI, 1 mM dithiothreitol and 25 juM phenyl-
methanesulphonyl fluoride. Cell extracts were prepared by
centrifugation for 45 min at 45 000 g. The supernatant was
applied to an affinity column containing 0.5 ml of GSH-agarose.
After washing with 10 ml of homogenization buffer, GST was
eluted with 2.4 ml of 0.1 M Tris/HCl, pH 9.1 containing 5 mM
GSH and 5 mM hexylglutathione. GST subunits were separated
and quantified by reverse-phase h.p.l.c. as described by Meyer et
al. (1989) except that a column of 5 ,um particle size was used at
a flow rate of 1 ml/min.

Transfection and chloramphenicol acetyltransferase (CAT) assay
Transfection was achieved by the calcium phosphate co-pre-
cipitation technique (Gorman et al., 1982), and carried out in
DMEM for MCF7 and EJ cells and in Optimum 1 for SVK14
cells. Samples ofpSSO.2CAT (5 jug), and/or RA receptor (RAR)
expression constructs (1 jug) were used in each transfection. Cells
were harvested 40-60 h after transfection and CAT assays were
carried out as described by Gorman et al. (1982). pCH I 10 (1 jug)
was co-transfected to assess the efficiency of each transfection
(Petkovich et al., 1987).

RNA purmfication from cultured cells and Northern-blot analysis
Cultured cells (2 x 107) were lysed in 200 jul of 10 mM Tris/HCl,
pH 7.4, containing 150 mM NaCl, 1 mM MgCl2 and 0.5% (v/v)
Nonidet P-40. The supernatant was extracted twice with 200 jul
ofTris/HCl (pH 7.8)-buffered phenol and RNA was precipitated
by addition of 2 vol. of ethanol at -20 °C for 2 h. Each loading
used 20 jug ofRNA. Northern-blot analysis was carried out using
32P-labelled GSTPI cDNA as the probe.

RESULTS
Negative regulatlon of GSTP1 expression by RA
The effect of RA on the expression of GST activity was studied
in SVK14 cells in which h.p.l.c. and Western-blot analyses show
GSTPl-l to be the only GST expressed. Cells were transfected
with hRAR,8, challenged with RA at different concentrations
and GST activity towards CDNB was measured 60 h after RA
stimulation. It was shown that RA repressed the endogenous
GST activity in a concentration-dependent manner (Figure 1).
To establish clearly that the expression of GSTP1-l was under
negative regulation by RA, SVK14 cells were transfected with
either hRARfl or the control construct hRARfl-, which contains
the cDNA of human f-type RAR in the reverse orientation.
Four hours after transfection, cells were challenged with 1 juM
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Figure 1 Effect of RA on GST activity In cultured SVK14 cells

SVK14 cells were transfected with hRARfl. Cells were cultured, 4 h after transfection, in RPMI
1640 medium supplemented with 2% (v/v) foetal-calf serum and treated with RA at different
concentrations. Cells were harvested 60 h after RA stimulation and GST activity towards CDNB
determined. The results presented are the means of three independent experiments.

Retention time (min)

Figure 2 Analysis of RA represson of GSTP1-1 expression by reverse-
phase h.p.l.c.

SVK14 cells were transfected with RAR expression plasmids. Cells were cultured, 4 h after
transfection, in RPMI 1640 medium supplemented with 2% (v/v) foetal-calf serum and treated
with 1 ,uM RA for 60 h. GSTP1-1 levels were quantified by reverse-phase h.p.l.c. as described
in the Experimental section. Each experiment was performed in duplicate. (a) Cells transfected
with hRAR,8; (b) cells transfected with hRARr.
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Figure 3 hRAR,8-mediated RA repression of GSTP1 promoter activity in EJ
cells

pSS0.2CAT was co-transfected into EJ cells with or without hRAR,B. Cells were cultured, 4 h
after transfection, in medium containing 2% (v/v) foetal-calf serum with or without 1 FM RA.
Cells were harvested 60 h after RA stimulation and CAT activities determined. Results presented
are the means of three independent experiments.
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Figure 4 Repression of GSTP1 promoter activity by RA

pSS0.2CAT was co-transfected with hRARfl into EJ cells. Cells were cultured, 4 h after
transfection, in medium containing 2% (v/v) foetal-calf serum and stimulated with RA at different
concentrations. Cells were harvested 60 h after RA treatment and CAT activities determined.
Each experiment was performed in duplicate.

RA. Cells were harvested and the level of GSTP1-1 measured by
reverse-phase h.p.l.c. analysis 60 h later. The results showed that
the level of GSTP1-1 in cells transfected with hRAR,8 was
9.5 psg/l x 108 cells, whereas in cells transfected with hRAR,f-,
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Figure 5 Effect of Insulin on GST actlinty in cultured SVK14 cells

SVK14 cells were cultured in serum-free RPMI 1640 medium supplemented with 5 /,ug/ml
hydrocortisone. Cells were harvested 40 h after 1 ,uM insulin treatment and GST activity
towards CDNB determined. The results presented are the means of three independent
experiments.

the level was 31 ,ug/1 x 108 cells (Figure 2). This indicates that
RA represses the expression of endogenous GSTPI.

Since the GSTPI promoter is highly active in EJ cells (Xia et
al., 1991a), they were used to determine whether the DNA
sequence in the promoter region of GSTPI was involved in the
RA-dependent repression. When construct pSSO.2CAT, which
contains the promoter region (-99 to + 72) of GSTPI linked to
the upstream ofthe CAT gene (Dixon et al., 1989), was transfected
alone, or co-transfected with hRARfl, into EJ cells, it was shown
that CAT expression was about 2-fold lower in the presence of
both 1 #tM RA and hRAR, (P < 0.01) than in their absence
(Figure 3). The effect of RA concentrations on the level of CAT
activity obtained from pSSO.2CAT co-transfected with hRAR,?
is shown in Figure 4. A decrease in CAT activity was observed
at concentrations as low as 1 x 10-8 M and the repressive effect
increased with the RA concentration. In a similar study, EJ cells
were co-transfected with pSSO.2CAT and cRXR. The retinoid
receptor had no effect on GSTPI promoter activity. Furthermore,
co-transfection ofcRXR with hRARk8 and pSS0.2CAT failed to
enhance the effect of RAR-mediated RA repression of GSTPI
promoter activity.

Insulin induction of GSTP1 expression
In order to study whether insulin could influence the expression
of GSTPI-1, SVK14 cells were cultured in serum-free medium
and treated with insulin at final concentrations ranging from 0 to
1 x 10-5 M. Cells were harvested, homogenized, centrifuged and
the supernatant assayed for GST activity with CDNB 40 h after
exposure to insulin. As shown in Figure 5, insulin increased GST
activity up to 3-fold in a concentration-dependent manner. These
results indicate that the increased GST activity is due to the
induction of GSTPl-l.
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insulin treatment, and total RNA was prepared. Northern blots
using GSTPI cDNA as a probe revealed that the level of GSTPI
mRNA in cells challenged with insulin was markedly increased in
comparison with the control (Figure 6).

In order to determine whether the promoter region of GSTPI
was involved in insulin induction, human breast cancer cells
(MCF7), in which the GSTPI promoter is highly active, were
transfected with pSSO.2CAT, cultured in serum-free medium
and challenged with insulin at concentrations ranging from 0 to
1 x 10-5 M. The results showed that insulin induced CAT a' tivity
in MCF7 cells in a concentration-dependent manner, suggesting
that insulin up-regulates the activity of the GSTPI promoter
(Figure 7).

< 0.24

1 2 3

Figure 6 Northern-blot analysis of the induction of GSTP1 by insulin

Total RNA from cultured SVK14 cells was prepared as described in the Experimental section.
RNA from 3T3 cells was used as a negative control. The blot was probed with GSTP1 cDNA.
Each loading contained 20 ,tg RNA. Lane 1, SVK14 cells; lane 2, SVK14 cells challenged with
insulin; lane 3, 3T3 cells.
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Figure 7 Induction of GSTP1 promoter activity by insulin

pSSO.2CAT was transfected into MCF7 cells. Cells were cultured, 4 h after transfection, in
serum-free medium and stimulated with insulin at different concentrations. Cells were harvested
48 h after insulin stimulation and CAT activities determined. Results presented are the means
of three independent experiments.

To determine the effect of insulin on the transcription of
GSTPI, SVK14 cells were cultured in serum-free medium and
challenged with 1 1tM insulin. Cells were harvested 48 h after

DISCUSSION
In this paper, we present evidence that RA represses both the
transient expression of the CAT gene driven by the GSTPI
promoter and the endogenous GSTPI expression. Chambon and
his colleagues (Nicholson et al., 1990) have shown that the RA
repression of the rat stromelysin gene is mediated by the APl-
binding site of the gene. However, there is no evidence that
RARs bind directly to DNA in order to inhibit the activity of an
API-binding site (Gudas, 1992). Comparison of the consensus

API-binding site of the GSTPI promoter with that of the rat
stromelysin gene reveals that the location and the sequence of the
API-binding site of the two genes are very similar (TGACTCA
at -58 to -65 for GSTPI and TGAGTCA at -65 to -71 for
the stromelysin gene). Both elements are essential for their own
promoter activities (Nicholson et al., 1990; Xia et al., 1991a,b).
Therefore, it is likely that the consensus API-binding site of
GSTPI is associated with the RAR-mediated RA repression. A
similar phenomenon has been observed with the negative regu-
lation of the collagenase gene by RA, which also occurs through
an API-binding site (Lafyatis et al., 1990; Yang-Yen et al., 1991;
Schiile et al., 1991). As the consensus API-binding site of GSTPI
is essential for the basal level activity of the promoter, it appears
that the RAR-RA complex may repress the transcription of
GSTPI by blocking activation by an unknown positive regulatory
factor, which binds to the consensus API-binding site, through
a protein-protein interaction.
RA exerts its biological effect by acting through at least two

distinct classes of intracellular proteins: the RARs (a, fl and y)
and the retinoid X receptors (a, A and y), which are both
members of the steroid-receptor superfamily (Evans, 1988;
Gudas, 1992). However, the proteins differ substantially in their
primary structures and their response to synthetic retinoids,
indicating the existence of distinct regulatory networks. It is
interesting to note that, unlike hRAR/3, cRXR failed to mediate
the repression of GSTPI expression by RA. Schule et al. (1991)
have reported a similar phenomenon in which all three members
of the RAR subfamily (a, and y), but not cRXR, can down-
regulate the transcriptional activation of the human collagenase
gene by c-jun. Recently, cRXR has been shown to interact
directly with, and enhance, the DNA-binding activities of RARs,
as well as receptors for vitamin D3 and thyroid hormone (T3)
(Zhang et al., 1992; Kliewer et al., 1992). However, cRXR has no
effect on the RAR-mediated RA repression of the GSTPI
promoter, which occurs through a mechanism that does not
involve the binding of RAR-RA complex to DNA.
Although the repression mechanism is not clear, the proposed

co-localization of a sequence required for RAR-RA-dependent
repression with a consensus API-binding site, which is essential
for the basal level expression of GSTPI, is very interesting. The
level of GSTP1-1 has been demonstrated to be elevated in many
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tumours such as cervical and colon carcinomas (Sato, 1989;
Tsuchida and Sato, 1992), and RA is known to inhibit cell
growth and induce differentiation. Mutation of RARa has been
shown to be associated with acute promyelocytic leukaemia
(Borrow et al., 1990; de The et al., 1990; Alcalay et al., 1991),
while RA treatment can prevent some human oral cancers
(Garewal and Meyskens, 1992) and is an effective therapeutic
agent for treating certain human cancers such as squamous cell
carcinomas of cervix (Lippman et al., 1992b) and skin (Lippman
et al., 1992a). Therefore, exploitation of the mechanism by which
RA represses GSTPI expression via the consensus API-binding
site will presumably open up an approach to understanding the
mechanism which leads to an overexpression of GSTPI-I in
tumours and a potential linkage between the ability of RA to
trigger cell differentiation and to block malignant progression.

In this paper, it is demonstrated that insulin induces GSTPI
expression 3-fold. This finding is supported by the observation
that the mRNA of GSTPI in SVK14 cells is elevated after insulin
treatment and that insulin activates the promoter of GSTPI in a
transient expression assay approx. 5-fold.

Insulin has been shown to regulate genes which encode proteins
involved in a variety of biological phenomena. However, the
mechanism by which insulin regulates gene expression is far from
understood (O'Brien and Granner, 1991). The most studied
mechanism is that by which insulin up-regulates the genes
encoding c-Fos (Stumpo and Blackshear, 1986) and c-Jun (Mohn
et al., 1990), which therefore affect the expression of numerous
other genes with Fos/Jun (APl)-responsive regulatory elements.
Among these is the gene encoding rat GST 7-7, since Hatayama
et al. (1991) demonstrated that the protein and mRNA of rat
GST 7-7, which were undetectable in freshly isolated rat
hepatocytes, were remarkably induced when primary cultured
hepatocytes were treated with insulin. This enhanced transcrip-
tion of the GST 7-7 gene by insulin is mediated by Jun and Fos
proteins since the mRNA of c-jun and c-fos are increased as the
result of insulin stimulation (Hatayama et al., 1991). This is
consistent with the ras-inducibility of GST 7-7, as Burgering et
al. (1991) have proposed that p2Iras is an intermediate of an
insulin signal-transduction pathway involved in the regulation of
expression of genes, such as c-jun and c-fos. Furthermore, Sakai
et al. (1992) have shown that Fos/Jun activation of GST 7-7 is
mediated by its palindromic API-binding sites, called GPE1,
located -2.5 kb upstream of tsp and that the glucocorticoid
hormone, dexamethasone, completely inhibits the Fos/Jun ac-
tivation. This is consistent with the finding that the glucocorticoid
receptor antagonizes the function of Fos/Jun through
protein-protein interaction (Schiile et al., 1990; Yang-Yen et al.,
1990). However, the insulin-responsive pathway of GSTPJ must
differ from that of GST subunit 7, as it fails to respond to PMA,
p2lra8, or Fos/Jun, and does not have a GPEl-equivalent site
(Dixon et al., 1989; Morrow et al., 1990; Xia et al., 1991a). Thus
the insulin induction of GSTPI would not be expected to be
suppressed by glucocorticoid hormone and no significant
difference in insulin responsiveness of GSTPI-I expression was
observed in SVK14 cells cultured in the presence or absence of
hydrocortisone.

Sequence comparison has revealed that an eight-base sequence
'CCCGCCTC' is conserved in the 5' flanking region of several
genes which respond to insulin, including c-fos, c-myc, p33 and
the glyceraldehyde-3-phosphate dehydrogenase gene (Nasrin et
al., 1990). A sequence CCCGCGTC, which differs by only one
base from the consensus sequence, is located in intron 1 of
GSTPI between + 48 and + 55, implying that the intronic
sequence of GSTPI may be involved in mediating insulin
induction of the gene. This region has been shown to be an

integral part of the promoter and the proteins which bind to it
appear to be titratable (Xia et al., 1991a). The equivalent region
(+ 86 to +93; Okuda et al., 1987; Xia et al., 1991a) of the GST
7-7 gene has a nucleotide sequence 'CCCAGCTT', which differs
by three bases from the consensus insulin-responsive element
proposed by Nasrin et al. (1990). Therefore, although the
response of these orthologous genes to insulin appears to be the
same, the mechanisms involved are apparently distinct.

This work was supported by the Frances and Augustus Newman Foundation and the
Cancer Research Campaign.

REFERENCES
Alcalay, M., Zandrilli, D., Pandolfi, P. P., Longo, L., Mencarelli, A. Giacomicci, A., Rocci, M.,

Biondi, A., Rimbald, A., Lo Coco, F. et al. (1991) Proc. Natl. Acad. Sci. U.S.A. 88,
1977-1981

Batist, G., Tulpule, A., Sinha, B. K., Katki, A. G., Meyers, C. E. and Cowan, K. H. (1986)
J. Biol. Chem. 261, 15544-15549

Borrow, J., Goddard, A. D., Sheer, D. and Solomon, E. (1990) Science 249, 1577-1580
Burgering, B. M. Th., Medema, R. H., Maassen, J. A., van de Wetering, M. L., van der Eb,

A. J., McCormick, F. and Bos, J. L. (1991) EMBO J. 10, 1103-1109
Coles, B. and Ketterer, B. (1990) Crit. Rev. Biochem. Mol. Biol. 25, 47-70
Cowell, I. G., Dixon, K. H., Pemble, S. E., Ketterer, B. and Taylor, J. B. (1988) Biochem. J.

255, 79-83
Deffie, A. M., Alam, T., Seneviratne, C., Beenkon, S. W., Batra, J. K., Shea, T. C., Henner,

W. D. and Goldenberg, G. J. (1988) Cancer Res. 48, 3595-3602
de The, H., Chomienne, C., Lanotte, M., Degos, L. and Dejean, A. (1990) Nature (London)

347, 558-561
Dixon, K. H., Cowell, I. G., Xia, C. L., Pemble, S. E., Ketterer, B. and Taylor, J. B. (1989)

Biochem. Biophys. Res. Commun. 163, 815-822
Evans, R. M. (1988) Science 240, 889-895
Garewal, H. S. and Meyskens, F., Jr. (1992) Cancer Epidemiol. 1, 155-159
Gorman, C. E., Moffat, L. F. and Howard, B. H. (1982) Mol. Cell. Biol. 2,1044-1051
Gudas, L. J. (1992) Cell Growth Differ. 3, 655-662
Habig, W. H., Pabst, M. J. and Jakoby, W. B. (1974) J. Biol. Chem. 249, 7130-7139
Hatayama, I., Yamada, Y., Tanaka, K., Ichihara, A. and Sato, K. (1991) Jpn. J. Cancer Res.

82, 807-814
Imagawa, M., Osada, S., Okuda, A. and Muramatsu, M. (1991a) Nucleic Acids Res. 19,

5-10
Imagawa, M., Osada, S., Koyama, Y., Suzuki, T., Hirom, P. C., Diccianni, M. B., Morimura,

S. and Muramatsu, M. (1991 b) Biochem. Biophys. Res. Commun. 179, 293-300
Jakoby, W. B. (1978) Adv. Enzymol. Relat. Areas Mol. Biol. 46, 383-414
Ketterer, B., Meyer, D. J. and Clark, A. G. (1988) in Glutathione Conjugation: Its

Mechanisms and Biological Significance (Sies, H. and Ketterer, B., eds.), pp. 74-137,
Academic Press, London

Kliewer, S. A., Umesono, K., Mangelsdorf, D. J. and Evans, R. M. (1992) Nature (London)
355, 446-449

Knowles, B., Howe, C. and Aden, D. (1980) Science 209, 497-499
Lafyatis, R., Kim, S.-J., Angel, P., Roberts, A. B., Sporn, M. B., Karin, M. and Wilder, R. L.

(1990) Mol. Endocrinol. 4, 973-980
Lippman, S. M., Parkinson, D. R., Itri, L. M., Weber, R. S., Schantz, S. P., Ota, D. M.,

Schusterman, M. A., Krakoff, I. H., Gutterman, J. U. and Hong, W. K. (1992a) J. Natl.
Cancer Inst. 84, 235-241

Lippman, S. M., Kavanagh, J. J., Paredes-Espinoza, M., Delgadillo-Madrueno, F., Paredes-
Casillas, P., Hong, W. K., Holdener, E. and Krakoff, I. H. (1992b) J. Natl. Cancer Inst.
84, 241-245

Mannervik, B. and Danielson, U. H. (1988) CRC Crit. Rev. Biochem. 23, 283-337
Mannervik, B., Awasthi, Y. C., Board, P. G., Hayes, J. D., Di Ilio, C., Ketterer, B., Listowsky,

I., Morgenstern, R., Muramatsu, M., Pearson, W. R. et al. (1992) Biochem. J. 281,
305-306

Meyer, D. J., Lalor, E., Coles, B., Kispert, A., Alin, P., Mannervik, B. and Ketterer, B.
(1989) Biochem. J. 260, 785-788

Meyer, D. J., Coles, B., Pemble, S. E., Gilmore, K. S., Fraser, G. K. and Ketterer, B.
(1991) Biochem. J. 274, 409-414

Mohn, K. L., Laz, T. M., Melby, A. E. and Taub, R. (1990) J. Biol. Chem. 265,
21914-21921

Morrow, C. S., Goldsmith, M. E. and Cowan, K. H. (1990) Gene 88, 215-225
Nasrin, N., Ercolani, L., Denaro, M., Kong, X. F., Kand, I. and Alexander, M. (1990) Proc.

Natl. Acad. Sci. U.S.A. 87, 5273-5277
Nicholson, R. C., Mader, S., Nagpal, S., Leid, M., Rochelte-Egly, C. and Chambon, P.

(1990) EMBO J. 9, 4443-4454
O'Brien, R. M. and Granner, D. K. (1991) Biochem. J. 278, 609-619
Okuda, A., Sakai, M. and Muramatsu, M. (1987) J. Biol. Chem. 262, 3858-3863

849



C. Xia and others

Okuda, A., Imagawa, M., Meada, Y., Sakai, M. and Muramatsu, M. (1989) J. Biol. Chem.
264, 16919-16926

Okuda, A., Imagawa, M., Sakai, M. and Muramatsu, M. (1990) EMBO J. 9,1131-1135
Petkovich, M., Brand, N. J., Krust, A. and Chambon, P. (1987) Nature (London) 330,

444-450
Sakai, M., Okuda, A. and Muramatsu, M. (1988) Proc. Natl. Acad. Sci. U.S.A. 85,

9456-9460
Sakai, M., Muramatsu, M. and Nishi, S. (1992) Biochem. Biophys. Res. Commun. 187,

976-983
Sato, K. (1989) Adv. Cancer Res. 52, 205-255
Satoh, K., Kitahara, A., Soma, Y., Inab, Y., Hatayama, I. and Sato, K. (1985) Proc. Natl.

Acad. Sci. U.S.A. 82, 3964-3968
Schule, R., Rangarajan, P., Kliewer, S., Ransone, L. J., Bolado, J., Yang, N., Verma, I. M.

and Evans, R. M. (1990) Cell 62, 1217-1226
Schule, R., Rangarajan, P., Yang, N., Kliewer, S., Ransone, L. J., Bolado, J., Verma, I. M.

and Evans, R. M. (1991) Proc. Natl. Acad. Sci. U.S.A. 88, 6092-6096

Stumpo, D. J. and Blackshear, R. J. (1986) Proc. Natl. Acad. Sci. U.S.A. 83, 9453-9457
Sugioka, Y., Fujii-Kuriyama, Y., Kitagama, T. and Muramatsu, M. (1 985a) Cancer Res. 45,

365-378
Sugioka, Y., Kano, T., Okuda, A., Sakai, M., Kitagawa, T. and Muramatsu, M. (1 985b)

Nucleic Acids Res. 13, 6049-6057
Tsuchida, S. and Sato, K. (1992) Crit. Rev. Biochem. Mol. Biol. 27, 337-384
Xia, C. L., Cowell, I. G., Dixon, K. H., Pemble, S. E., Ketterer, B. and Taylor, J. B. (1991a)

Biochem. Biophys. Res. Commun. 176, 233-240
Xia, C. L., Cowell, I. G., Dixon, K. H., Pemble, S. E., Ketterer, B. and Taylor, J. B. (1991b)

Proc. Am. Assoc. Cancer Res. 32, 11
Yang-Yen, H.-F., Chambard, J.-C., Sun, Y.-L., Smeal, T., Schmidt, T. J., Drouin, J. and

Karin, M. (1990) Cell 62, 1205-1215
Yang-Yen, H.-F., Zhang, X.-K., Graupner, G., Tzukerman, M., Sakamoto, B., Karin, M. and

Pfahl, M. (1991) New Biol. 3, 1206-1219
Zhang, X.-K., Hoffman, B., Tran, P. B.-V., Graupner, G. and Pfahl, M. (1992) Nature

(London) 355, 441-446

850

Received 11 November 1992/8 January 1993; accepted 15 January 1993


