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Abstract

The estrogen receptors (ERs) are ligand-inducible transcription factors that play key roles in the
control of growth and differentiation in reproductive tissues. We showed that the novel Dbl family
proto-oncoprotein Brx enhances ligand-dependent activity of ER« via a Cdc42-dependent
pathway. Brx also significantly enhances ligand-dependent activity of ERA. This enhancement is
not affected by inhibition of p44/42 mitogen-activated protein kinase (MAPK) activation by
PD98059. However, addition of the p38 MAPK inhibitor SB202190 abrogates the enhancement of
ER/activity by Brx, showing that p38 MAPK activity is required for the enhancement of ERf
function by Brx. In COS-7 cells, transfection of Brx leads to activation of endogenous p38 MAPK
activity. Co-expression of the /2 isoform of human p38 MAPK and a constitutively active form of
the p38 MAPK kinase MKK6 (MKKB6-EE) synergistically augments ligand-dependent activity of
ERS. Our findings suggest that p38 MAPKs may be important regulators of ERf activity.

The steroid hormone estrogen plays a critical role in the regulation of growth and
development of reproductive tissues. The effects of estrogen in these tissues are due to
changes in gene expression modulated by the estrogen receptors (ERs)l that are members of
the nuclear hormone receptor superfamily of transcription factors. After being activated by
binding estrogen, the ER activates transcription of hormone-responsive genes. Prior to 1996
estrogen-dependent effects were thought to be mediated by a single estrogen receptor
molecule, now designated ERa. Another estrogen receptor, ERf, was cloned from human
testis (1, 2). The ERs are modular transcription factors containing two transcription
activation functions, AF-1 located in the N-terminal A/B domain, and AF-2 located within
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the C-terminal ligand-binding domain. Although AF-2 function is dependent upon ligand
binding, AF-1 functions independently of ligand binding (reviewed in Ref. 3) but synergizes
with AF-2 in the promotion of ligand-dependent transcription activation by the receptor (4).

The ER can also be activated by ligand-independent pathways involving signals originating
from growth factor receptors. This pathway involves signaling from cell surface receptors
and results in phosphorylation of the estrogen receptor (reviewed in Refs. 5, 6). Activation
of ERa by epidermal growth factor was shown to involve phosphorylation of serine 118 in
the AF-1 region of ERa through a Ras-Raf-MAPK signaling pathway (7, 8). Both ER«a and
ER/fare activated in transient transfection systems by co-expression of the oncogenic V12
mutant of Ras (RasV12). In both cases the activation depends on phosphorylation of target
serine residues located within the receptors' AF-1 domains by p44/42 MAPK (ERK1/2) (9).
Ras-dependent phosphorylation of the AF-1 domain of ER/ is thought to enhance ligand-
independent transcriptional activation by enhancing recruitment of transcription co-
activators such as SRC-1 (10).

We previously described the cloning and characterization of a cDNA encoding a protein Brx
(breast cancer nuclear hormone receptor auxiliary factor) that interacts with ERq, is
preferentially expressed in reproductive and immune tissues, and augments ligand-
dependent transcriptional activation by ER« (11). Sequence analysis showed that Brx
belongs to the Dbl family of proto-oncogenes (reviewed in Ref. 12) that function as guanine
nucleotide exchange factors (GEFs) for Rho-GTPases, small Ras-related cytoplasmic
proteins involved in signal transduction pathways governing growth and morphogenic
transformation. Proteins acting as GEFs shift the equilibria of small GTPases toward an
active GTP-bound state. We found that activation of ERa by Brx in transient transfection
assays involves the Rho-related GTPase Cdc42. Our findings demonstrated for the first time
that ERa function might be modulated by pathways dependent on small GTPases other than
Ras.

Brx mRNA is highly expressed in the same human tissues that express ERFmRNA. These
include, specifically, ovary, uterus, testis, spleen, thymus, peripheral blood leukocytes, and
specific areas of the brain, including the amygdala and hypothalamus,2 which are thought to
be regulated by estrogen. The present study was performed to investigate the effect of Brx
on ERf. We show that Brx enhances ligand-dependent activity of ERf. Furthermore, we
demonstrate that Brx sends signals to ERfthrough a pathway involving p38 MAPKSs.

Experimental Procedures

Cell Culture and Transient Transfection Studies

Ishikawa human endometrial adenocarcinoma cells were cultured in phenol red-free
Dulbecco's modified Eagle's medium/F-12 (Life Technologies, Inc.) supplemented with 5%
charcoal-stripped fetal bovine serum (HyClone). For experiments examining the activation
of the c-fos SRE, cells were serum-starved overnight prior to transfection. COS-7 cells were
cultured in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum. For

2D. M. Rubino, unpublished.
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experiments examining the activation of endogenous p38 MAPK activity, COS-7 cells were
plated onto 100-mm dishes and transfected with 15 pg of expression vector for Brx, pBK-
RSV, or MKK®6-EE using FUGENE-6 (Roche Molecular Biochemicals) as described by the
manufacturer. Twenty-four hours after transfection, cells were subjected to overnight serum
starvation prior to lysis and immunoblotting. For transient transfection studies Ishikawa cells
were plated onto 12-well plates and 100 ng of pRSV-ERp, 1 ug of pRSV-Brx, 500 ng of
GALA4-Elk-1, 500 ng of GAL4-ER/ or empty vector, and 1.5 pg of pBK-CMV, 1.0 pg of
(ERE),-tk-luciferase, 1.0 ug of SRE-tk-luciferase or 1.0 ug of G4E1b-luciferase were added
to cells with FUGENE-6 as per the manufacturer's instructions. Cells were harvested 20 h
after transfection, and luciferase assays were performed and normalized as described
previously (11). In all transfection experiments, total amounts of DNA were made constant
by the addition of empty vectors. 17-f-Estradiol (10 nw), 4-hydroxy tamoxifen (40 nw),
PD98059 (10 pwm, Cal-biochem), SB202190 (2 pm, Calbiochem) were added as described.

Expression vectors for Brx, (ERE),-tk-luciferase, SRE-tk-luciferase, and MEKE, were
described previously (11, 13-15). A full-length cDNA-encoding human ERfS (2) was
amplified from a human prostate Marathon-Ready cDNA library (CLONTECH). The cDNA
was subcloned into pBK-RSV (Stratagene) and sequenced to make RSV-ERS. The ERf
cDNA beginning at the second codon was subcloned into the pM expression vector
(CLONTECH) containing the GAL4 DNA binding domain to make GAL4-ERp. A full-
length cDNA encoding Elk-1 was amplified from a human peripheral blood leukocyte
cDNA library (CLONTECH), subcloned into pM, and sequenced to make GAL4-EIk-1.
Expression plasmids for MEKE and wild type MKK6 were kindly provided by Dr. Silvio
Gutkind. MKKB6-EE containing Ser to Glu and Thr to Glu mutations at codons 207 and 211,
respectively, were derived from wild-type MKK®6 by overlap amplification with primers
containing site-specific mutations. The resulting cDNA was subcloned into pBK-RSV, and
individual clones were sequenced to verify the presence of the mutations. Full-length cDNA
encoding human p38/2 was amplified from a brain cDNA library (CLONTECH), subcloned
into pBK-RSV, and sequenced.

Immunoblotting

Transfected COS-7 cells were harvested at 4 °C and lysed in SDS sample buffer by
sonication. Following centrifugation, proteins were resolved by SDS-polyacrylamide gel
electrophoresis and transferred to BA85 nitrocellulose (Schleicher and Schuell) by semi-dry
electroblotting. Membranes were blocked in Tris-buffered saline containing 0.05%
Tween-20 and 5% nonfat dry milk. Phospho-p38 MAPK primary antibody and HRP-
conjugated anti-rabbit secondary antibody (both from New England BioLabs) were used and
detected per the manufacturer's instructions. Epitope-tagged Brx and GAL4-ER/S were
detected with HRP-conjugated anti-FLAG M2 monoclonal antibody (Sigma Chemical Co.)
and HRP-conjugated GAL4 (DBD) monoclonal antibody (Santa Cruz Biotechnology, Inc.)
per the manufacturers' instructions.

J Biol Chem. Author manuscript; available in PMC 2014 September 03.
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Protein Phosphorylation

Results

Proteins were phosphorylated with active recombinant human p38/42 (Upstate
Biotechnology Inc.) per the manufacturer's instructions. Twenty milligrams of protein
substrates were incubated with 100 ng of active p38/32 in the presence of [-32P]ATP (1
mCi/ml) at 30 °C for 15 min with rotation in a final reaction volume of 40 ml. Reactions
were stopped by addition of SDS sample buffer and heating to 95 °C for 5 min. Labeled
proteins were resolved on 10% SDS-polyacrylamide gels and detected by autoradiography.

Brx Enhances Ligand-dependent Transcriptional Activation by Estrogen Receptor

Given our previous observation that Brx enhances ligand-dependent transcriptional
activation by ERa in transiently transfected Ishikawa endometrial cells, we wanted to test
whether Brx expression could also affect the ability of ER/to activate a reporter.
Transfection of ERfSresulted in severalfold ligand-dependent activation of the G4E1b-
luciferase reporter (Fig. 1A). Co-transfection of an expression vector for full-length Brx
enhanced ligand-dependent trans-activation by ERf ~ 10-fold.

Although tamoxifen acts as an estrogen antagonist in the breast, in the uterus it acts as an
estrogen agonist, and long term treatment of breast cancer with tamoxifen results in an
increased risk of endometrial cancer (16, 17). We found that in Ishikawa cells 40 nw 4-
hydroxytamoxifen blocked ligand-dependent activity of ERS (Fig. 1A). Addition of 40 nw 4-
hydroxytamoxifen completely eliminated ligand-dependent activation of the reporter by ERf
in the absence of Brx and greatly reduced ligand-dependent activity of the receptor in the
presence of Brx. These results suggest that the full level of activity of ERSin the presence of
Brx was dependent on activation of the receptor by ligand binding. In our previous study we
reported an antagonistic effect of tamoxifen on the ligand-dependent activity of ER« in
Ishikawa cells (11).

We tested the possibility that Brx augments receptor activity through an effect on receptor
expression levels. COS-7 cells were transfected with expression vectors for Brx and GAL4-
ER/. Western analyses showed that co-expression of Brx did not affect the level of GAL4-
ERfexpression (Fig. 1B), suggesting that the observed augmentation of ligand-dependent
activity of ERg by Brx is not simply due to an increase in the amount of receptor protein
expressed. We also tested the specificity of Brx action by assessing the ability of Brx to
activate a chimeric GAL4-VP16 transcription factor. Under conditions in which Brx
enhances the ligand-dependent activity of ERf, Brx failed to enhance the activity of GAL4-
VP16 (Fig. 1C). Brx expression also did not affect the activity of the G4E1b-luciferase
reporter.

Brx Signaling to ERB Does Not Involve p44/42 MAPK (ERK1/ERK?2)

ER/ has been shown to be activated independently of ligand binding by a mechanism
involving phosphorylation of Ser residues in AF-1 through the Ras-Raf-p44/42 MAPK
(ERK1/ERK?2) signaling pathway (9). It has also been shown that Cdc42 can activate ERK?2
in cooperation with Raf (18). We therefore tested whether activation of ERZ by Brx involves
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p44/42 MAPK. Dual specificity mitogen-activated protein kinase kinases (MEK) activate
p44/42 MAPK by phosphorylating specific Thr and Tyr residues. The inhibitor PD98059 is
thought to block activation of p44/42 MAPK (19) by binding to inactive MEK1 and
blocking activation by upstream kinases (20). In these experiments Brx only modestly
affected activity of the receptor. Addition of 10 mM PD98059 did not affect the
enhancement of ligand-dependent activity of ERS by Brx (Fig. 2A). Addition of the inhibitor
also did not affect ligand-dependent activity of ERfin the absence of Brx. In control
experiments the same concentration of PD98059 effectively inhibited activation of a SRE-
tk-Luc reporter by mutationally activated MEK1 (21) (Fig. 2B).

Brx Activates ERB by a p38 MAPK-dependent Pathway

We previously showed that Brx enhances ligand-dependent activity of ERa by a Cdc42-
dependent pathway. Because activation of ER/ by Brx did not appear to involve p44/42
MAPK pathways, and because Cdc42 has been shown to activate p38 MAPKSs (22), we
tested whether the enhancement of ERf activity by Brx could involve a p38 MAPK
pathway. The pyridinyl imidazole compound SB202190 inhibits the « and S isoforms of p38
MAPKSs by a mechanism involving direct binding to the kinases (23). In our transient
transfection system using ERf expressed as a GAL4 DBD fusion protein (GAL4-ER/) and
the G4E1b-luciferase reporter, transfection of GAL4-ER /S activated luciferase expression
severalfold in the presence of ligand compared with control transfections lacking ligand. Co-
transfection of Brx enhanced ligand-dependent activity of GAL4-ERfS ~10-fold (Fig. 3A).
Addition of 2 pv SB202190 inhibited activation of ERf by Brx by ~70%, suggesting that
p38a or p384 activity is required for enhancement of ligand-dependent activity of ERS by
Brx. SB202190 did not inhibit the activity of a chimeric GAL4-VP16 transcription factor
(Fig. 3B).

Because our results suggested that p38 MAPK activity is required for augmentation of
receptor activity by Brx, we tested whether p38 activation affects activity of ERZin
Ishikawa cells. The p38 MAPKSs can be activated by several dual-specificity MAPK kinases,
including MKK3, MKK6, MKK4, and MKK7 (24-27). MKK4 and MKK?7 also efficiently
activate JNK, and MKK3 activates only p38a, y, and 8. Each of the p38 MAPKS («, £, 7
and &) has been shown to be phosphorylated and activated by MKKG6 (28). A constitutively
active mutant form of MKK6 (MKKG6-EE,) contains Ser to Glu and Thr to Glu mutations at
amino acid positions 207 and 211, respectively, and activates p38 MAPKSs (29).

Transfection of Ishikawa cells with an expression vector for the /2 isoform of p38 MAPK or
MKKG6-EE alone did not activate GAL4-ERp, but co-transfection of both synergistically
enhanced ligand-dependent activity of GAL4-ER/ (Fig. 4A). The transcription factor Elk-1
is thought to be a physiological substrate of p38 MAPK (29). We therefore performed
control experiments to test for activation of EIk-1 by MKKG6-EE and p38/2 in Ishikawa
cells. As we observed for ERp, transfection of either p38/2 or MKK6-EE was not sufficient
to activate a control GAL4-EIk-1 construct. Co-transfection of Ishikawa cells with both
p38/2 and MKK®6-EE synergistically activated GAL4-EIk-1 (Fig. 4B). To test directly
whether Brx activates p38 MAPK, we transfected COS-7 cells and assessed the effect of Brx
expression on p38 MAPK activity by immunoblotting. Transfection of Brx increased
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endogenous p38 MAPK activity approximately 3-fold (Fig. 4C). Transfection of MKK6-EE
also activated endogenous p38 MAPKSs severalfold in COS-7 cells (Fig. 4C). A relatively
low transfection efficiency has prevented us from performing a similar analysis in Ishikawa
cells. We tested whether p38 MAPK can utilize ERf as a phosphorylation substrate. Active
recombinant human p3842 MAPK efficiently phosphorylated recombinant ERf (Fig. 4D),
suggesting that ER£is a potential target substrate of the kinase.

Discussion

The estrogen receptors (ERs) are modular ligand-inducible transcription factors that play a
key role in the regulation of growth and differentiation of reproductive tissues. An important
issue in the study of ER signal transduction pathways is that of ligand-independent
activation (5). Studies have documented effects upon ER-mediated gene activation by
epidermal growth factor and other growth factors acting as ligand-independent receptor
activators. Both ERa and ER/ can be activated independently of ligand binding by a Ras-
Raf-p44/42 MAPK signaling pathway involving the phosphorylation of specific Ser residues
in the receptors' AF-1 domains (9). In the case of ERf, modification of the receptor was
proposed to affect transcription by enhancing the recruitment of steroid receptor co-
activator-1 (SRC-1) (10). The demonstration of signaling pathways linking Ras to regulation
of ER activity was an important observation, because Ras has a critical role in cellular
proliferation and oncogenesis.

Members of the Ras-related Rho family of small GTPases, including Rho, Rac, and Cdc42,
regulate a variety of crucial cellular processes, including cytoskeletal organization, gene
expression, cell cycle progression, cell adhesion, and intracellular membrane trafficking (30,
31). These proteins are regulated by GTP binding and are activated by guanine nucleotide
exchange factors (Rho-GEFs) that catalyze the exchange of GDP for GTP. Rho-GEFs
constitute a group of oncoproteins containing Dbl homology and pleckstrin homology
domains that are required for the nucleotide exchange function (12). Different Rho-GEFs
possess a variety of structural motifs presumably regulating function and specific
interactions with other proteins. Although the Rho-GEFs are thought to be important targets
of upstream activators of Rho GTPases, relatively little is known about the regulation of
function of most of the GEFs. We recently described the cloning of brx, a novel Dbl family
proto-oncogene, encoding Brx, a protein that enhances ligand-dependent activity of ERa by
a Cdc42-dependent pathway (11). Our report was the first to implicate Rho GTPases in the
regulation of ER function. Recently, Su et al. (32) demonstrated enhancement of ERa
activity by the guanine nucleotide dissociation inhibitor GDI ¢, a finding that provided
further support for a role for Rho GTPases in the regulation of ER activity. In this report we
demonstrate that Brx enhances ligand-dependent activity of ERS. The mechanism appears
not to involve the p44/42 MAPK pathway, but instead involves activation of a p38 MAPK
pathway (Fig. 5). This report represents the first report implicating p38 MAPK activation in
the regulation of ERf function.

Brx mRNA is highly expressed in human tissues that express ERFmRNA, specifically
including ovary, uterus, testis, spleen, thymus, peripheral blood leukocytes, and specific
areas of the brain, including the amygdala and hypothalamus, which are thought to be

J Biol Chem. Author manuscript; available in PMC 2014 September 03.
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regulated by estrogen (11).2 Immunohistochemical staining of human ovarian tissues
showed high levels of Brx protein expression in granulosa cells of follicles (33). These data
suggest that Brx is co-expressed in tissues expressing ERS. We also found that Brx interacts
with ERAin binding assays in vitro.2 Given these findings, we wanted to know whether Brx
affects ERg function. In transient transfection assays using Ishikawa human endometrial
adenocarcinoma cells, ligand-dependent activity of ERSwas markedly enhanced by co-
transfection of a Brx expression vector. The full level of reporter activity required Brx, ER,
the ERE, and estrogen. Addition of tamoxifen totally eliminated ligand-dependent activity of
ER/. In control experiments we demonstrated that activation of Brx is selective, because
Brx did not affect the activity of the chimeric transcription factor GAL4-VP16.
Additionally, analysis of protein expression levels in transfected COS-7 cells showed that
Brx did not affect the level of GAL4-ER/ protein expression, a finding that suggests Brx
does not augment ligand-dependent receptor activity simply by increasing receptor
expression. Taken together, these results suggest that Brx affects the ligand-dependent
activity of ERZitself.

We examined the possibility that Brx enhances ER/ activity through a Ras-p44/42 MAPK
pathway. Inhibition of MAPK activation by PD98059 did not affect the observed
enhancement of ligand-dependent ERf activity by Brx, suggesting that Brx affects ERS
function by a pathway that does not depend on activation of MAPK. We have also found
that enhancement of ERa activity by Brx involves neither p44/42 MAPK nor
phosphorylation of Ser-118.2 These findings showed that Brx must affect ER/ by signaling
pathways distinct from the previously described Ras and p44/42 MAPK-dependent
pathways (9).

We previously demonstrated that Brx augments ligand-dependent activity of ERa by a
Cdc42-dependent pathway (11). Mutationally activated Cdc42 also strongly activates INK
and p38 MAPK (14, 22). One possibility, therefore, is that Brx activates a INK or p38
MAPK that in turn augments ligand-dependent function of ER/ either directly or indirectly.
We therefore tested for an effect of the p38 MAPK inhibitor SB202190 on ERf activation
by Brx and found that 2 u» SB202190 inhibited enhancement of ERf activity by Brx by ~
70%, suggesting that p38 MAPK activity is required for activation of ERS by Brx. We next
tested directly whether a specific p38 MAPK could activate ERS. Although transient
transfection of either p38/2 or MKK®6-EE was insufficient to activate the receptor,
transfection of both synergistically activated the receptor. Similarly, for the GAL4-Elk-1
transfection control experiments, we found that the combination of both p38/2 and MKK®6-
EE cooperatively activated the luciferase reporter. We do not know why transfection of
MKKG6-EE was insufficient to activate ER/. It is possible that MKK6-EE was unable to
activate cellular p38 MAPK in Ishikawa cells, although it was able to do so in COS-7 cells
in our control experiment. Unfortunately, our transfection efficiency for the Ishikawa cells
has been too low to permit a similar analysis. Selectivity of p38 MAPK isoform activation
by MKK®6 has been described by Alonso (34). This group showed that, at relatively low
concentrations both in vitro and in vivo, wild-type MKKG6 activated p38a but failed to
activate p38y. At present, we do not know which p38 MAPK isoforms are expressed in
Ishikawa cells and we have not yet determined whether the enhancement of ERf activity by
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Brx exhibits selectivity for p38 MAPK isoforms. It is also possible that MKKG6 is not
involved in activation of ERS by Brx in the Ishikawa cells. Our findings do suggest,
however, that endogenous p38 MAPK activity in Ishikawa is required for activation of ERf
by Brx and that activation of p3852 MAPK by MKKG6-EE effectively enhances ligand-
dependent activity of the receptor. We showed that Brx expression results in the activation
of endogenous p38 MAPK in COS-7 cells.

p38 MAPKSs have well established roles in the regulation and function of pro-inflammatory
cytokines such as tumor necrosis factor-a and interleukin-1; they are also activated in
cultured cells in response to environmental stresses such as exposure to UV radiation and
hyperosmotic conditions (reviewed in Ref. 35). Recent experiments suggest that activation
of p38 MAPK pathways may also play important roles in cellular differentiation processes.
Differentiation in vitro of several cell lines has been shown to depend on p38 MAPK
activity (reviewed in Ref. 36). It was recently reported that activation of p38 MAPKSs is
deficient in rhabdomyosarcoma cells (37). Activation of p38 MAPKSs in these cells by
ectopic expression of MKK6-EE resulted in growth arrest and terminal differentiation. Our
findings suggest that p38 MAPKSs may also play a role in the regulation of estrogen
receptors, which are in turn key regulators of growth and differentiation in reproductive
tissues.

During the preparation of this manuscript, Lee et al. (38) published a report showing
activation of ERa by constitutively active MEKKZ1 in Ishikawa cells. These authors
proposed that MEKK1 activates ER« through activation of JNK and p38 MAPK. They also
demonstrated phosphorylation of ERa by p38 MAPK in vitro. These findings, considered
together with our own results, suggest that p38 MAPKs may be important regulators of both
forms of ER.

We do not know the mechanism for enhancement of ER/ activity by p38 MAPK and
whether direct phosphorylation of the receptor by p38 MAPK is involved. However, we
observed that p38 MAPK efficiently phosphorylated ER/in vitro. By analogy with p44/42
MAPK-dependent activation of ER, direct phosphorylation of the receptor could affect the
ability of liganded receptor to interact with or recruit a transcriptional co-activator such as
SRC-1. Alternatively, p38 MAPK may indirectly affect the activity of ERS by
phosphorylating other factors required for ER/ function such as SRC-1 or p300.
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Fig. 1.
A, Brx co-expression augments ligand-dependent activation of a GAE1b-luciferase reporter

plasmid by GAL4-ERp. Augmentation of ER/-mediated activation of G4E1b-luciferase by
Brx co-expression is inhibited by the addition of 4-hydroxy tamoxifen. Ishikawa cells were
transfected with 1 ug of GAE1b-luciferase and expression vectors for GAL4-ER/3 (500 ng)
and Brx (1 pg) or the respective amounts of empty vectors as control. Estradiol (10 nw, solid
bars) or vehicle control (gray bars), and vehicle control or 4-hydroxytamoxifen (40 nu) was
added to the cells as indicated. Cells were harvested after 20 h. Luciferase values represent -
fold activation (mean) over control (RSV-0 with G4E1b-luciferase) in the absence of ligand,
under each condition from three experiments performed in triplicate. Error bars represent
standard deviations. B, Brx did not affect receptor expression levels. COS-7 cells were
transfected with expression vectors for Brx (lane 1), GAL4-ERp (lane 2), or both (lane 3).
Brx and GAL4-ERpS were detected in lysates of transfected cells by Western blotting.
Plasmid amounts were held constant by addition of empty expression vectors. C, Brx does
not augment the activity of a chimeric GAL4-VP16 transcription factor. Ishikawa cells were
transfected with 1 ug of GAE1b-luciferase reporter plasmid and expression vectors for
GAL4-VP16 (0, 400, 800, or 1200 ng, as indicated) and Brx (1 ug, gray bars) or the same
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amounts of empty expression vectors (solid bars). Cells were harvested and assayed for
luciferase activity after 20 h. Luciferase values represent means of-fold activation (with
activation given by 400 ng of GAL4-VVP16 arbitrarily assigned a value of 1.0) from two
experiments performed in duplicate. Error bars represent standard deviations.
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Fig. 2.
A, augmentation of ERf activity by Brx is not affected by the inhibition of mitogen-

activated protein kinase (MAPK) activity. The two panels show activation of (ERE),-tk-Luc
reporter plasmid by ER/S with co-expression of Brx (left panel) and without (right panel).
Addition of PD98059, a mitogen-activated protein kinase kinase (MEK) inhibitor, did not
attenuate the activation of ERSwith or without Brx co-expression. Ishikawa cells were
transfected with 1 pg of (ERE),-tk-Luc and expression vectors for ER£ (100 ng) and Brx (1
ug) or the respective amounts of empty vectors as control. Estradiol (10 nw, solid bars) or
vehicle control (gray bars) and PD98059 (10 uw) (+) or an equal amount of vehicle (=) was
added to the cells as indicated. Cells were harvested after 20 h. Luciferase values represent-
fold activation (mean) over control (RSV-0 with (ERE),-tk Luc in the absence of ligand)
from three experiments performed in triplicate. Error bars represent standard deviations. B,
PD98059 inhibits MAPK in Ishikawa cells. Activation of a serum response element reporter
in Ishikawa cells is attenuated by the addition of PD98059. Ishikawa cells were serum-
starved overnight and transfected with 1.0 pg of a c-fos serum response element SRE-tk-
luciferase reporter. The two columns show activation of the SRE-tk-Luc reporter by co-
transfection of an expression vector encoding MEKE, a constitutively active mutant form of
MEK. PD98059 (10 uw) (+) or an equal amount of vehicle (=) was added to the cells. Cells
were harvested after 20 h. Luciferase values represent -fold activation compared with
reporter activity after transfection of empty expression vector (not shown).
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Fig. 3. Activation of ERSby Brx isdependent on p38 MAPK activity
A, activation of ERS by Brx is inhibited by the p38 MAPK inhibitor SB202190 (2 pw).

Ishikawa cells were transfected with 1 pg of a G4E1b-luciferase reporter plasmid and
expression vectors for GAL4-ER/ (100 ng) and Brx (1 ug) or the same amounts of empty
expression vectors. Estradiol (10 nw, solid bars) or vehicle control (EtOH, gray bars) and
SB202190 or control (SB202474) were added as indicated. Cells were harvested after 20 h.
Luciferase values represent -fold activation (mean) over control (RSVO0 with G4E1b-
luciferase in the absence of ligand) from two experiments performed in duplicate. Error
bars represent standard deviations. B, the p38 MAPK inhibitor SB202190 does not inhibit
the activity of GAL4-VP16. Ishikawa cells were transfected with 1 ug of a G4E1b-luciferase
reporter plasmid and 400 ng of an expression vector for GAL4-VP16. SB202190 (3 pm) was
added as indicated. Luciferase values represent -fold activation (with activation given by
400 ng of GAL4-VP16 arbitrarily assigned a value of 1.0) from two experiments performed
in duplicate. Error bars represent standard deviations.
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Fig. 4.
A and B, MKK®6-EE and p38/2 synergistically activate ER/ (A) and Elk-1 (B) in Ishikawa.

Cells were transfected with 1 pg of G4E1b-luciferase reporter and 500 ng of expression
vectors for GAL4-Elk-1 or GAL4-ERpB, MKK®6-EE, and p38/2 or the same amounts of
empty expression vectors, as indicated. Cells were harvested for assay after 20 h. Values
represent -fold activation (mean) over control (G4E1b-luciferase with empty vectors) from
two experiments performed in duplicate. C, Brx activates endogenous p38 MAPK in COS-7
cells. Cells were transfected with expression vectors for Brx or MKK6-EE or with empty
vector (RSV-0). Transfected cells were serum-starved overnight, and active p38 MAPK was
detected in lysates of transfected cells by Western blotting. Positive and negative control
lanes contained C-6 glioma cell extracts prepared with or without anisomycin treatment,
respectively. D, ER/ s efficiently phosphorylated by p38/2. Active recombinant human
p38/2 MAPK was incubated in vitro with [32PJATP and substrate proteins for 15 min at 30
°C. Labeled proteins were resolved by electrophoresis and detected by autoradiography.
Phosphorylation substrates were no protein (lane 1), recombinant GST-ATF-2 (lane 2), BSA
(lane 3), and recombinant ERf (lane 4).
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Fig. 5.

Brx augments ligand-dependent activity of ERfvia a p38 MAPK pathway.
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