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ABSTRACT

The pS2 promoter is complex with binding sites for a number of
protein factors that may participate in modulating its activity. The
pS2 gene was transcriptionally activated by estrogens in HepG2
cells transformed (HepERS3) to express the estrogen receptor «
(ER«). The phorbol ester phorbol 12-myristate 13-acetate (PMA)
stimulated pS2 expression in both HepER3 and the parental,
non-ER-expressing HepG2 cells, although its activity was sub-
stantially less in HepG2 cells. The use of selective protein kinase
inhibitors suggested that the MAPK pathway contributes substan-
tially to estrogen stimulation of the pS2 promoter. The activator
protein 1 (AP1) site at —332 to —338 in the pS2 promoter had a

dominant role in the response to both estrogens and PMA, al-
though the estrogen response element at —393 to —405 was
essential to mediate the response to estrogen. The potentiation of
pS2 promoter activity by the AP1 motif in response to estrogen
was dependent on the ligand binding domain of ERa. Further-
more, the presence of an intact AP1 element in the pS2 promoter
sustained suppression of pS2 promoter activity by an LXXLL
peptide. In summary, the data suggest that the effect of estrogen
is mediated through a cross-talk between the estrogen-respon-
sive element and the AP1 response element and that ER« plays a
crucial role in mediating the effect of both estrogen and PMA.

Estrogens exert their gene regulatory function through the
estrogen receptor (ER). Presently, two subtypes of the ER
have been identified, the a subtype (ERa) (Green et al., 1986)
and the recently discovered B subtype (ERB) (Kuiper et al.,
1996). The ERs belong to a superfamily of nuclear receptors
that also includes the steroid receptors for androgens, glu-
cocorticoids, mineralocorticoids, and progestins; the recep-
tors for vitamin A and D; the thyroid hormone receptors; and
a number of orphan receptors for which no ligands have yet
been identified. The nuclear receptors are structurally re-
lated proteins that function as ligand-dependent transcrip-
tion factors, playing a crucial role in the endocrine signaling
pathways. The ligand-activated homo- or heterodimerized
receptors interact specifically and with relatively high affin-
ity with regulatory DNA sequences, so-called hormone re-
sponse elements, found predominantly in the promoter re-
gion upstream of the coding sequences of target genes. After
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binding of ligand, the receptor 3D structure is transformed to
adopt an agonist or antagonist conformation depending on
the type of ligand bound (Brzozowski et al., 1997; Shiau et al.,
1998). The agonist structure of ERa has been shown to ex-
pose the activation function-2 (AF-2) (Tora et al., 1989b) in
the ligand binding domain (LBD) and permits interaction
with coactivators (Shiau et al., 1998), whereas, in the antag-
onist structure, AF-2 is translocated to a different position
that may permit interaction with corepressors but not coac-
tivators (Brzozowski et al., 1997; Shiau et al., 1998; Smith et
al., 1997).

The ERs are best known for their gene modulatory effect
via binding to estrogen responsive elements (ERE) on DNA.
Lately several alternative regulatory pathways have been
described that include response elements to which the ERs
do not bind directly. Genes regulated by ERs via the indirect
pathway include the ovalbumin, the IGF-1 and the collage-
nase genes (Gaub et al., 1990; Umayahara et al., 1994; Webb
et al., 1995). These genes are activated by the ERs via AP1
sites that bind the dimeric transcription factor AP1, com-

ABBREVIATIONS: ER, estrogen receptor; AF, activation function; LBD, ligand binding domain; ERE, estrogen-responsive element; AP1, activator
protein 1; LY 294002, 2-[4-morpholinyl]-8-phenyl-4H-1-benzopyran-4-one; PD 98059, 2'-amino-3'-methoxyflavone; PMA, phorbol 12-myristate 13-
acetate; FCS, fetal calf serum; SHBG, sex hormone binding globulin; ALP, placental alkaline phosphatase; CSPD, disodium 3-[4-methoxyspiro(1,2-
dioxetane-3,2'-(5'-chloro)tricyclo[3.3.1.1]decan-4-ylJphenyl phosphate); MAPK, mitogen-activated protein kinase; PI3K, phosphoinositide 3-kinase; AD,
A-D domains; CF, C-F domains; ICI 164,384, (7, 17p)-N-butyl-3,17-dihydroxy-N-methyl-estra-1,3,5(10)-triene-7-undecanamide.
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posed of members of the Jun and Fos families (Angel and
Karin, 1991). Apparently, the ER is not in direct contact with
the AP1 response element; rather, it seems to be tethered to
the DNA via the transcription factor/coactivator complex
that contacts the AP1 site (Kushner et al., 2000). Similar
mechanisms of ER action have been described for other tran-
scription factors (Saville et al., 2000), which, at least in part,
may explain the diversity of the estrogen response of various
target genes and tissues.

In addition to the conventional activation of the ERs by
natural or synthetic hormones, alternative activation path-
ways by various effectors, including a number of mitogenic
growth factors, have been described. The epidermal growth
factor-1 has been shown to induce phosphorylation of serine
residues in the N-terminal A/B domain of ERa (Kato et al.,
1995) that resulted in enhanced activity of the ligand inde-
pendent activation function-1 (AF-1) within the A/B domain
(Tora et al., 1989b). Recently, an AF-1 specific coactivator
was described whose interaction with the AF-1 of ERa was
regulated by phosphorylation of serine 118 in the A/B domain
of ERa (Endoh et al., 1999). Whether a similar mechanism is
important for the transcriptional response to various growth
factors of complex natural promoters such as those of the
estrogen-regulated pS2 and cathepsin D genes is not known.
However, in the MCF-7 breast cancer cell line, growth factor
stimulation of the pS2 and cathepsin D genes has been shown
to be suppressed by antiestrogens, suggesting that the
growth factor effect was mediated through the ER pathway
(Chalbos et al., 1993).

The pS2 gene product is a well-known estrogen inducible
protein previously shown to be expressed in breast and gas-
trointestinal tissues (Rio et al., 1987, 1988). Its expression
has been considered an indication that breast tumor cells
express ER and that the tumor therefore would be responsive
to antiestrogen therapy. The biological role of pS2 is not very
well understood. However, a function for pS2 in stimulating
mucosal repair has been reported (Playford et al., 1996). The
pS2 response to estrogen has previously been demonstrated
to be mediated through an imperfect ERE at nucleotides
—405 to —393 in the pS2 promoter (Berry et al., 1989).
Furthermore, gel retardation experiments with extracts de-
rived from MCF-7 cells, using the pS2 promoter fragment as
a bait, revealed multiprotein complexes composed of ERa and
a protein immunologically related to c-fos (Schuh and Muel-
ler, 1993). Interestingly, in the vicinity of the ERE, the pS2
promoter contains an AP1 response element at nucleotides
—338 to —332. This may suggest that AP1, in addition to ER,
participates and exercises control of pS2 gene transcription,
and that multiple signaling pathways are involved.

The present study was undertaken to determine whether
AP1, together with ERa, plays a central role in the regulation
of the pS2 promoter. We have found that the pS2 gene is
expressed in hepatocarcinoma cells (HepG2) (Barkhem et al.,
1997). In the present study, we have investigated the effect of
estrogen and PMA on the pS2 promoter in the context of
HepG2 cells, either in the presence or absence of ERa. We
have determined the relative influence of the ERE and the
adjacent AP1 motif in the pS2 promoter on the regulation of
the pS2 gene and revealed a cross-talk between these ele-
ments in response to estrogen. Furthermore, we have unrav-
eled signal transduction pathways that converge on the pS2
promoter by the use of selective protein kinase inhibitors.

Experimental Procedures

Materials. Moxestrol (R2858) was purchased from PerkinElmer
Life Sciences (Boston, MA); tamoxifen and phorbol 12-myristate
13-acetate (PMA) were from Sigma (St. Louis, MO). Bisindolylmale-
imide, LY 294002, and PD 98059 were from Calbiochem (La Jolla,
CA). ICI 164,384 was synthesized according to the published proce-
dure (Bowler et al., 1989). The minimal essential cell culture media,
fetal calf serum (FCS), nonessential amino acids, sodium pyruvate,
L-glutamine, OptiMEM, lipofectin, G418, and gentamycin were pur-
chased from Invitrogen (Carlsbad, CA). Phenol red-free Coon’s/F12
medium was from SVA (Uppsala, Sweden). SHBG-dissociative en-
hanced lanthanide fluorescence immunoassay was purchased from
PerkinElmer Wallac (Turku, Finland) and the ELSA-pS2 assay kit
was from CIS Bio International (Gif-sur-Yvette, France). The chemi-
luminescence substrate disodium 3-[4-methoxyspiro(1,2-dioxetane-
3,2'-(5'-chloro)tricyclo[3.3.1.1]decan-4-yllphenyl phosphate) (CSPD)
and the Saphire enhancement solution were purchased from
PerkinElmer Life Sciences. Oligonucleotides were synthesized by
CyberGene AB (Huddinge, Sweden).

Choice of Estrogen Agonist. We have preferred to use the
synthetic estrogen analog moxestrol rather than estradiol (E2) in the
hormone induction experiments because estradiol is readily metab-
olized in the liver cells. Moxestrol exhibited the same characteristics
as E2 regarding induction of the pS2 gene in the HepER3 cells except
for an approximately 10-fold leftward shift in the EC;, value relative
to E2 (data not shown).

Vector Constructs. The vector used for generation of the
HepERS3 cell line has been described previously (Barkhem et al.,
1997). The vector pS2-CAT/pML2 (a kind gift from P. Chambon) was
reconstructed as follows: the HindIII-EcoRI fragment containing the
chloramphenicol acetyl transferase reporter gene and simian virus
40 poly(A) signal was replaced by the cDNA encoding the secreted
form of placental alkaline phosphatase (ALP) and the human growth
hormone poly(A) signal, ligated into the corresponding sites. The
resulting vector was designated pS2-ALP. The pS2 mut ERE-ALP
(mutERE) was constructed by introducing the ERE mutated oligonu-
cleotide 5'CCTTCCCTTCCCCCTGCAATACTCGAGCATATACCCC-3’
(upper strand; mutated nucleotides are underlined) into the Sacl-
Dralll sites at the positions —429 and —393, respectively, in the wild-
type pS2 promoter (Berry et al., 1989). The vector pS2 mut AP1-ALP
(mutAP1) was obtained by insertion of the AP1-mutated oligonucleotide
5'GTGAGCCACTGTTGTCAGGCCAAGCCTTTTTCCGGCCATCTCT-
CACTACTCGAGCCTTCTGCA-3' (upper strand; mutated nucleotides
are underlined) into the Dralll-PstI sites at positions —393 and —328,
respectively, in the wild-type pS2 promoter (Berry et al., 1989). The
vector pS2 mut ERE mut AP1-ALP (mutERE mutAP1) was constructed
by insertion of the ERE and AP1 mutated oligonucleotide 5'CCTTCC-
CTTCCCCCTGCAATACTCGAGCATATACCCCGTGAGCCACTG-
TTGTCAGGCCAAGCCTTTTTCCGGCCATCTCTCACTACTCGA-
GCCTTCTGCA-3' into the Sacl-Pstl sites at —429 and —328,
respectively (upper strand; mutated nucleotides are underlined).

The vectors pS2(EREvit)-ALP and pS2(EREvit) mutAP1 were con-
structed by insertion of oligonucleotides into the SacI-PstI sites. The
oligonucleotides encompass a vitellogenin estrogen-responsive ele-
ment [ERE(vit)] and an intact or mutated AP1 element in the context
of wild-type pS2 promoter sequence. The ¢cDNA encoding the full-
length human ERa (Green et al., 1986) was cloned into the BamHI
and the Xbal sites in the mammalian expression vector pMT-hGH
after excision of the human growth hormone coding sequences. The
resulting expression vector for ERa was designated pMT-ERa.

The HEO vector expressing ERa mutated at amino acid 400 (Gly
to Val) has been described previously (Tora et al., 1989a). The ER AD
and ER CF constructs correspond to HE 15 and HE 19 (Kumar et al.,
1987), except that the wild-type ERa containing glycine at amino
acid 400 was used. The Gal4DBD (pM) expression vector is a product
of BD Biosciences Clontech (Paolo Alto, CA). The Gal4DBD-LXXLL
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peptide (aB I) expression vector has been described previously (Nor-
ris et al., 1999).

Cell Cultures. HepG2 cells (American Type Culture Collection,
Manassas, VA) and the HepER3 cells (Barkhem et al., 1997) were
cultured in minimum essential medium supplemented with 10%
FCS, 1% nonessential amino acids, 1 uM sodium pyruvate, and 2
mM L-glutamine. All cell cultures were maintained at 37°C in hu-
midified chambers at 5% CO,

Transient DNA Transfections. All transient transfections were
performed using the OptiMEM/lipofectin procedure according to the
suppliers’ recommendations (Invitrogen). Transient transfections of
the HepER3 cells and the HepG2 cells were performed in 48-well
plates after seeding of 50 X 10° cells/cm? in phenol red free Coon’s/
Ham’s F12 media supplemented with 1% FCS (double dextran char-
coal-stripped), 2 mM L-glutamine, and 50 pg/ml gentamycin 24 h
before transfection. Cells were transfected for 6 h with 0.2 pg of
DNA/well of the different pS2-ALP reporter constructs. In some
experiments, 0.1 ug of DNA/well of a vector expressing the ERa
variant HEO (Tora et al., 1989a) was included. The cells were then
rinsed with Coon’s/Ham’s F12 media and incubated for 15 h before
induction with hormone (moxestrol or tamoxifen) and/or PMA, as
indicated in the figures. In all transient transfection experiments,
cells were exposed to hormone or PMA for 48 h before being har-
vested and analyzed for reporter gene expression. All transient
transfections presented were performed in triplicate and repeated at
least three times. The results presented in the figures are represen-
tative for all experiments performed.

Hormone- and Effector-Induced Expression of pS2 and
SHBG in HepG2 and HepER3 Cells. Approximately 20 X 103
HepG2 or HepER3 cells were seeded per well in 96-well plates in 100
wul of Coon’s/Ham’s F12 media supplemented with 1% FCS (double
dextran charcoal-stripped), 2 mM L-glutamine and 50 pg/ml genta-
mycin. Twenty-four hours later, cells were rinsed and refed with the
same medium supplemented with hormone (moxestrol, tamoxifen, or
ICI 164,384) or PMA. Cells were exposed for hormone or PMA for
72 h (except for transiently transfected cells, which were exposed for
48 h) before being harvested and analyzed for effect on gene expres-
sion. Triplicates of each concentration of hormone or PMA were
performed in all experiments, which also were repeated several
times. Conditioned medium was analyzed for the levels of pS2 and
SHBG was expressed using an ELSA-pS2 immunoassay and SHBG-
Delfia, respectively, following the supplier’s instructions. All exper-
iments presented were performed in triplicate and repeated at least
three times. The results presented in the figures are representative
for all experiments performed.

Assay for Human Placental Alkaline Phosphatase. The level
of human ALP expressed from the various pS2-reporter constructs
was determined by a chemiluminescence assay as follows. After heat
inactivation of the conditioned culture medium for 15 min at 65°C, a
10-ul aliquot was mixed with 200 ul of assay buffer (10 mM dietha-
nolamine, pH 10.0, 0.1 mM MgCl,, and 0.5 mM CSPD) in white
microtiter plates (Dynatech Laboratories In Vitro AB, Stockholm,
Sweden) and incubated at 37°C for 20 min before being transferred
to a 96-well luminometer (Luminoskan; Labsystems, Helsinki, Fin-
land) for integral measurement with 1-s reading per well. The ALP
activity is expressed in light units and is directly proportional to the
level of ALP expressed in the cells.

Assessment of Cytotoxicity. To assess the content of viable cells
in dose-response or transient transfection experiments, the bioreduc-
tion of 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymetoxy-phenyl)-2-(4-
sulfophenyl)-2H-tetrazolium, inner salt (Promega, Madison, WI) to
formazan by dehydrogenase enzymes found in metabolically active
cells was measured at 490 nm and 650 nm (Cory et al., 1991).

Calculation of Normalized Response. In Fig. 9A, HepG2 cells
were cotransfected with ERa (HEO) together with the pS2-ALP
reporter vector and increasing amounts of the expression vector for
the Gal4DBD-LXXLL-peptide fusion. Normalized response was ob-
tained by dividing the ALP activity of the reporter vector with the
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value obtained in the cytotoxicity assay described above, which mea-
sures viable cell activity. In Fig. 9B, HepG2 cells were cotransfected
with ERae (HEO) and pS2(EREvit)-ALP or pS2(EREvit) mutAP1-
ALP together with increasing amounts of the expression vector for
the Gal4dDBD-LXXLL-peptide fusion or the Gal4dDBD expression
vector. Normalized response was obtained as in Fig. 9A. However,
the responses are expressed as the ratio of the normalized ALP
activity evoked by cells transfected with Gal4DBD-LXXLL fusion
and cells transfected with an equivalent amount of the empty
Gal4DBD expression vector, respectively.

Results

Induction of the pS2 and SHBG Genes in HepG2/
HepER3 Cells. The response to the synthetic estrogen
moxestrol or the phorbol ester PMA on the expression of the
endogenous pS2 and SHBG genes in HepG2 cells, in the
presence or absence of estrogen receptor expression, was
examined. We have used the human hepatocarcinoma cell
line HepG2, which lacks endogenous expression of ERa and
-B (data not shown) and HepG2 cells stably transformed to
express ERa (HepER3) (Barkhem et al., 1997) to assess the
role of ERa on SHBG and, in particular, pS2 gene regulation.
In the presence of ER«, both moxestrol and PMA showed a
stimulatory effect on pS2 gene expression but with different
potency and efficacy (Fig. 1A). PMA displayed the most effi-
cacious response on pS2 expression, exceeding the response
to moxestrol. In the non-ER-expressing HepG2 cells, only
PMA had a stimulatory effect on pS2 gene expression (Fig.
1B). The response to PMA in the HepG2 cells was at least
10-fold lower compared with its effect in the ERa expressing
HepERS3 cells, suggesting that the presence of ERa potenti-
ated the effect of PMA. Only moxestrol, in contrast to PMA,
stimulated expression of the estrogen-responsive SHBG gene
in HepER3 (Fig. 1C). Thus, ligand-independent activation of
estrogen inducible genes in these liver cells does not seem to
be a general phenomenon; rather, it is restricted to specific
genes (e.g., the pS2 gene). We also examined the combined
effect of moxestrol and PMA in HepER3 cells, which resulted
in strong synergism with a pS2 expression level severalfold
higher than would be predicted by the sum of the expression
levels induced by PMA or moxestrol alone (Fig. 1D). The
synergistic effects were effectively blocked by the pure an-
tiestrogen ICI 164,384, which also antagonized the individ-
ual responses of the effectors on pS2 expression (Fig. 1D),
emphasizing the importance of ER«a in both events. As ex-
pected, no synergism was observed in the parental ERa-
deficient HepG2 cells (data not shown).

Effects of Selective Protein Kinase Inhibitors on pS2
Gene Expression. To dissect the role of different signal
transduction pathways for estrogen or PMA activation of pS2
expression in HepERS3 cells, selective protein kinase inhibi-
tors were used. The mitogen-activated protein/extracellular
signal-regulated kinase kinase inhibitor PD 98059 blocked
moxestrol stimulated pS2 expression, suggesting a role of the
extracellular-signal regulated family of mitogen-activated
protein kinases (MAPK) in the estrogen effect on pS2 gene
expression (Fig. 2). Furthermore, the phosphoinositide 3-ki-
nase (PISK) inhibitor LY 294002 also suppressed pS2 expres-
sion in response to moxestrol, whereas the protein kinase C
inhibitor bisindolylmaleimide had only a modest effect, if
any. In contrast, PMA induction of pS2 was effectively
blocked by bisindolylmaleimide, which, as anticipated, sug-
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gests that PMA acts via PKC in stimulating pS2 gene expres-
sion. However, PD 98059 and LY 294002 also had an inhib-
itory effect on PMA-stimulated pS2 expression, reducing the
activity by approximately 50% (Fig. 2). Interestingly, the
effect of MAPK seems to be cell-specific with respect to es-
trogen induction of the pS2 gene because PD 98059 did not
affect estrogen stimulation of the pS2 gene in the breast
cancer cell line, ZR-75-1 (data not shown). To exclude that
the effects of the different inhibitors were caused by unspe-
cific cytotoxicity, the concentrations of inhibitors were chosen
such that a cytotoxicity marker (Cory et al., 1991) was unaf-
fected at the doses used in the experiments (data not shown).
Furthermore, SHBG protein levels were not reduced by any
of the different inhibitors (data not shown).

Role of the ERE and AP1 Response Elements in Re-
sponse to Estrogen or PMA. Because both PMA and
MAPK signal transduction pathways may converge on AP1
response elements, we decided to investigate the function of
the AP1 motif adjacent to the ERE in the pS2 promoter. To
examine the individual and combined importance of the ERE
and the AP1 motif in the response to hormones and PMA, a
mutational analysis at the promoter level was carried out.
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Oligonucleotides containing mutated ERE and/or AP1 motifs
were ligated into the pS2 promoter, replacing the correspond-
ing wild-type sequences. To retain distances between differ-
ent response elements within the pS2 promoter, the wild-
type ERE and AP1 motifs, respectively, were substituted by
the same number of nonsense nucleotides. The wild-type pS2
promoter fragment and the different mutated variants were
fused to the ALP-reporter gene.

Initially, the significance of the ERE and the AP1 motifs in
pS2 gene regulation in the presence of PMA was evaluated.
In transient transfection experiments the various pS2 pro-
moter constructs (Fig. 3A) were introduced into the HepER3
cells. PMA stimulated transcription from the wild-type pS2-
ALP construct in the HepER3 cells (Fig. 3B). Mutation of the
ERE caused only a modest reduction in the response to PMA.
However, absence of a functional AP1 motif (mutAP1) was
deleterious to stimulation of gene expression by PMA.

The results of ALP expression from wild-type and mutated
versions of the pS2 promoter in response to moxestrol in
transient transfections of HepERS cells is shown in Fig. 4. As
expected, in the absence of a functional ERE (mutERE) the
effect of moxestrol was extinguished. Mutation of only the
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Fig. 1. Dose-response of endogenous pS2 and SHBG gene expression to moxestrol (Mox) and PMA, respectively. pS2 response in HepER3 cells (A) and
HepG2 cells (B). Effect on SHBG expression in HepER3 cells (C). The x-axis expresses the molar effector concentration. D, endogenous pS2 expression
in HepERS cells in response to 10 M moxestrol (Mox), 10”7 M PMA, 10 ! M moxestrol + 10~ 7 M PMA in the presence or absence of 10~7 M ICI
164,384. The concentration of 107*® (M) on the x-axis in A, B, and C represents no effector/ligand added, only medium and solvent. Values are the
means of triplicate determinations for each concentration of the various hormones or PMA added, with error bars (S.D.) indicated for each value. For
some concentrations error bars are not visible because they were smaller than the symbol.
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Fig. 2. Effects of bisindolylmaleimide, PD 98059, or LY 294002 on endoge-
nous pS2 protein in HepER3 cells induced with moxestrol or PMA. HepER3
cells were induced with 10~° M moxestrol or 10~7 M PMA in the presence or
absence of 5 X 10~7 M bisindolylmaleimide, 2.5 X 107¢ M PD 98059 or 5 X
109 M LY 294002. The level of inhibition is expressed as a percentage of the
full response to moxestrol or PMA, respectively. Values are the means of
triplicate determinations for each concentration of the various hormones and
effectors added, with error bars (S.D.) indicated for each value. For some
determinations, error bars are too small to be visible.

AP1 motif (mutAP1) also had a dramatic effect, blocking
reporter gene expression in response to moxestrol to the
same extent as the mutation of the ERE alone, suggesting
that the ER response via the ERE is also dependent on an
intact AP1 response element. Thus, the data in Fig. 4 suggest
that both the ERE site and the AP1 site are important for full
activity of the pS2 promoter in response to estrogen and that
the presence of both sites results in more than an additive
effect in the presence of ERa.

In transient transfections of HepERS3 cells with the wild-
type pS2 promoter construct, both moxestrol- and PMA-in-
duced reporter gene expression were blocked with tamoxifen
(Fig. 5). In the absence of a functional ERE, tamoxifen was
still able to suppress PMA-stimulated reporter gene activity.
Furthermore, tamoxifen alone displayed no agonistic activity
on the pS2 gene on either intact or ERE-mutated promoter
(Fig. 5). Tamoxifen blocked the effect of PMA also in the
parental HepG2 cells that lack ER«a; however, doses at least
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100-fold higher than in HepER3 cells were required, indicat-
ing a non-ER-mediated mechanism (data not shown).

To further examine the role of the AP1 motif in estrogen-
dependent pS2 promoter activation, moxestrol was titrated
in transient transfection experiments in which the ER« vari-
ant HEO (Tora et al., 1989a) together with wild-type or AP1
mutated promoter constructs were used. The reason for using
HEO, which is unstable in the absence of ligand, was simply
to reduce background expression levels and thereby obtain a
better signal-to-noise ratio. The pS2 promoter-reporter
showed the same characteristic bell shaped titration curve in
response to moxestrol (Fig. 6A) as observed for endogenous
pS2 protein (Fig. 1A). Interestingly, also the AP1 mutated
construct showed a weak but significant response to moxes-
trol (Fig. 6B). Furthermore, the AP1 mutated construct dis-
played a 10-fold lower potency for moxestrol compared with
the wild-type promoter construct. Thus, the presence of the
AP1 motif adjacent to the ERE potentiated pS2 promoter
activity in response to estrogen with respect to both potency
and efficacy. We have noticed in electrophoretic mobility shift
assay experiments that the pS2 ERE has a much lower
affinity for ER«a than the consensus ERE from the vitelloge-
nin gene (EREvit) (data not shown). To investigate whether
potentiation from the AP1 motif was restricted to imperfect
EREs that bind ERa with low affinity, the ERE of the pS2
promoter was mutated into the high-affinity EREvit (Fig.
6E). The pS2 promoter construct containing the EREvit dis-
played 4-fold higher amplitude than the wild-type pS2 pro-
moter-reporter construct and a 10-fold increase in the po-
tency of moxestrol (Fig. 6C). However, the high-affinity
EREvit was also markedly potentiated by the presence of the
AP1 motif in the pS2 promoter context (Fig. 6D). In the
absence of a functional AP1 motif, the EREvit construct
displayed a decrease in reporter gene activity similar to the
decrease observed for the wild-type pS2 promoter (10- versus
15-fold) and the potency of moxestrol was in both cases re-
duced 10-fold.

The ERE mutated pS2 promoter (mutERE) was basically
unresponsive to estrogen (Fig. 4), even when ERa was over-
expressed (data not shown). However, we asked whether
ERa could interact directly or indirectly with factors at the
AP1 motif. Using a one-hybrid system, we demonstrated that
a chimera of the transcriptional activator protein VP-16 and
full-length ER«a stimulated gene expression from the ERE
mutated construct to some extent (i.e., via the AP1 motif),

ALP Light units

10 15 20 25

Fig. 3. Effect of PMA on the pS2 promoter-
ALP reporter gene and mutated pS2 pro-

} moter versions thereof. HepER3 cells were

transiently transfected with pS2-ALP, pS2
mutERE-ALP (mutERE), pS2 mutAP1-
ALP (mutAP1), and pS2 mutERE mutAP1-

i ALP (mutERE mutAP1), respectively (A).
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pS2 promoter variants 0 5
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mut ERE  mut AP1
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mut APl 00 04 237 £ mut AP1

The level of secreted ALP reporter protein
was determined 48 h postinduction with
1077 M PMA (B). The columns are means
of triplicate determinations with the S.D.
indicated. For some determinations, error
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O No effector bars are too small to be visible.

OPMA

2102 ‘T Jaqwiadaq uo 1sanb Aq 6o sjeuinofiadse:w.reydjow wolj papeojumod


http://molpharm.aspetjournals.org/

1278

Barkhem et al.

whereas VP16 alone had no effect (Fig. 7). Thus, ER«a seems
to bring the chimera to the pS2 promoter despite the absence
of a functional ERE, possibly by interacting with the protein
complex that stimulates transcription via the AP1 motif.
The AP1 Motif Potentiates pS2 Gene Expression via
the Ligand-Binding Domain of ERa. The pS2 promoter
variants containing the high-affinity EREvit and an intact or

ALP Light units
0 5 10 15 20 25 30
pS2-ALP : | ; =
mutERE %
mutAP1 1
[0 No hormone
i OMox
mutERE
mutAP1

Fig. 4. Effect of moxestrol on the pS2 promoter in the absence of the ERE
and AP1 response elements, respectively, and in combination. HepER3
cells were transfected with pS2-ALP, pS2 mutERE-ALP (mutERE), pS2
mutAP1-ALP (mutAP1), and pS2 mutERE mutAP1-ALP (mutERE mu-
tAP1), respectively, and induced with 10~® M moxestrol. The columns
represent the mean of triplicate samples with the S.D. indicated. For
some determinations, error bars are too small to be visible.

ALP Light units
0 2 4 6 8 10 12 14 16 18

pS2-ALP

ONo hormone
- OMox
Mox+Tam
HTam
HPMA
EPMA+Tam

Fig. 5. Effect of tamoxifen on the pS2 promoter. HepER3 cells were
transiently transfected with pS2-ALP or pS2 mutERE-ALP (mutERE)
and induced with 10~° M moxestrol or 107 M PMA in the presence or
absence of 5 X 10~7 M tamoxifen. The effects of 5 X 10”7 M tamoxifen
alone were also examined. As control, transfected cells were treated with
medium and solvent only. The columns are means of triplicate determi-
nations with the S.D. indicated. For some determinations, error bars are
too small to be visible.

a mutated AP1 response element were cotransfected together
with A/B- or EF-domain truncated ERa (Fig. 8, A and B) to
assess the relative influence of AF-1 and AF-2 on pS2 pro-
moter activity. In these experiments, we preferred to use pS2
promoter variants encompassing the EREvit to obtain more
robust responses; however, similar results have been ob-
tained using constructs that contain the natural ERE of the
pS2 promoter (pS2-ALP and mutAP1) (data not shown). The
ERa AD construct, which lacks the LBD but retains the
N-terminal AF-1 and the DNA binding C-domain, did not
respond to moxestrol in the context of the pS2 promoter-
reporter that contained an intact AP1 response element (Fig.
8A). Furthermore, it displayed a significantly reduced hor-
mone-independent activity, suggesting that AF-1 alone does
not participate in pS2 promoter activation. The N-terminally
truncated ERa CF variant encoding the DNA- and LBD was
able to stimulate the pS2 promoter in the presence of moxes-
trol, although with a reduced activity compared with the
full-length receptor (Fig. 8A). The data suggest that the AF-2
but not AF-1 is necessary and sufficient to stimulate pS2
promoter activity although AF-1, in the context of the full-
length receptor, may synergize with AF-2 in activating the
pS2 promoter to a full response. Full-length ERa stimulated
the AP1-mutated pS2 promoter to a degree approximately
20% of the wild-type promoter (Fig. 8B). Interestingly, nei-
ther of the truncated versions of ERa (ER AD and ER CF)
was able to stimulate the pS2 promoter in which the AP1
motif was mutated (Fig. 8B), suggesting that the potentiation
of the pS2 promoter through the AP1 motif'is mediated by the
LBD of ERa.

Suppression of pS2 Promoter Activity by an LXXLL-
Containing Peptide Is Modulated by the AP1 Motif.
The transcriptional activity of the AF-2 of ER« is dependent
on its ability to interact with the p160 family of coactivators
via conserved LXXLL motifs in the central region of the
coactivator. To further investigate the importance of AF-2 in
estrogen stimulation of the pS2 promoter, the pS2 promoter-
reporter-construct was cotransfected together with increas-
ing amounts of a vector expressing an LXXLL peptide. The
LXXLL peptide, which has been isolated from a phage-dis-
played peptide library because of its ability to interact with
E2 activated ERa (Paige et al., 1999), was fused to the DNA
binding domain of the yeast protein Gal4 (Gal4DBD). Over-
expression of the LXXLL peptide suppressed ALP expression
from the wild-type pS2 promoter in a dose-dependent fashion
(Fig. 9A), indicating that the LXXLL peptide was able to
compete with and displace coactivators from the ERa AF-2
surface, resulting in repression of the transcription. Next, we
investigated the effect of the LXXLL peptide in the context of
the pS2 promoter in which the AP1 motif had been mutated.
In these experiments, we preferred to use pS2 promoter
variants encompassing the EREvit to obtain more robust
responses. We cotransfected the pS2(EREvit)-ALP reporter
construct or the pS2(EREvit) mutAP1-ALP reporter devoid of
a functional AP1 element together with the full-length ER«
(HEO) expression vector and the expression vector for the
LXXLL peptide. Interestingly, larger amounts of vector ex-
pressing the LXXLL peptide were required to suppress the
intact pS2 promoter compared with the construct that lacks
an intact AP1 element (Fig. 9B). In fact, the AP1 defective
pS2 promoter showed approximately 30% less activity than
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intact pS2 promoter at an equal amount of the LXXLL pep-
tide.

The pS2 promoter construct, in which the AP1 motif is
preserved but the ERE has been mutated (mutERE), is un-
responsive to estrogen (Fig. 4 and 5). Furthermore, overex-
pression of the LXXLL peptide did not have any significant
effect on the background expression of the mutERE reporter
in the presence or absence of estrogen (data not shown).
Thus, suppression studies with the LXXLL peptide cannot be
performed with respect to estrogen effects. However, as
shown in Fig. 3, PMA stimulates the mutERE reporter con-
struct. We have investigated the effect of the LXXLL peptide
on PMA stimulated pS2 promoter. Neither intact nor ERE-
mutated pS2 promoter was suppressed by overexpression of
the LXXLL peptide (data not shown). Thus, LXXLL motifs do
not seem to play a major role in transcriptional activation of
the pS2 promoter via the AP1 motif.

Discussion

Two different findings encouraged us to examine the func-
tion of the AP1 response element located near the ERE in the
pS2 promoter. The first was our observation that an inhibitor
of the MAPK cascade, the intracellular signal transduction
pathway of which may target AP1 response elements on
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DNA, was able to block estrogen stimulation of the pS2 gene
(Fig. 2). Second, a previous report demonstrated, with photo—
cross-linking experiments using a fragment of the pS2 pro-
moter and protein extracts from MCF-7 cells, the participa-
tion of both ERa and a c-fos related protein in two
multiprotein complexes associated with the promoter seg-
ment that spans the ERE (Schuh and Mueller, 1993).

We have studied the regulation of the pS2 gene in HepG2
cells. The investigation was focused on the role of ERa be-
cause ERp has not been found to be expressed in hepatocytes
(Kuiper et al., 1997; Taylor and Al-Azzawi, 2000). Our pa-
rental HepG2 cells lack estrogen receptors; however, stable
integration of ERa (HepER3) does not seem to have changed
the cells except with regard to estrogen response, because
HepG2 and HepERS3 cells showed identical gene expression
profiles in the absence of estrogen when analyzed with a
cDNA array displaying more than 1200 genes (data not
shown).

Initially, we confirmed that an “AP-1 like” complex also
interacts with the pS2 promoter in liver cells. With the use of
the electrophoretic mobility shift assay, a specific complex
that immunologically resembles AP1 was formed using a
nuclear extract of HepER3 cells and an oligonucleotide that
spans the AP1 motif of the pS2 promoter (data not shown).

. pS2-ALP W0 mut AP1
o 401 ECS0=5x10-11M 3 EC50=4x10-10M
2 £ 2
% 3
= 20 4 3
5 51,
< 10 A
0 T T T 0 T T T
- - - - - - - - - - - - = - = - = -
n R B 2 8 8 3 R & 2 8B B 8 8 88 3 8 3
(M) Moxestrol (M) Moxestrol
Fig. 6. Dose-response of pS2-ALP, pS2
mutAP1-ALP (mutAP1), pS2(EREvit)-
. D i ALP and pS2(EREvit) mutAP1 to
200 ¢ pS2(ERE vit)-ALP ) 2 PS2(ERE viO) mutAP1 moxestrol (A-D). The pS2 promoter vari-
ECS0m6x10-11M %r;;cs (vlv_is}g% )cotranilfecgg tq?et}'}(i' with
1 9 ® e | —ox10- fel into HepG2 cells. The con-
% 150 ECS0=7x10-12M g 15 centration of 10~ M on the x-axis rep-
2 100 - £ 10 resents no ligand added, only medium
3 | and solvent. Values are the means of
5 50 i 5 triplicate determinations for each con-
< < centration of moxestrol added, with er-
0 ° ‘ ' ror bars (S.D.) indicated for each value.
o e e o o~ T R For some concentrations, error bars are
& 8 &8 8 8 8 8 &8 8 g 8 8 8 8 8 8 3 8 not visible because they were smaller
208 B 2 8 8 S 8 = 5 8 2 2 8 8 3 8 R than the symbol. E, ERE sequences of
(M) Moxestrol (M) Moxestrol the pS2-ALP and the pS2(EREvit)-ALP,
respectively. The ERE half-sites are
E capitalized and nucleotides that differ
from the EREvit are underlined.
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= Fig. 7. Effect of a chimeric VP16ER« fusion protein on
-E'J pS2 promoter variants. HepG2 cells were transiently
S 150 - transfected with pS2-ALP, pS2 mutERE-ALP (mu-
== tERE), pS2 mutAP1-ALP (mutAP1), and pS2 mutERE
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50 - means of triplicate determinations with the S.D. indi-
: cated.
0 - T T T T T
pS2-ALP mut ERE mut AP1 mut ERE pS2-ALP pS2-ALP
mut AP1
VP16ERQ + + + +
VP16 +
Control DNA +

We dissected the contribution of the ERE and the adjacent
AP1 response element, respectively, in response to estrogen
(Fig. 4). That both a mutated ERE and an AP1 site, respec-
tively, blunted the pS2 response to the synthetic estrogen
moxestrol told us two things: that both sites play an impor-
tant role in pS2 expression in response to estrogens and that
the AP1 element plays a dominant role in the regulation of
pS2 gene expression in HepG2 cells.

By fusion of a strong activation domain (VP16) to ER«, we
showed that ERa was able to interact not only with the ERE
but also somehow with the AP1 motif in the context of the
pS2 promoter (Fig. 7). Furthermore, cotransfection of ER«a
devoid of its A/B domain demonstrated that this construct
was able to stimulate the pS2 promoter in response to estro-
gen but that the stimulatory effect was dependent on an
intact AP1 motif. A potential explanation could be that the
LBD domain of ERa is able to interact directly or indirectly
with factors at the AP1 element, which results in the signif-
icant potentiation of the transcriptional response of the pS2
promoter (Fig. 8, A and B). Conflicting data exist regarding
whether LBD of ER« interacts directly with different compo-
nents of the AP1 complex (Webb et al., 1995; Teyssier et al.,
2001). However, the p160 coactivator SRC-1 has been shown
to interact with both c-jun and c-fos (Lee et al., 1998). The
c-jun and c-fos binding sites were shown to be localized in the
C-terminal subregion of SRC-1. Thus, SRC-1 may constitute
a potential bridging factor between the AP1 motif and ER«
bound to the ERE by its LXXLL motif interacting with AF-2
of ERa and via its C-terminal region with the AP1 complex.

The observation that a larger amount of the GAL4DBD-
LXXLL-peptide fusion expression vector was required to dis-
rupt ERa-mediated transcriptional activity on the pS2 pro-
moter in the presence of an intact AP1 motif may further
support the assumption that a p160 coactivator protein is
involved in the interplay between the AP1 motif and the ERE
(Fig. 9B). A potential mechanistic explanation could be that
an interaction between a protein factor at the AP1 motif and
the p160 coactivator has a stabilizing effect on the interac-
tion between the AF-2 of ERE-bound ER« and the LXXLL

motif of the coactivator. Furthermore, as shown in Fig. 6, the
presence of an intact AP1 motif had a significant effect on the
potency of moxestrol, increasing it by 10-fold. It has recently
been shown that an elevated concentration of the coactivator
SRC-1 in cells caused an increase in the potency of estradiol
(Gee et al., 1999), explained by coactivator-mediated stabili-
zation of the ER-ligand complex. Perhaps the AP1 motif of
the pS2 promoter functions in a similar manner; i.e., an
interaction between protein factors at the AP1 motif and ER«
on the ERE, via a coactivator, causes a similar decrease in
the off rate of moxestrol and thus an enhanced potency in the
transcriptional response to moxestrol. In addition, the type of
ERE in the pS2 promoter had a significant effect on its
activity (Fig. 6) and it is therefore possible that the presence
of the AP1 motif also affects the strength of the ER/ERE
interaction. Thus, the presence of the AP1 motif in the pS2
promoter may enhance the transcriptional activity in re-
sponse to estrogen in several possible ways. Perhaps the
potentiation of the pS2 promoter activity that originates at
the AP1 motif, is a result of a combination of events that
results in an additive or synergistic effect on the transcrip-
tional response to estrogen.

The MAPK pathway is well known to converge on AP1
response elements (Karin, 1995; Duan et al., 2001). That an
inhibitor of PISK also blocked the estrogen effect on the pS2
gene is consistent with previous reports that have docu-
mented inhibition of the MAPK pathway by pharmacological
inhibitors of PI3SK, suggesting that MAPK may serve as a
downstream effector of PI3K (Marra et al., 1995). However,
the nature of the exogenous signal that, in the present study,
stimulates the PISK and MAPK pathways and eventually
converges on the AP1 motif of the pS2 gene promoter is
intriguing. A body of evidence suggests the existence of a
plasma membrane estrogen receptor (Pappas et al., 1995;
Razandi et al., 1999). We have been unable, however, to
demonstrate rapid activation of the MAPK pathway in re-
sponse to estrogen, suggesting that activation of the pS2 gene
is probably not mediated via a cell membrane ER. We favor
instead a model in which serum factors present in cell me-
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dium stimulate intracellular signal transduction pathways,
including the MAPK pathway, resulting in maintenance of a
basal AP1 level sufficient to potentiate the transcriptional
activity of the pS2 promoter in response to estrogen.

ERa seems to constitute a key factor also in ligand-inde-
pendent stimulation of the pS2 gene because PMA had a
substantially reduced activity in the absence of ERa (Fig.
1B). Furthermore, such antagonists as ICI 164,384, tamox-
ifen, and raloxifene (Figs. 1D and 5, and data not shown)
suppressed the stimulatory activity of moxestrol and PMA
alone or in combination. Ligand-independent ER« action has
been studied extensively and shown to be associated with
MAPK-dependent phosphorylation of serine 118 in the AF-1
of ERa (Kato et al., 1995). However, transient transfections
of serine 118 mutated ERa demonstrated that this mutant
and the wild-type ERa responded equally well to PMA in
stimulating the pS2 promoter reporter gene (data not
shown). Recently, it was demonstrated that the PISK depen-
dent pathway may act directly on ERa by phosphorylation of
serine 167 in the N-terminal part of the receptor, resulting in
increased activity of the ligand-independent AF-1 function
(Campbell et al., 2001). We therefore cannot exclude that
serines other than serine 118 of ER«a have been phosphory-
lated in the HepER3 cells, which may explain the ligand-
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cated ERa on the pS2 promoter in the pres-
ence/absence of an intact AP1 motif.
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tAP1 (B) and vectors expressing full-length
ERa or the truncated ERa variants ex-
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independent involvement of ER« in the regulated expression
of the pS2 gene. Moreover, PMA was shown to mediate its
effect primarily via the AP1 element of the pS2 promoter
(Fig. 3B). In contrast to estrogen, PMA was able to stimulate
the transcriptional activity of the pS2 promoter in the ab-
sence of an intact ERE. Taken together, ERa seems to have
an indispensable role in the activation process through the
AP1 motif because tamoxifen blocked PMA-stimulated re-
porter gene activity also in the absence of a functional ERE
(Fig. 5). Thus, ERa may enhance ligand-independent pS2
transcription in a serine 118- and ERE-independent fashion.

One exciting but speculative mechanism could be that ER«
activated ligand independently enhances stimulation of pS2
gene expression by participating in the transcriptionally ac-
tive complex that targets the AP1 motif. The capability of the
VP16ER« chimera to stimulate transcription via the AP1
element indicates that ERa somehow may interact with the
AP1 motif (Fig. 7). ER has been proposed previously to serve
as a coactivator for the transcription factor Islet-1 (ISL1) in
certain promoter contexts containing ISL1 binding sites (Gay
et al., 2000). Thus, ERa may function as a coactivator at
transcriptional activation of the pS2 gene via the AP1 motif
in response to such factors as PMA. A similar role for ER has
been suggested at estrogen induction of the collagenase gene

B

120

OpS2 EREvit

100 | [l OpS2 EREvit mutAP1
LI
Z 80 |
E |
g 60 ;
g
z
®

20 -

0 | |
__—ﬂ

LXXLL-vector

Fig. 9. Suppression of pS2 promoter activity by overexpression of the LXXLL-peptide («BI). A, HepG2 cells were cotransfected with ERa (HEO), the
pS2-ALP reporter vector and 0, 100, 200, or 400 ng of the Gal4DBD-LXXLL-peptide fusion and induced with 10~° M of moxestrol. The normalized
response was obtained as described under Experimental Procedures. The value obtained for cells transfected with ERa and reporter vector alone is set
as 100% activity. Control represents the transcriptional activity evoked by moxestrol activated ERa on the pS2-ALP reporter in the presence of 400
ng of the empty Gal4DBD expression vector. The columns represent the mean of triplicate samples with the SD indicated. B, HepG2 cells were
cotransfected with ERe (HEO) and pS2(EREvit)-ALP or pS2(EREvit) mutAP1-ALP together with 0, 50, 100, 200, or 400 ng of the Gal4DBD-LXXLL-
peptide fusion or the empty Gal4DBD expression vector. The normalized response was obtained as described under Experimental Procedures. The
responses are expressed as the ratio of the normalized ALP activity evoked by cells transfected with Gal4DBD-LXXLL fusion and cells transfected with
an equivalent amount of the empty Gal4DBD expression vector. The columns represent the mean of four separate experiments with the S.E.M.

indicated.
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Fig. 10. Putative model for estrogen or PMA activation of the pS2 pro-
moter. Estrogen stimulation of the pS2 promoter required both the ERE
and the AP1 motif, indicating a cross-talk between factors at these motifs.
The use of selective inhibitors suggested that MAPK and PI3K are nec-
essary for maximal effect of estrogen on the pS2 promoter. We propose
that estrogen induction is a result of synergism between the classical
ER/ERE pathway and the MAPK pathway that converge on the AP1
motif. The PMA effect was mediated by PKC and shown to act exclusively
via the AP1 response element in the pS2 promoter. However, the PMA
response seems to be complex and may also involve MAPK, PI3K, and
alternative pathway(s). ERa is capable to interact with factors at the AP1
motif and contributes substantially to the transcriptional response me-
diated by PMA via the AP1 response element.

that is mediated through an AP1 response element in its
promoter region (Webb et al., 1995). However, the AP1 sites
of the collagenase- and pS2-promoters seem to be function-
ally different because the pS2 promoter is unresponsive to
estrogen via its AP1 motif in the absence of an intact ERE
(Fig. 4). Moreover, tamoxifen and raloxifene are potent acti-
vators of the collagenase gene (Webb et al., 1998), whereas
they function as pure antagonists at the AP1 site of the pS2
gene (Barkhem et al., 1997; Fig. 5). However, the discrepancy
between estrogen and such effectors as PMA in the mode of
signaling via the AP1 motif of the pS2 promoter is intriguing.
Perhaps it could be explained by differences in the pattern of
post-translational modifications of ERa and/or cofactors in-
duced by estrogen and PMA, respectively.

We believe that our data on the functional interaction
between the ERE and AP1 response element in the pS2
promoter-reporter constructs reflect what would be observed
on the endogenous pS2 promoter. The presence of an intact
AP1 response element in the pS2 promoter dramatically po-
tentiated the estrogen-induced expression of the pS2 promot-
er-reporter in HepG2 cells, both when ERa was transiently
overexpressed (Fig. 6) and in HepG2 cells (HepER3) stably
transformed to express physiological levels of ERa (Fig. 4).
Furthermore, PMA was a more efficacious activator of the
endogenous pS2 gene than moxestrol in HepERS3 cells (Fig.
1A), which was also the case when the effect of PMA or
moxestrol was assessed at transient transfections of the pS2
promoter-reporter (Fig. 5). In fact, the relative difference in
amplitude between the PMA and moxestrol responses ob-
served on the endogenous pS2 gene was almost identical to
the relative difference between the responses evoked by PMA
and moxestrol on the pS2 promoter-reporter (Figs. 1A and 5),
supporting the notion that the activity of the pS2 promoter-
reporter reflects the correct characteristics of the endogenous
pS2 gene.

In conclusion, and in accordance with the proposed model
(Fig. 10), the data presented indicate that ER«a plays a cru-

cial role in mediating the effect not only of estrogen but also
of PMA and that the AP1 motif in the pS2 promoter is an
essential target on DNA through which various signals con-
verge to modulate pS2 gene expression in the HepG2 cells.

Acknowledgments

We gratefully acknowledge the generous gift of the pS2 promoter
fragment from Dr. Pierre Chambon (Strasbourg, France).

References

Angel P and Karin M (1991) The role of Jun, Fos and the AP-1 complex in cell-
proliferation and transformation. Biochim Biophys Acta 1072:129-157.

Barkhem T, Andersson-Ross C, Hoglund M, and Nilsson S (1997) Characterization of
the “estrogenicity” of tamoxifen and raloxifene in HepG2 cells: regulation of gene
expression from an ERE controlled reporter vector versus regulation of the endog-
enous SHBG and PS2 genes. J Steroid Biochem Mol Biol 62:53—64.

Berry M, Nunez AM, and Chambon P (1989) Estrogen-responsive element of the
human pS2 gene is an imperfectly palindromic sequence. Proc Natl Acad Sci USA
86:1218-1222.

Bowler J, Lilley TJ, Pittam JD, and Wakeling AE (1989) Novel steroidal pure
antiestrogens. Steroids 54:71-99.

Brzozowski AM, Pike AC, Dauter Z, Hubbard RE, Bonn T, Engstrom O, Ohman L,
Greene GL, Gustafsson JA, and Carlquist M (1997) Molecular basis of agonism
and antagonism in the oestrogen receptor. Nature (Lond) 389:753—-758.

Campbell RA, Bhat-Nakshatri P, Patel NM, Constantinidou D, Ali S, and Nakshatri
H (2001) PI3 kinase/AKT-mediated activation of estrogen receptor alpha: a new
model for anti-estrogen resistance. o/ Biol Chem 3:3.

Chalbos D, Philips A, Galtier F, and Rochefort H (1993) Synthetic antiestrogens
modulate induction of pS2 and cathepsin-D messenger ribonucleic acid by growth
factors and adenosine 3’,5'-monophosphate in MCF7 cells. Endocrinology 133:
571-576.

Cory AH, Owen TC, Barltrop JA, and Cory JG (1991) Use of an aqueous soluble
tetrazolium/formazan assay for cell growth assays in culture. Cancer Commun
3:207-212.

Duan R, Xie W, Burghardt RC, and Safe S (2001) Estrogen receptor-mediated
activation of the serum response element in MCF-7 cells through MAPK-
dependent phosphorylation of Elk-1.  Biol Chem 276:11590-8.

Endoh H, Maruyama K, Masuhiro Y, Kobayashi Y, Goto M, Tai H, Yanagisawa J,
Metzger D, Hashimoto S, and Kato S (1999) Purification and identification of p68
RNA helicase acting as a transcriptional coactivator specific for the activation
function 1 of human estrogen receptor alpha. Mol Cell Biol 19:5363-5372.

Gaub MP, Bellard M, Scheuer I, Chambon P, and Sassone-Corsi P (1990) Activation
of the ovalbumin gene by the estrogen receptor involves the fos-jun complex. Cell
63:1267-1276.

Gay F, Anglade I, Gong Z, and Salbert G (2000) The LIM/homeodomain protein
islet-1 modulates estrogen receptor functions. Mol Endocrinol 14:1627-1648.

Gee AC, Carlson KE, Martini PG, Katzenellenbogen BS, and Katzenellenbogen JA
(1999) Coactivator peptides have a differential stabilizing effect on the binding of
estrogens and antiestrogens with the estrogen receptor. Mol Endocrinol 13:1912—
1923.

Green S, Walter P, Kumar V, Krust A, Bornert JM, Argos P, and Chambon P (1986)
Human oestrogen receptor cDNA: sequence, expression and homology to v-erb-A.
Nature (Lond) 320:134—-139.

Karin M (1995) The regulation of AP-1 activity by mitogen-activated protein kinases.
J Biol Chem 270:16483-6.

Kato S, Endoh H, Masuhiro Y, Kitamoto T, Uchiyama S, Sasaki H, Masushige S,
Gotoh Y, Nishida E, Kawashima H, and et al. (1995) Activation of the estrogen
receptor through phosphorylation by mitogen-activated protein kinase. Science
(Wash DC) 270, 1491-1494.

Kuiper GG, Carlsson B, Grandien K, Enmark E, Haggblad J, Nilsson S, and Gustafs-
son JA (1997) Comparison of the ligand binding specificity and transcript tissue
distribution of estrogen receptors alpha and beta. Endocrinology 138:863—870.

Kuiper GG, Enmark E, Pelto-Huikko M, Nilsson S, and Gustafsson JA (1996)
Cloning of a novel receptor expressed in rat prostate and ovary. Proc Natl Acad Sci
USA 93:5925-5930.

Kumar V, Green S, Stack G, Berry M, Jin JR, and Chambon P (1987) Functional
domains of the human estrogen receptor. Cell 51:941-951.

Kushner PJ, Agard DA, Greene GL, Scanlan TS, Shiau AK, Uht RM, and Webb P
(2000) Estrogen receptor pathways to AP-1. J Steroid Biochem Mol Biol 74:311—
317.

Lee SK, Kim HJ, Na SY, Kim TS, Choi HS, Im SY, and Lee JW (1998) Steroid
receptor coactivator-1 coactivates activating protein-1-mediated transactivations
through interaction with the c-Jun and c¢-Fos subunits. J Biol Chem 273:16651—4.

Marra F, Pinzani M, DeFranco R, Laffi G, and Gentilini P (1995) Involvement of
phosphatidylinositol 3-kinase in the activation of extracellular signal-regulated
kinase by PDGF in hepatic stellate cells. FEBS Lett 376:141-145.

Norris JD, Paige LA, Christensen DdJ, Chang CY, Huacani MR, Fan D, Hamilton PT,
Fowlkes DM, and McDonnell DP (1999) Peptide antagonists of the human estro-
gen receptor. Science (Wash DC) 285:744-746.

Paige LA, Christensen DJ, Gron H, Norris JD, Gottlin EB, Padilla KM, Chang CY,
Ballas LM, Hamilton PT, McDonnell DP, et al. (1999) Estrogen receptor (ER)
modulators each induce distinct conformational changes in ER alpha and ER beta.
Proc Natl Acad Sci USA 96:3999—4004.

Pappas TC, Gametchu B, and Watson CS (1995) Membrane estrogen receptors
identified by multiple antibody labeling and impeded-ligand binding. FASEB J
9:404-410.

2102 ‘T Jaqwiadaq uo 1sanb Aq 6o sjeuinofiadse:w.reydjow wolj papeojumod


http://molpharm.aspetjournals.org/

aspew

Playford RJ, Marchbank T, Goodlad RA, Chinery RA, Poulsom R, and Hanby AM
(1996) Transgenic mice that overexpress the human trefoil peptide pS2 have an
increased resistance to intestinal damage. Proc Natl Acad Sci USA 93:2137-2142.

Razandi M, Pedram A, Greene GL, and Levin ER (1999) Cell membrane and nuclear
estrogen receptors (ERs) originate from a single transcript: studies of ERalpha and
ERbeta expressed in Chinese hamster ovary cells. Mol Endocrinol 13:307-319.

Rio MC, Bellocq JP, Daniel JY, Tomasetto C, Lathe R, Chenard MP, Batzenschlager
A, and Chambon P (1988) Breast cancer-associated pS2 protein: synthesis and
secretion by normal stomach mucosa. Science (Wash DC) 241:705-708.

Rio MC, Bellocq JP, Gairard B, Rasmussen UB, Krust A, Koehl C, Calderoli H, Schiff
V, Renaud R, and Chambon P (1987) Specific expression of the pS2 gene in
subclasses of breast cancers in comparison with expression of the estrogen and
progesterone receptors and the oncogene ERBB2. Proc Natl Acad Sci USA 84,
9243-9247.

Saville B, Wormke M, Wang F, Nguyen T, Enmark E, Kuiper G, Gustafsson JA, and
Safe S (2000) Ligand-, cell- and estrogen receptor subtype (alpha/beta)-dependent
activation at GC-rich (Spl) promoter elements. J Biol Chem 275:5379-5387.

Schuh TJ and Mueller GC (1993) Estrogen receptor-dependent formation of two
distinct multiprotein complexes on the human pS2 gene regulatory segment.
Participation of a c-fos related protein. Receptor 3:125-143.

Shiau AK, Barstad D, Loria PM, Cheng L, Kushner PJ, Agard DA, and Greene GL
(1998) The structural basis of estrogen receptor/coactivator recognition and the
antagonism of this interaction by tamoxifen. Cell 95:927-937.

Smith CL, Nawaz Z, and O’Malley BW (1997) Coactivator and corepressor regulation
of the agonist/antagonist activity of the mixed antiestrogen, 4-hydroxytamoxifen.
Mol Endocrinol 11:657—666.

Complex Regulation of the pS2 Gene 1283

Taylor AH and Al-Azzawi F (2000) Immunolocalisation of oestrogen receptor beta in
human tissues. J Mol Endocrinol 24:145-155.

Teyssier C, Belguise K, Galtier F, and Chalbos D (2001) Characterization of the
physical interaction between estrogen receptor alpha and JUN proteins. J Biol
Chem 276:36361-9.

Tora L, Mullick A, Metzger D, Ponglikitmongkol M, Park I, and Chambon P (1989a)
The cloned human oestrogen receptor contains a mutation which alters its hor-
mone binding properties. EMBO (Eur Mol Biol Organ) J 8:1981-1986.

Tora L, White J, Brou C, Tasset D, Webster N, Scheer E, and Chambon P (1989b) The
human estrogen receptor has two independent nonacidic transcriptional activation
functions. Cell 59:477-487.

Umayahara Y, Kawamori R, Watada H, Imano E, Iwama N, Morishima T, Yamasaki
Y, Kajimoto Y, and Kamada T (1994) Estrogen regulation of the insulin-like
growth factor I gene transcription involves an AP-1 enhancer. J Biol Chem 269:
16433—42.

Webb P, Lopez GN, Uht RM, and Kushner PJ (1995) Tamoxifen activation of the
estrogen receptor/AP-1 pathway: potential origin for the cell-specific estrogen-like
effects of antiestrogens. Mol Endocrinol 9:443—456.

Webb P, Nguyen P, Shinsako J, Anderson C, Feng W, Nguyen MP, Chen D, Huang
SM, Subramanian S, McKinerney E, et al. (1998) Estrogen receptor activation
function 1 works by binding p160 coactivator proteins. Mol Endocrinol 12:1605—
1618.

Address correspondence to: Dr. Tomas Barkhem, Karo Bio AB, S-141 57
Huddinge, Sweden. E-mail: tomas.barkhem@karobio.se

2102 ‘T Jaqwiadaq uo 1sanb Aq 6o sjeuinofiadse:w.reydjow wolj papeojumod


http://molpharm.aspetjournals.org/

