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Abstract

Nuclear estrogen receptor o (ERa) regulates target gene expression in response to ligands through
two distinct mechanisms: direct binding to DNA and indirect tethering through other DNA-bound
transcription factors, such as AP-1. In the studies described herein, we examined the molecular
mechanisms underlying the activation of ERa in the AP-1 tethering pathway by the selective
estrogen receptor modulator (SERM) raloxifene (Ral). Our results with the MMP1 and PRUNE
genes indicate that the c-Fos component of the AP-1 tethering factor and the c-Jun N-terminal
kinase 1 (JNK1) are constitutively bound at the promoter regions prior to Ral exposure. Ral then
promotes the binding of ERa at the promoter in a c-Fos-dependent manner. Interestingly, we
found that INK1 enzymatic activity is required for Ral-dependent gene activation through ERa.
Our results suggest that one role for Ral-dependent recruitment of ERa to the AP-1 binding site is
to stimulate JNK1 enzymatic activity. Alternatively, Ral-occupied ERa might recruit protein
substrates to promoter-bound JNK1 without any change in JNK1 activity. Collectively, our studies
have revealed a new role for JNK1 in determining gene regulatory outcomes by ERa.
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1. Introduction

Estrogens control physiological and pathophysiological processes in a wide variety of
tissues, exerting their effects through two distinct estrogen receptor proteins, ERo and ER[
(Heldring et al., 2007; Warner et al., 1999). ERs acts as ligand-regulated, DNA-binding
transcription factors that regulate distinct subsets of genes across the genome (Cheung and
Kraus, 2010; Heldring et al., 2007; Kininis and Kraus, 2008; Warner et al., 1999). ERs can
bind directly to genomic DNA as dimers through specific sequences called estrogen
response elements (ERES). ERs can also be recruited to genomic DNA by indirect tethering
through other DNA-bound transcription factors, including members of the activating
protein-1 (AP-1) family of transcription factors (e.g., heterodimers of c-Jun and c-Fos)
(Heldring et al., 2007; Heldring et al., 2011; Kushner et al., 2000). In either case, chromatin
associated ERs nucleate the recruitment of a variety of coregulator proteins (e.g.,
coactivators and corepressors) to activate or repress gene transcription (Acevedo and Kraus,
2004; Glass and Rosenfeld, 2000). By now, hundreds of potential coregulators with diverse
functions — from histone modification and chromatin remodeling to RNA polymerase |1
recruitment and mRNA splicing — have been identified (Lonard and O’Malley, 2006). The
specific requirements for and functions of these coregulators, and their modulation by
different ER ligands, have not been fully defined.

A wide variety of both natural and synthetic ER ligands have been identified and
characterized. Selective estrogen receptor modulators (SERMS), such as tamoxifen (Tam)
and raloxifene (Ral), are a class of ER ligands that exhibit context-specific agonist and
anatagonist activities (Kuiper et al., 1999; McDonnell et al., 2001). For example, Tam and
Ral act predominantly as ER antagonists in the mammary glands, but exhibit pronounced
agonistic effects in other tissues, including bone (Tam and Ral) and uterus (Tam only)
(Kuiper et al., 1999; McDonnell et al., 2001; Shang and Brown, 2002). The ER/AP-1
tethering pathway is activated in response to both estrogens and SERMs in a cell-specific
and ER isoform-specific manner (Kushner et al., 2000; Webb et al., 1995). In some cellular
contexts, 17p-estradiol (E2), the predominant naturally occurring estrogen, activates ERa,
but not ERB, in the tethering pathway, while Tam and Ral may activate both ER isoforms in
the tethering pathway (Paech et al., 1997). The different ligand responses observed with
different cellular contexts, different modes of ER recruitment to genomic DNA (i.e., ERE
versus tethering), and different ER isoforms (i.e., ERa versus ERp) are likely due to
differential use of coregulator proteins (Cheung et al., 2005; Kushner et al., 2000; Webb et
al., 2003).

c-Jun N-terminal kinase 1 (JNKZ1) is a mitogen-activated protein kinase that interacts with
and phosphorylates c-Jun in response to cellular signaling pathways (Barr and Bogoyevitch,
2001; Dunn et al., 2002). Although the traditional view has been that MAPK-mediated
phosphorylation events (e.g., phosphorylation of transcription factors) do not occur at the
downstream target genes that they ultimately regulate, the terminal kinases of various
signaling pathways are found in the nucleus under activating conditions (Edmunds and
Mahadevan, 2004; Turjanski et al., 2007). In addition, gene-specific and genomic analyses
in cells from yeast (Pascual-Ahuir et al., 2006; Pokholok et al., 2006), Drosophila
(Suganuma et al., 2010), and mammals (Bruna et al., 2003; Bungard et al., 2010; Dawson et
al., 2009; Edmunds and Mahadevan, 2004; Hu et al., 2009; Madak-Erdogan et al., 2011;
Vicent et al., 2006) have shown that some signaling kinases bind to the promoters of genes
whose expression they regulate. In the studies described herein, we used cell-based reporter
assays, gene-specific mMRNA analyses, and chromatin immunoprecipitation (ChIP) assays to
explore SERM-dependent activation of ERa in the AP-1 tethering pathway and characterize
the role of JNK1 in this pathway. Our results indicate that JNK1 enzymatic activity plays a
key role in supporting Ral agonistic actions in the tethering pathway for some genes.
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2. Materials and Methods

2.1. Antibodies

The JNK1/3 antibody was from Santa Cruz Biotechnology (sc-474). The custom rabbit
polyclonal antisera against c-Fos and ERo were produced by Pocono Rabbit Farms and
Laboratory.

2.2. Plasmid DNA constructs

The following luciferase reporter plasmids were used in these studies: (1) MMP1-Luc,
which was constructed by cloning the —73 to +63 fragment of the human collagenase/matrix
metalloproteinase-1 (MMP-1) gene (Angel et al., 1987) upstream of the luciferase reporter
gene in the pXP1 reporter plasmid (Nordeen, 1988) (provided by Dr. Steve Nordeen,
University of Colorado Health Sciences Center), (2) pGL3-2ERE-pS2-Luc (referred to
herein as 2ERE-TFF1-Luc), which contains two estrogen response elements (EREs) and a
fragment of the pS2/trefoil factor 1 promoter upstream of a luciferase reporter gene (Kim et
al., 2006), (3) PRUNE-Luc, which contains the —461 bp to +55 bp fragment of the PRUNE
promoter upstream of a luciferase reporter gene (kindly provided by Dr. Miltos Kininis from
the Kraus laboratory), and (4) UGT2B15-Luc, which contains the —449 bp to +114 bp
fragment of the UGT2B15 promoter upstream of the luciferase reporter (Kininis et al.,
2007). The MMP1, PRUNE, and UGT2B15 promoter fragments lack identifiable EREs, but
contain an AP-1 binding site, as illustrated in Fig. 1A.

The following expression vectors were used: (1) pRSV, an “empty” expression vector
containing the Rous sarcoma virus promoter, (2) RSV-hERa, which expresses human
estrogen receptor alpha (provided by Dr. Benita Katzenellenbogen, University of Illinois,
Urbana-Champaign) (Reese and Katzenellenbogen, 1991), (3) pCMV, an “empty”
expression vector containing the cytomegalovirus promoter, (4) pPCMV-A-Fos, which
expresses a dominant-negative version of c-Fos (provided by Dr. Charles Vinson, NCI, and
Nina Heldring from the Kraus laboratory) (Heldring et al., 2011; Olive et al., 1997), and (5)
pCMV, a constitutive B-galactosidase expression vector used for transfection normalization
(Clontech).

2.3. Cell growth and maintenance

HelLa cells were purchased from ATCC. HeLa-ERa cells were kindly provided by Dr. David
Shapiro (University of Illinois, Urbana-Champaign) (Zhang et al., 1999). Both cell types
were maintained in DME/F12 (Sigma, D2906) supplemented with 10% charcoal-dextran
stripped calf serum (CDCS), 100 units/ml penicillin, and 100 pg/ml streptomycin. The
HelLa-ERa cell medium also contained 100 pug/ml G418.

2.4. Transient transfection reporter gene assays

Luciferase assays were performed as described, with modifications (Heldring et al., 2011;
Kim et al., 2006). HeLa cells were plated in 6-well dishes in DME/F12 containing 10%
CDCS 24 hrs prior to transfection, grown to about 80% confluence, and transfected using
Gene Juice transfection reagent (EMD Biosciences). For luciferase reporter experiments,
each well received a total of 1 pg of plasmid DNA including combinations of the following
as noted in the main text and figures legends: (1) 400 ng of one of the luciferase reporter
plasmids described above, (2) 50 ng of pRSV-ERa or an empty pRSV control vector, and
(3) 100 ng of pCMV-A-Fos or an empty pCMV control vector, and carrier plasmid DNA
(pET15b or pET28c) to balance the total amount of plasmid DNA in the transfection and to
achieve a proper ratio of DNA to Gene Juice according to the manufacturer’s specifications.
Twenty-four hrs after transfection, the cells were treated with ethanol (vehicle control),
Raloxifene (Ral; 100 nM), or 17p-estradiol (E2; 100 nM) for 18 hr. For experiments with the
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JNK inhibitor SP600125 (SP; Enzo Life Sciences, EI-305) (Bennett et al., 2001), the cells
were treated with 20 pM of the drug for 1 hr before treatment with Ral and E2. The cells
were washed with once with PBS, collected in 1x lysis buffer (Promega Corp.), and
centrifuged to eliminate cell debris. The supernatant was then used to measure luciferase
(Promega Corp. Luciferase Assay Kit) in a 96-well plate assay using a Beckman Coulter
LD400 luminometer. Luciferase activity was normalized to total protein content using a
Bradford assay (BioRad) or to B-galactosidase activity using a standard 3-gal assay. Each
experiment was performed a minimum of three times to ensure reproducibility.

2.5. Gene expression analyses by reverse transcription-gPCR

Expression of the endogenous genes, MMP1 and PRUNE, was determined by RT-qPCR.
HeLa-ERa cells were plated in 6-well dishes in DME/F12 containing 2% CDCS for 48 hrs;
the medium was then changed to DME/F12 containing 10% CDCS. The cells were treated
with ethanol, Ral (100 nM), or E2 (100 nM) for 3 hrs. For experiments with SP, the cells
were treated with 20 uM of the drug for 30 min before treatment with Ral and E2. Total
RNA was isolated with Trizol reagent (Invitrogen) according to the manufacturers
specifications and reverse transcribed using 4 ug of total RNA, 4 ug oligo(dT), and 600
units of MMLYV reverse transcriptase (Promega). The resulting cDNA from each sample was
treated with 3 units of RNAse H (Ambion) for 30 min at 37°C and then diluted 1:5 with
water. Samples were further diluted 1:10 and analyzed by qPCR with gene-specific primers
using a 96-well DNA Engine Opticon (MJ Research) or a 384-well LightCycler 480 (Roche)
real-time PCR thermocycler for 45 cycles (95°C for 15 sec, 60°C for 1 min) following an
initial 10 min incubation at 95°C. The sequences of the primers used for gPCR were: (1)
MMP1 forward 5-GCCATATATGGACGTT-3', (2) MMP1 reverse 5'-
CACTTCTCCCCGAATCGT-3', (3) PRUNE forward 5'-
ACATACACATTTGTTTACCGAACGA-3', and (4) PRUNE reverse 5'-
TCCGCAATGTCCCTAGCAA-3'. The fold change in expression for each condition was
calculated using a standard curve of diluted cDNA from untreated samples (1:1, 1:10, 1:100)
normalized to B-actin transcript as an internal standard. Independent experiments were
scaled in relation to the no inhibitor/ethanol condition. Each experiment was performed a
minimum of three times to ensure reproducibility.

2.6. Chromatin immunoprecipitation (ChIP)

ChlIP assays were performed as described previously (Kininis et al., 2007) with minor
modifications. HeLa-ERa cells were plated in 10 cm diameter dishes in DME/F12
containing 2% CDCS for 48 hrs; the medium was then changed to DME/F12 containing
10% CDCS. The cells were grown to ~80% confluence, then treated with ethanol, Ral (100
nM), or E2 (100 nM) for 3 hrs. The cells were then crosslinked with 10 mM dimethyl
suberimidatesHCI (DMS; Pierce, 20700) for 10 min at room temperature, followed by 1%
formaldehyde for 10 min at 37°C, with subsequent quenching by 125 mM glycine for 5 min.
The crosslinked cells were collected by centrifugation and processed as described previously
(Kininis et al., 2007). The ChIP DNA was analyzed by qPCR with gene-specific primers
using a 96-well DNA Engine Opticon (MJ Research) or a 384-well LightCycler 480 (Roche)
real-time PCR thermocycler for 40 cycles (95°C for 15 sec, 60°C for 1 min) following an
initial 10 min incubation at 95°C. The primers used for ChIP-gPCR were: (1) MMP1
forward 5-TCTCCTTCGCACACATCTTG-3', (2) MMP1 reverse 5'-
TAGAGTCCTTGCCCTTCCAG-3', (3) PRUNE forward 5'-
ACATACACATTTGTTTACCGAACGA-3', and (4) PRUNE reverse 5'-
TCCGCAATGTCCCTAGCAA-3'. Standard curves were produced based on percent input
from each treatment (ethanol, Ral or E2) and IP percent inputs were plotted relative to this
curve. At least three independent ChIP experiments were conducted to ensure
reproducibility.
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3.1. Characterization of the experimental system

To investigate the molecular mechanisms of Ral-dependent ERa gene activation through the
AP-1 tethering mechanism, we performed a series of luciferase-based reporter assays. In
these assays, we used reporter transgenes containing promoter fragments from native E2-
regulated genes (e.g., MMP1, PRUNE, and UGT2B15), which contain an AP-1 response
element, but lack a discernible ERE (Fig. 1A). The assays were performed in HeLa human
cervical epithelial cancer cells, which were cotransfected with the reporter genes and an ERa
expression vector or an empty control vector. In our initial assays, we demonstrated E2-,
ERa-, and AP-1-dependent reporter gene activity in these cells (Fig. 1B). As expected, a
reporter construct containing two ERES upstream of the TFF1 promoter was activated in the
presence of ERa and 100 nM E2 (Fig. 1B). A reporter construct containing the MMP1
promoter, which has a well-characterized AP-1 binding site (Angel et al., 1987), was
activated by 12-O-tetradecanoylphorbol-13-acetate (TPA,; a stimulator of AP-1-dependent
signaling pathways; (Karin, 1995)) in the presence or absence of ERa, although addition of
ERa enhanced the response by two-fold (Fig. 1B). These results indicate that ERa and AP-1
pathways are active under these experimental conditions in HeLa cells.

3.2. Ral activates AP-1 site-containing promoters in an ERa-dependent manner in HeLa

cells

Previous studies have indicated that SERMs can act as ERa agonists on AP-1 targeted
promoters in a cell type-specific manner (Kushner et al., 2000; Paech et al., 1997; Webb et
al., 1995). To determine if the Ral can act as an agonist for ERa in the AP-1 tethering
pathway in HelLa cells, we cotransfected the MMP1-luc, PRUNE-luc, or UGT2B15-luc
reporter vectors with an ERa expression vector or an empty control vector. The transfected
cells were then treated with 100 nM Ral or 100 nM E2. The three reporter constructs showed
a 1.7 to 3-fold increase in response to Ral, but not E2, and this activation was dependent on
the presence of ERa (Fig. 2). These results demonstrate Ral- and ERa-dependent activation
of the tethering pathway in HeLa cells.

3.3. Inhibition of AP-1 blocks Ral-dependent activation of the ERa-dependent tethering
pathway in HelLa cells

As noted above, AP-1 is a heterodimeric transcription factor composed of ¢-Jun and c-Fos
(Hess et al., 2004; Karin et al., 1997). We used a dominant negative mutant of c-Fos, called
A-Fos (Olive et al., 1997), to investigate whether c-Fos or its dimerization partners are
involved in mediating the effects of Ral-activated ERa on AP-1 dependent promoters. The
A-Fos dominant negative mutant prevents wild-type c-Fos and its dimerization partners
from binding to DNA (Heldring et al., 2011; Olive et al., 1997). We cotransfected HelLa
cells with the MMP1-luc, PRUNE-luc, or UGT2B15-luc reporter vectors, an ERa
expression vector, and an A-Fos expression vector or an empty control vector. The
transfected cells were then treated with Ral or E2. As shown above, each reporter construct
was stimulated by Ral, but the response was abrogated in the presence of A-Fos (Fig. 3). E2
was a much less effective stimulator of reporter gene activity; nonetheless, the modest
response observed in this assay was abrogated in the presence of A-Fos (Fig. 3). These
experiments suggest that Ral-activated ERa requires c-Fos (or related Fos proteins) and its
heterodimerization partners (e.g., c-Jun) to mediate its stimulatory effects on AP-1
dependent promoters.

Mol Cell Endocrinol. Author manuscript; available in PMC 2013 January 2.
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3.4. INK kinase activity is required for Ral-dependent activation of the MMP1 and PRUNE
promoters in reporter gene assays and with native genes

JNK1 is a mitogen-activated protein kinase that interacts with and phosphorylates c-Jun in
response to cellular signaling pathways (Barr and Bogoyevitch, 2001; Dunn et al., 2002).
Given the potential role of c-Jun, acting with c-Fos as a component of AP-1, in Ral-
mediated, ERa-dependent activation in the tethering pathway (Fig. 3 and (Paech et al.,
1997)), we considered a possible role for INK1. As a starting point to address this issue, we
cotransfected HelL a cells with an ERa expression vector and one of the three reporter vectors
(i.e., MMP1-luc, PRUNE-luc, or UGT2B15-luc), then treated the cells with the INK
inhibitor, SP600125 (SP; 20 uM) (Bennett et al., 2001) for 1 hour before treatment with Ral
and E2. SP inhibited the Ral-mediated responses with the MMP1 and PRUNE promoter
constructs, but had little to no effect with the UGT2B15 promoter construct (Fig. 4). Again,
E2 was not an effective stimulator of reporter gene activity, but SP reduced the reporter
activity observed with the MMP1 and PRUNE promaoter constructs in the presence of E2 by
about 50 percent (Fig. 4). This result suggests that JNK kinase activity is required for Ral-
dependent stimulation of the MMP1 and PRUNE promoters, but not the UGT2B15
promoter, which may require other proteins instead. Although possible that SP might cause
some inhibition of other cellular kinases, we used the drug under conditions that should
allow maximal efficacy and excellent specificity (Bennett et al., 2001).

To explore the role of INK1 kinase activity in more detail, we examined the effects of SP on
the Ral-dependent stimulation of the expression of the native MMP1 and PRUNE genes. For
these experiments, we used HeL a cells stably expressing ERa (HeLa-ERa) and assessed
MMP1 and PRUNE mRNA expression following Ral or E2 treatment with or without JINK
inhibition. Similar to the results from the transient transfection assays shown in Fig. 4, the
expression of both MMP1 and PRUNE was induced by Ral, and the Ral-dependent
activation was reduced to basal levels when the cells were pretreated with SP (Fig. 5). These
results confirm that JNK kinase activity is required for Ral-dependent stimulation of the
MMP1 and PRUNE promoters. The expression of the native MMP1 gene was largely
unaffected by E2 in the absence or presence of SP (Fig. 5, left panel). Surprisingly, however,
E2 induced the expression of PRUNE to the same extent as Ral (Fig. 5, right panel), in
contrast to our results from the reporter gene assays (Fig. 6). These results suggest additional
aspects of the regulation of the native PRUNE gene that are not recapitulated with the 517
bp promoter fragment used in the reporter gene assays (e.g., missing promoter element or
native chromatin structure).

3.5. Ral promotes the activation of constitutively bound JNK1 at the native MMP1 and
PRUNE gene promoters

A number of recent studies have indicated that terminal kinases in cellular signaling
pathways may localize to the nucleus, be recruited to gene promoters, and function as
coregulators (Bruna et al., 2003; Bungard et al., 2010; Dawson et al., 2009; Edmunds and
Mahadevan, 2004; Hu et al., 2009; Madak-Erdogan et al., 2011; Vicent et al., 2006). To
determine if ERa and AP-1 might function together to recruit JINK1 to target gene promoters
in response to Ral or E2, we performed ChIP-qPCR assays for ERa, c-Fos, and JNK1 in
HelLa-ERa cells. ERa showed a moderate level of occupancy at the MMP1 and PRUNE
promoters in the absence of ligand treatment (~5- to 6-fold over background; Fig. 6A). The
occupancy of ERa at the MMP1 promoter was stimulated about 3-fold by Ral (Fig. 6A, left
panel), whereas the recruitment of ERa to the PRUNE promoter was stimulated about 2-fold
by both Ral and E2 (Fig. 6A, right panel). These results correspond with the cognate gene
expression results presented in Fig. 5, which show that PRUNE expression, but not MMP1
expression, was stimulated by E2.
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c-Fos and JNK1 constitutively occupied both the MMP1 and PRUNE promoters in the basal
(untreated) condition (~3- to 5-fold over background; Fig. 6, B and C). The occupancy of c-
Fos and JNK1 was not affected by Ral on either the MMP1 or PRUNE promoters (Fig. 6, B
and C), outcomes that corresponded with enhanced Ral-dependent gene expression (Fig. 5).
In contrast, E2 reduced the levels of c-Fos and JINK1 on the MMP1 promoter (Fig. 6, B and
C), an outcome that corresponded with an absence of E2-dependent gene expression (Fig.
5). E2 had no statistically significant effect on the levels of c-Fos on the PRUNE promoter
(Fig. 6B), but reduced the levels of INK1 (Fig. 6C); this outcome corresponded with
enhanced E2-dependent gene expression (Fig. 5). The results from the INK1 ChIP
experiments, in conjunction with the experiments using SP shown in Fig. 5, suggest that
Ral-dependent expression of MMP1 and PRUNE requires the recruitment of ERa through an
AP-1-mediated tethering mechanism, as well as the enzymatic activity of INK1. The effects
of E2 are less consistent with respect to the expression of MMP1 and PRUNE, but suggest
that the basal occupancy of JNK1 at the promoters is blocked by E2.

4. Discussion

In this paper, we used cell-based assays with reporter genes and native genes to explore the
molecular mechanisms underlying Ral-dependent activation of ERa. in the AP-1 tethering
pathway. Our results with the MMP1 and PRUNE genes indicate the following: (1) INK1
and the c-Fos component of the AP-1 tethering factor are constitutively bound at the
promoter region prior to Ral exposure (Fig. 6, A and B), (2) Ral promotes the binding of
ERa at the promoter (Fig. 6A), likely in a c-Fos-dependent manner (Fig. 3 and (Heldring et
al., 2011)), and (3) JNK1 enzymatic activity is required for Ral-dependent gene activation
through ERa (Figs 4 and 5). These results are summarized schematically in Fig. 7. Our
results also indicate that not all promoters activated by Ral through an ERa. tethering
pathway require INK1 enzymatic activity (e.g., UGT2B15) (Fig. 4). The effects of E2 in our
assays, which we examined for comparison, were less consistent with respect to the effects
on target gene expression, ERa recruitment, and c-Fos occupancy. Nonetheless, our results
did show a clear inhibition of JNK1 occupancy at the promoters by E2, suggesting that E2-
liganded ERa can impact the activity or function of JNK1 in this pathway.

The importance of the ERa tethering pathway for cellular responses to estrogens and
SERMs has been accumulating support in the literature over the past two decades (Kushner
et al., 2000; Paech et al., 1997; Webb et al., 1995; Webb et al., 1999). A key aspect of this
pathway is that classical ERa antagonists may function as agonists, giving rise to altered
pharmacological responses that can affect the overall biological responses. In addition, the
ERa tethering pathway likely plays a key role in determining cell type-specific responses to
SERMs (Kushner et al., 2000; Paech et al., 1997; Webb et al., 1995). Recent studies have
focused on two fundamental aspects of this pathway: (1) the nature of the tethering factor
and (2) the role of coregulators in determining gene regulatory outcomes. With respect to the
former, previous studies have shown that factors other than AP-1 may also function as ERa
tethering factors, including Runx1 and CREB (Heldring et al., 2011; Lalmansingh and Uht,
2008; Stender et al., 2010). With respect to the latter, previous studies have shown that
altered recruitment of coregulators in response to different ligands in the tethering pathway
can play a key role in determining ligand-specific responses (Cheung et al., 2005; Webb et
al., 1999; Webb et al., 2003).

Our results presented herein suggest that INK1 can act as a coregulator and play a key role
in determining ligand-specific responses by ERa in the AP-1 tethering pathway. In this
regard, we observed that JINK1 is bound at the promoters of ERo/AP-1-regulated genes and
that INK1 catalytic activity is required for the Ral-dependent activation of these genes.
JNKT1 is a kinase with numerous potential targets in the nucleus. Recent studies examining
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the activity of other cellular kinases in the nucleus, including JAK and AMPK, have shown
that histones are targets for phosphorylation, which plays a role in determining gene
expression outcomes (Bungard et al., 2010; Dawson et al., 2009; Vicent et al., 2006). Other
targets, however, are also possible, including ERa, coregulators, and components of the
transcription machinery (Fig. 7). The nuclear targets that are actually phosphorylated by
JNKT1 in response to Ral signaling in the tethering pathway will be determined in future
studies.

Previous models of ligand-dependent gene regulation by ERa have suggested a key role for
the receptor in nucleating the formation of complexes on DNA that contain the receptor and
its associated regulatory proteins (Acevedo and Kraus, 2004; Kushner et al., 2000).
Interestingly, our results with the MMP1 and PRUNE promoters indicate that Ral-activated
ERa has little effect on the recruitment of c-Fos and JNK1. Rather, we observed that these
proteins were pre-bound at the AP-1 binding site in the promoter region prior to treatment
with Ral (Fig. 6). This result is in contrast to our previous results with different target genes
in a different cell line showing that ERa ligands can drive the assembly of protein
complexes at ERa. tethering sites (Heldring et al., 2011). Thus, different types of ERa-
dependent regulatory mechanisms are likely to exist in the tethering pathway. Given the
requirement for INK1 enzymatic activity, as indicated by the experiments with SP (Figs. 5
and 6), and the constitutive binding of JINK1 (Fig. 6), our results suggest that one role for
Ral-dependent recruitment of ERa. to the AP-1 binding site might be to stimulate JNK1
enzymatic activity. Alternatively, these results may suggest a scenario in which Ral-
occupied ERa recruits protein substrates to promoter-bound JNK1 without any change in
JNK1 activity.

Collectively, our studies have revealed a new role for JNK1 in determining gene regulatory
outcomes by ERa. The generality of these responses across the set of all ERa target genes
will be examined in future genomic studies.
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Fig. 1. Schematic diagrams of the promoters used for the luciferase, gene expression, and ChIP
assays and verification of the experimental system

(A) The structures of the MMP1, PRUNE, and UGT2B15 promoters from —700 bp to +200
bp relative to the transcription start site (TSS) are shown. The locations of the known AP-1
binding sites (boxes labeled “AP-1"), promoter DNA fragments used in the luciferase
reporters (horizontal brackets), and locations of the primers used for ChIP-qPCR are
indicated. The bent arrow denotes the TSS for each gene. (B) E2 and TPA activate their
cognate reporter genes in HeLa cells. An E2-responsive luciferase reporter vector (2ERE-
TFF1-Luc) or a TPA-responsive reporter vector (MMP1-Luc) was transfected into HeLa
cells with or without an expression vector for ERa. The cells were then treated with E2 (100
nM) or TPA (ng/mL TPA), as indicated, before determination of luciferase activity. Each
bar represents the mean + SEM for n > 4 separate experiments. Bars marked with an asterisk
are significantly different from the corresponding controls (Student’s t-test, p < 0.05).
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Fig. 2. Ral activates AP-1 site-containing promoters in an ERa-dependent manner in HeLa cells
HeL a cells were transfected with MMP1, PRUNE, or UGT2B15 luciferase reporter vectors
with or without an expression vector for ERa, as indicated. The cells were then treated with
Ral (100 nM) or E2 (100 nM), as indicated, before determination of luciferase activity. Each
bar represents the mean + SEM for n = 3 separate experiments. Bars marked with an asterisk
are significantly different from the corresponding controls (Student’s t-test, p < 0.05).
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Fig. 3. Inhibition of AP-1 by a dominant-negative c-Fos blocks Ral-dependent activation of the
ERa-dependent tethering pathway in HeL a cells
HeLa cells were transfected with MMP1, PRUNE, or UGT2B15 luciferase reporter vectors
and an expression vector for ERa, with or without an expression vector for A-Fos. The cells
were then treated with Ral (100 nM) or E2 (100 nM), as indicated, before determination of
luciferase activity. Each bar represents the mean + SEM for n > 3 separate experiments.
Bars marked with an asterisk are significantly different from the corresponding controls

(Student’s t-test, p < 0.05).
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Fig. 4. INK Kinase activity is required for Ral-dependent activation of the MMP1 and PRUNE
promoters in reporter gene assays

HeLa cells were transfected with MMP1 or PRUNE luciferase reporter vectors and an
expression vector for ERa. The cells were then treated with the JNK inhibitor SP (20 uM)
for 1 hour prior to treatment with Ral (100 nM) or E2 (100 nM), as indicated, before
determination of luciferase activity. Each bar represents the mean £ SEM for n > 3 separate
experiments. Bars marked with an asterisk are significantly different from the corresponding
controls (Student’s t-test, p < 0.05).
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Fig. 5. INK Kinase activity is required for Ral-dependent activation of the native MMP1 and

PRUNE genes

HelLa-ERa cells were treated with SP for 1 hour prior to a 3 hour treatment with Ral (100
nM) or E2 (100 nM), as indicated. The cells were collected and subjected to RT-gPCR
expression analyses, and the results were standardized to B-actin. Each bar represents the
mean + SEM for n > 3 separate experiments. White bars marked with a single asterisk are
significantly different from the corresponding “Veh” controls (Student’s t-test, p < 0.05).
Black bars marked with two asterisks are significantly different from the corresponding

“—SP” controls for that particular treatment (Student’s t-test, p < 0.05).
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Fig. 6. Ral promotes the activation of constitutively bound JNK1 at the native MMP1 and
PRUNE gene promoters

HeLa-ERa cells were treated with Ral (100 nM) or E2 (100 nM) for 3 hours, as indicated.
The cells were crosslinked with formaldehyde, collected, and subjected to ChIP-qPCR
analyses for (A) ERa, (B) c-Fos, and (C) INK1. Each bar represents the mean + SEM for n
> 3 separate experiments. Filled bars (i.e., the specific antibody condition in each panel;
“+Ab”) marked with an asterisk are significantly different from the corresponding “+Ab/
Veh” controls (Student’s t-test, p < 0.05). All “+Ab” conditions, except the E2 conditions in
panel C, are significantly different from the corresponding “No Ab” conditions, indicating a
positively enriched ChIP signal.
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Fig. 7. Model for Ral-, ERa-, and JNK1-dependent gene regulation at an AP-1 binding site

See the text for a detailed explanation. Prior to Ral treatment, the MMP1 and PRUNE genes
show modest levels of expression, as indicated by a reduced presence of the RNA
polymerase 1l machinery (“Pol Il Machinery”) relative to the condition with Ral. In this
case, JNK1 and AP-1 are constitutively bound. Upon treatment with Ral, the tethering of
ERa through DNA-bound AP-1 and JNK1 enzymatic activity are both stimulated. JINK1
may phosphorylate histones, ERa, coregulators (not shown) or components of the Pol Il
machinery. J = c-Jun; F = c-Fos.
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