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Abstract

Dehydroepiandrosterone-sulfate, the sulfated form of dehydroepiandrosterone, is the most abundant steroid in young adults, but gradually
declines with aging. In humans, the clinical application of dehydroepiandrosterone targeting some collagen diseases, such as systemic lupus
erythematosus, as an adjunctive treatment has been applied in clinical trial. Here, we repott that dehydroepiandrosterone may negatively
regulate the mitogen-activated protein kinase pathway in humans via a novel dual specificity protein phosphatase, DDSP
(dehydroepiandrosterone-enhanced dual specificity protein phosphatase). DDSP is highly homologous to LCPTP/HePTP, a tissue-specific
protein tyrosine phosphatase (PTP) which negatively regulates both ERK and p38-mitogen-activated protein kinase, and is transcribed from
the PTPN7 locus by alternative splicing. Although previous reports have shown that the mRNA expression of the LCPTP/HePTP gene was
inducible by extracellular signals such as T-cell antigen receptor stimulation, reverse transcribed (RT)-PCR experiments using specific sets of
primers suggested that the expression of LCPTP/HePTP was constitutive while the actual inducible sequence was that of DDSP. Furthermore
DDSP was widely distributed among different types of human tissues and specifically interacted with p38-mitogen-activated protein kinase.
This inducible negative regulation of the p38-mitogen-activated protein kinase-dependent pathway may help to clarify the broad range of
dehydroepiandrosterone actions, thereby aiding the development of new preventive or adjunctive applications for human diseases.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Dehydroepiandrosterone; Dual specificity protein phosphatase; Protein tyrosine phosphatase; p38-mitogen-activated protein kinase; Mitogen-
activated protein kinase; Mitogen-activated protein kinase phosphatase

1. Introduction

The mitogen-activated protein kinase (MAPK) family
plays a central role in signaling pathways stimulated by

Abbreviations: RT-PCR, reverse transcribed PCR; MAPK, nitogen-
activated protein kinase; PTP, protein tyrosine phosphatase; DSP, protein
dual specificity phosphatase; LCPTP, leukocyte-specific protein tyrosine
phosphatase; HePTP, hematopoietic tissue-specific protein tyrosine phos-
phatase; DHEA, dehydroepiandrosterone; DDSP, dehydroepiandrosterone-
induced protein dual specificity phosphatase; ERK, extracellular stimulus-
regulated kinase; JNK, c-Jun N-terminus kinase; TcR, T-cell antigen
receptor; GFP, green fluorescence protein; PMA, phorbol-12-myristate-13-
acetate; aa, amino acid; SSH, suppression subtraction hybridization
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extracellular stimuli such as growth factors, cytokines and
physical stress. In higher organisms, this kinase family
includes the extracellular stimulus-regulated kinases (ERKs)
and two stress-stimulated kinase groups, the stress-activated
protein kinase/c-JUN N-terminus kinase (SAPK/JNK) and
p38-MAPK/p38 High Osmolarity Glycerol response (HOG)
I [1-5]. The activation of MAPKs requires phosphorylation
of conserved tyrosine and threonine residues within the
catalytic domain. This phosphorylation is mediated by dual
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specificity protein kinases, members of the MAPK kinase
family. In contrast, in the absence of a signal the
constituents of the MAPK cascade return to their inactive
dephosphorylated state, suggesting an essential role for
protein phosphatases in the negative regulation of the
MAPK cascade. Protein phosphatases are classified into
three groups, protein serine/threonine phosphatases, protein
tyrosine phosphatases (PTPs) and protein dual specificity
serine/threonine/tyrosine phosphatases (DSPs), depending
on their phosphoamino acid specificity [6].

Dehydroepiandrosterone-sulfate (DHEA-S), the sulfated
form of DHEA, is the most abundant steroids in young
adults, but gradually decline with aging. Although the
molecular basis of DHEA action still remains to be
elucidated, recent findings have suggested modulatory
actions of DHEA on the MAPK signal transduction path-
way [7-9]. To date, much data have been accumulated on
the biological action of DHEA, although some of these were
carried out using rodents in which the P450 C17 activities
are extremely low, thus leading to trace or nearly undetect-
able levels of serum DHEA or DHEAS concentrations. In
humans, the clinical application of DHEA targeting hor-
mone replacement therapy [10-13] has been tested in
clinical trials.

We have been interested in the actions of DHEA using
both in vitro and in vivo experiments [14] (for review). We
have previously reported that a human clonal T lymphocyte,
the PEER cell [15], which is stimulated with phorbol-12-
myristate-13-acetate (PMA) and calcium ionophore A23187
to mimic the activation of the T-cell antigen receptor (TcR),
revealed the specific binding of [3H]-DHEA to its putative
receptor. This specific binding was further increased when
treated with 100 nM of DHEA itself in addition to the PMA
and A23187 treatment [16], while the subcellular local-
ization of the DHEA-bound molecule(s) was not deter-
mined. In the experiment, the MAPK cascade was activated
by PMA, which bypasses all receptor-induced proximal
tyrosine phosphorylation events by directly activating the
Raf kinase through protein kinase C [17,18]. Thus, PEER
cells are likely to provide a good model for investigating the
cellular phenotypes altered by the DHEA action on the
MAPK cascade, or for identifying the putative receptor for
DHEA. Here, we report that DHEA negatively regulates the
MAPK pathway in humans via a novel MAPK phosphatase,
tentatively named DDSP (DHEA-enhanced DSP), which is
highly homologous to LCPTP/HePTP [19,20] not only con-
trolling the activity of MAPKs but also mediating crosstalk
between the cAMP system and the MAPK cascade [21].

2. Materials and methods

2.1. Cells

Human T lymphoblastic leukemic cells, PEER, were main-
tained in RPMI 1640 (Gibco) supplemented with 10% FBS, 60

ng/ml of benzylpenicillin, 100 pg/ml of streptomycin, 2 mmol/L
of L-glutamine, and 50 pmol/L. of 2-mercaptoethanol. The cells
were plated at a concentration of 1x10°/ml and then treated with 5
aM PMA and 500 ng/ml of calcium ionophore A23187 in the
presence or absence of 50 to 100 nM of DHEA (PEER(+) and
PEER(—), respectively) for 28 h. NIH3T3 mouse fibroblasts were
maintained in DMEM (Gibco) supplemented with 10% FBS, 60
pg/ml of benzylpenicillin, 100 pg/ml of streptomycin, and 2
mmol/L of L-glutamine.

2.2. Suppression subtractive hybridization screening and reverse
transcribed-PCR (RT-PCR)

Total RNA was isolated using ISOGEN (Nippon Gene Co.).
Suppression subtraction hybridization (SSH) was performed to
construct a subtraction cDNA library using a commercially
available kit (PCR-Select ¢cDNA Subtraction Kit, Clonetech
Laboratories Inc.). Briefly, double-stranded ¢DNAs were synthe-
sized using the poly(A)'RNAs from PEER(+) or PEER(—) cells.
After the completion of two rounds of hybridization, the suppres-
sion PCR products were amplified using the GeneAmp 9600 PCR
System (Perkin Elmer Applied Biosystems Division), size-fractio-
nated using Chroma Spin+TE-200 Columns (Clontech Laboratories
Inc.) and then blunt ligated into pBluescript II SK—which was
cleaved with Smal. DH50 was transformed with the ligation
mixtures to construct the plasmid library without amplification.

The nucleotide sequences of 400 randomly chosen clones were
determined using a DSQ-1000 DNA Sequencer (Shimadzu Co)
and subjected to a homology search. PCR primers of 16-mers
specific for the nucleotide sequence of each clone were synthesized
and used for RT-PCR to confirm the effect of the DHEA treatment.
Semiquantitative RT-PCR was performed using total RNAs from
untreated PEER cells, PEER(+) and PEER(—) cells. The PCR
fragments were electrophoresed in a 4% polyacrylamide gel. The
gels were stained with Cyber Green (Amersham Life Science) and
the intensities of the fluorescent signals were analyzed directly
using a STORM 860 Image Analyzer (Molecular Dynamics Inc.).
A phage cDNA library using the mRNAs from PEER (+) cells was
constructed using a ZAP-cDNA Synthesis Kit (Stratagene) and
then probed with a clone 1-20 ¢cDNA insert. Thereafter, 1x10°
plaques were subjected to screening.

2.3. Phosphatase assay

The full-length ¢cDNA sequence of DDSP was ligated into
the pAcGHLT baculovirus expression vector (Pharmingen),
containing a 6X histidine tag and a glutathione S-transferase
(GST) tag upstream of the multiple cloning sites, and then
transfected into SF-9 (Spodoptera frugiperda pupal ovary) insect
cells using the calcium phosphate precipitation method. Cells
were grown at 25 °C and the viruses were enriched according to
the manufacturer’s protocol. The expressed GST-DDSP protein
was purified using a glutathione sepharose affinity colummn.
Phosphatase assays were performed using the Tyrosine Phos-
phatase Assay System and the Serine/Threonine Phosphatase
Assay System {Promega Co.).

2.4. Tissue distribution and hormonal regulation of DDSP mRNA

The tissue distribution and hormonal regulation of DDSP or
LCPTP/HePTP mRNA were examined by semiquantitative RT-
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PCR. To compare the tissue distribution and steroid hornione- TATTGTGTGCCAACTGC-3 for the forward and 5 -GAGA-
specific mRNA induction between DDSP and LCPTP/HePTP, 2 CAGGGTTTACACCATG-3' for the reverse) and the other for
sets of primers were designed (Fig. 1), namely one for amplifying the sequences specific to LCPTP/HePTP (5 -
amplifying the sequences specific to DDSP (5 -GGA- CAGCTGCTTCAGCAGACCTC-3' for the forward and 5 -
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Fig. 1. The structure of DDSP. (a) The nucleotide and aa sequence of DDSP. The nucleotide number and the aa residue number are shown on the left side
and right side, respectively. The substitution of the LCPTP/HePTP amino acid residues with the DDSP specific residues are highlighted by italic letters
and bold lines, and the 2 termination codons are shown by asterisks. The putative PTP/DSP catalytic domain and Asp209, which is thought to be critical
for PTP/DSP activity, are underlined. Arrows labeled with Fw and Rv are forward (Fw) and reverse (Rv) primers, respectively. (b) Schematic comparison
of the DDSP structure with the LCPTP/HePTP structure. In DDSP, the aa residues required for ERK binding (including Arg4l and Arg42 shown as “RR”
in the figure) are lacking (see text). The C-terminal 11 aa residues of DDSP (vertical bars) are different from those of LCPTP/HePTP (horizontal bars).
The dashed box represents the PTP/DSP central catalytic domain. Arrows labeled with Fw and Rv are forward (Fw) and reverse (Rv) primers,
respectively.
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GGGGCTGGGTTCCTCAGGCA-3'  for the reverse). Tissue
c¢DNA panels (Clontech Laboratories Inc.) were used for the
RT-PCR. :

2.5. Subcellular localization of DDSP

The full length DDSP ¢cDNA sequence was ligated in-frame
into pEGFP (Clontech), thus generating pDDSP-GFP in which
the C’ -terminus of the DDSP sequence was fused to the N -
terminus of green fluorescence protein (GFP). pDDSP-GFP was
transfected into COS-7 cells and the cells were observed using
a Leica TCS-SP System confocal laser microscope (Leica
Microsystems). The cells were imaged for green fluorescence
by excitation with the 488 nm line from an argon laser and the
emission was viewed through a 496 to 505 nm band pass
filter.

2.6. Immunocoprecipitation and Western blot analysis

For the immunocoprecipitation experiments, NIH3T3 mouse
fibroblasts were transfected with a plasmid expressing flag-
tagged DDSP using Superfect (Qiagen). At 24 h posttransfection,
the cells were stimulated with 0.5 M NaCl for 20 min (for p38-
and JNK-MAPK) or 50 ng/ml of PMA for 15 min after
incubation in a serum free medium for 15 h (for ERK). Whole
cell lysates were prepared by lysing the cells in a buffer (1.0%
Nonidet P-40, 50 mM Tris—HCl pH 7.8, 150 mM NaCl, 1 mM
DTT, 1 tablet of a protease inhibitor cocktail (Roche)). The
lysates were incubated at 4 °C for 1 h with antibodies against
ERK, INK- or p38-MAPK (Cell Signaling) in an imniunopre-
cipitation buffer (0.5% Nonidet P-40, 1| mM EDTA, 50 mM
Tris—HCI pH 7.8, 200 mM NaCl, 1 mM DTT, 1 tablet of the
protease inhibitor cocktail), and then further incubated with
protein-A sepharose beads (Pharmacia) at 4 °C for 2 h. For
Western blotting, the samples were separated by SDS-PAGE,
transferred to a nitrocellulose filter, and then probed with an
antibody against flag according to the manufacturer’s protocol.
To test the inactivation of the MAPK pathway by DDSP, two
sets of transfection experiments were performed. In one experi-
ment, the flag-tagged DDSP ¢DNA was transfected into NIH3T3
cells, and the transfected cells were then treated to activate ERK,
p38 or INK-MAPKs as in the immunocoprecipitation experi-
ments. The transfection efficiency was monitored by the trans-
fection of pEGFP in a separate dish and resulted in 30 to 50%
efficiency. Western blotting was performed to observe the
dephosphorylation of endogenous MAPK in the whole cell
lysates of transfected cells using anti-phospho-MAPK antibodies
(Cell Signaling). To observe the dephosphorylation of the
endogenous activated MAPKs, the MACSelect system (Miltenyi
Biotech) was used to envich the transfected cells. The flag-tagged
DDSP cDNA was ligated into the pMACSKII vector plasmid to
generate pMACS-DDSP and the NIH3T3 cells were transfected
in a 10 cm dish with 20 pg of pMACS-DDSP, or pMACSKXII as
a control. The transfected cells were subjected to affinity-column
separation and then treated with 0.4 M sorbitol for 20 min to
activate p38-MAPK, or 50 ng/ml of PMA for 15 min after
incubation in a serum free medium for 20 h for ERK. Nearly
80% of the recovered cells were revealed to be transfected when
the efficiency was prelintinarily monitored by the cotransfection
of pMACSK I and pEGFP. Western blotting was performed
using anti-phospho-p38 or -ERK antibodies (Cell Signaling).

3. Results

3.1 Isolation of a cDNA sequence homologous to
LCPTP/HePTP

Human T-cell leukemia cells (PEER) were treated with
PMA and calcium ionophore A23187 to mimic TcR
activation with (PEER(+)) or without (PEER(-)) 50 nM
of DHEA. We performed the SSH screening by constructing
a cDNA library in which the cDNAs from PEER(-) cells
were subtracted from those from PEER(+) cells. After the
SSH subtraction, the cDNAs for the MAPK phosphatases
were enriched. One of these clones (named 1-20) contained
600 bases of sequence highly homologous to a leukocyte-
specific PTP (LCPTP), also known as hematopoietic tissue-
specific PTP (HePTP), a sequence which was originally
isolated as a cytoplasmic PTP [19,20].

However, 1-20 contained another 150 bases of unique
sequence and thus a phage cDNA library from the activated
PEER cells was screened to obtain the full-length cDNA.
The translation of the full length 1-20 (DDSP) cDNA
sequence revealed one long open reading frame consisting
of 293 amino acid (aa) residues, and also a striking
homology (96% homology at the aa level) to LCPTP/
HePTP (Fig. 1a). In the 50 aa residues of the LCPTP/HePTP
N-terminus, there were 3 methionine (Met) residues: trans-
lation initiation Met 1 for LCPTP, translation initiation Met
22 for HePTP and Met 49 (Fig. b). A putative translation
initiation Met for 1-20 corresponded to Met 49 of the
LCPTP. And the preceding 24 nt of the 5 noncoding
sequence were identical to those of LCPTP/HePTP
(sequence encoding aa residues 41 to 48 of LCPTP, as
shown by the thin line above the nucleotide sequence
preceding the translation initiation Met for 1-20 in Fig. la).
However, about 150 bases of the sequence further upstream,
including 2 in-frame termination codons, were unique.
Although the aa sequence known as the PTP/DSP central
catalytic domain was highly conserved, the striking homol-
ogy to LCPTP/HePTP was disrupted at the C-terminal end,
resulting in 11 novel aa sequences (Fig. 1a). Interestingly,
the first 25 nt sequences encoding these 11 aa residues were
identical to the partial sequence reported for the exon 9/
intron 9 junction of LCPTP/HePTP [22].

A BLAST search of the human genome sequence using
the 5 - and 3’ -noncoding regions of 1-20 assigned each
sequence to within the PTPN7 locus on chromosome 1g31
(the 5’ -noncoding sequence was the intron 2/exon 3
junction, and the 3’ -noncoding sequence was the read-
through of the exon 9/intron 9 junction downstream to
intron 9) that encodes LCPTP/HePTP, thus strongly
suggesting that the 1-20 sequence was a novel alternatively
spliced variant of the PTPN7 gene. Another RT-PCR
experiment using RNA from human peripheral blood
lymphocytes with or without reverse transcription con-
firmed that the full-length cDNA derived from the mRNA
(data not shown).
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3.2. Phosphatase activity

To test whether or not clone 1-20 possessed phosphatase
activities, a GST fusion product with 1-20 was expressed in
SF-9 insect cells since bacterially expressed fusion proteins
always formed inclusion bodies. SDS-PAGE showed a
stably expressed fusion protein with the expected molecular
weight (data not shown). The expressed protein showed a
rapid loss of phosphate from the phosphotyrosine in a time
dependent manner. The activity was strongest at pH 6.0, and
was suppressed by the PTP specific inhibitor sodium
orthovanadate (Na;VO,) (Fig. 2a). In contrast to LCPTP/
HePTP, the expressed 1-20 protein also caused a rapid loss
of the phosphate from the phosphothreonine. Although
threonine phosphatase activity was weaker (about 50% at
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activity at the optimal pH, the activity was suppressed by
sodium fluoride (NaF), a serine/threonine phosphatase
specific inhibitor (Fig. 2b).

3.3. Subcellular localization

The DDSP sequence was in-frame ligated into pEGFP
generating pEGFP-DDSP which was transfected into COS-
7 cells to observe the subcellular localization of GFP
fluorescence. The GFP fluorescence was detected solely in
the cytoplasm as in the case of LCPTP/HePTP. Furthermore,
the distribution of the GFP-fluorescence was homogeneous,
suggesting that this protein was not associated with the
membrane structure (Fig. 3a). The treatment of the trans-
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Fig. 2. Phosphatase activities of GST-DDSP. The sequence encoding GST-fused DDSP was ligated into the baculovirus expression vector and expressed in SF-
9 cells. (a) Phosphotyrosine phosphatase activity of DDSP (left panel). PP-1 (open column) and PP-2 (dashed column) are 2 different kinds of phosphotyrosine
substrate supplied by the manufacturer. Sodium vanadate (Na;VO,) is a PTP-specific inhibitor. The phosphatase activity was measured in the absence (open or
dashed column) or presence (filled column) of 1 mM Na; VO, and is shown as pmol phosphate released/min/ug of enriched cytosol after passage through a
GST-affinity column. The right panel represents the activity of the sample from cells transfected with an empty vector plasmid. (b) Phosphothreonine
phosphatase activity of DDSP (left panel). S-P is a phosphothreonine substrate. Sodium fluoride (NaF) is a serine/threonine phosphatase-specific inhibitor. The
phosphatase activity was measured in the absence {open) or presence (filled column) of 50 mM NaF. The right panel represents the activity of the sample from

cells transfected with an empty vector plasmid.
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Fig. 3. Subcellular and tissue distribution of DDSP. (a) Cytoplasmic localization of DDSP. The DDSP c¢DNA sequence was ligated in-frame into pEGEP,
transfected into COS7 cells and then subjected to a confocal microscopic analysis. (b) Tissue distribution of DDSP and LCPTP/HePTP. The 2 sequence specific
sets of primers for DDSP (top panel) or LCPTP/HePTP (middle panel) were used for RT-PCR. The bottom panel represents the RT-PCR amplifying R-actin
mRNA. Lanes are I: brain; 2: heart; 3: kidney; 4: spleen; 5: liver; 6: colon; 7: lung; 8: small intestine; 9: skeletal muscle; 10: stomach; 11: testis; 12: placenta,
13: salivary gland; 14: thyroid; 15: adrenal; 16: pancreas; 17: ovary; 18: uterus; 19: prostate; 20: skin; 21: lymphocyte; 22: bone marrow; 23: fetal brain; 24:

fetal liver.

fected cells with DHEA or treatment of the transfected
PEER with or without PMA and A23187 did not
significantly change the homogeneous cytoplasmic distri-
bution of GFP-fluorescence (data not shown). Taken
together with the observations of the DSP activities, these
results indicated that 1-20 encoded a novel member of the
cytoplasmic DSP family. We tentatively named this novel
DSP DHEA-enhanced DSP (DDSP).

3.4. Profiles of tissue distribution, PMA/A23187 induction
and hormonal regulation of DDSP mRNA

To discriminate the mRNA expression of DDSP (full-
length 1-20) as potentially DSP from those of tissue-
specific LCPTP/HePTP, we designed 2 sets of primers for
RT-PCR experiments: one to amplify the sequence specific
to DDSP and another specific to LCPTP/HePTP (Fig. 1b).
Using these 2 sets of primers, we investigated the tissue
distribution and the response to PMA/A23187 or hormonal
stimulation. In strong contrast to the restricted tissue
distribution of LCPTP/HePTP mRNA preferentially
expressed in hematopoietic tissues (and in testis at RT-
PCR level), the basal expression of DDSP mRNA was
observed by RT-PCR at a similar expression level in all
types of human tissues examined (Fig. 3b).

In PEER cells without PMA/A23187 stimulation, the
basal expression level (standardized by the fragment length
and B-actin expression) of DDSP mRNA was about 20 to

30% of that of LCPTP/HePTP. PMA/A23187 treatment
rapidly increased the DDSP mRNA expression within 1 h
and then reached a maximum level (5- to 7-fold) at 3 h
poststimulation. 100 nM DHEA further increased the DDSP
mRNA level by 2.5- to 3-fold at 3 h poststimulation (Fig.
4a). On the other hand, LCPTP/HePTP-specific RT-PCR
showed a constitutive expression even in the untreated
PEER cells, and PMA/A23187 stimulation with or without
DHEA did not significantly alter the expression (Fig. 4b).
Costimulation with either 100 nM dexamethasone (DEX), 1
uM DHEA sulfate (DHEAS) or 10 nM dihydrotestosterone
(DHT) did not exert the reproducible induction of DDSP
mRNA level in the repeated experiments, while the 10 nM
17p-estradiol (E2) treatment sometimes slightly repressed
the PMA/A23187-induced DDSP expression. These steroid
hormones, including DHEA, did not affect the mRNA levels
of LCPTP/HePTP. In Fig. 4c and d, representative results of
RT-PCR experiments were shown.

3.5. Interaction of DDSP with the MAPK cascade

To observe the interactions of DDSP with MAPK, we
transfected a plasmid expressing a flag-DDSP fusion product
into NIH3T3 mouse fibroblasts and then tested the binding
of DDSP with activated endogenous ERK1/2, p38-MAPK or
JNK by immunocoprecipitation. Western blotting showed
that DDSP specifically bound to phosphorylated p38-MAPK
activated by hyperosmotic 0.5M NaCl stimulation, but not to
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Fig. 4. The differential profiles of mRNA induction between DDSP and LCPTP/HePTP. The same primer set used in Fig. 3b was used for the RT-PCR. (a) The
effect of a physiological concentration (100 nM) of DHEA on the expression of DDSP in TcR-activated PEER cells. PEER cells were stimulated by PMA and
caleium ionophore A23187 with (filled bar) or without (open bar) DHEA. The relative induction values compared with the basal mRNA expression with no
PMA/A23187 treatment, standardized by B-actin expression, are expressed as the-fold induction. (b) Effect of 100 nM DHEA on the expression of LCPTP/
HePTP in TcR-activated PEER cells. PEER cells were stimulated as described above. The relative induction values are expressed as in Panel (a). Filled bars:
with DHEA; hatched bars: without DHEA. (c) Effects of various steroid hormones on the mRNA expression of DDSP or LCPTP/HePTP. Representative results
of the RT-PCR experiments are shown. The PEER cells were treated with PMA and calcium ionophore A23187 in the absence of any steroid hormones, or in
the presence of 100 nM DHEA (DHEA), 100 nM dexamethasone (DEX), 10 nM dihydrotestosterone (DHT), or 1 nM 17B-estradiol (E2). The RNAs were
extracted after 3 h of treatment and then subjected to semiquantitative RT-PCR using a set of primers specific for DDSP (upper panel) or LCPTP/HePTP (lower
panel). (d) Schematic representation of the effects of the various steroid hormones. In this experiment, treatment with 1 uM of DHEA-sulfate (DHEAS) was
included. The relative induction of each sequence in the PEER cells compared with the basal mRNA expression with no treatment (No Tx) is expressed as the-
fold induction. The PEER cells were treated with PMA and calcium ionophore A23187 in the absence of any steroid hormones (PMA+Ca) or in the presence of
100 nM DHEA (DHEA), | pM DHEAS (DHEAS), 100 nM dexamethasone (DEX), 10 nM dihydrotestosterone (DHT) or 1 nM 17B-estradiol (E2),
respectively. Filled bars: DDSP mRNA; open bars: LCPTP/HePTP mRNA.

activated ERK1/2 or INK (Fig. 5a and b). This finding also cells and can thus enrich the transfected cells to nearly 80%

suggested that the N-terminal 13 aa residues of DDSP
(corresponding to aa residues 49-61 of LCPTP) were
required for and enough for P38-MAPK-binding.

The inactivation of the phosphorylated p38-MAPK by
DDSP was shown by the dephosphorylation of the
phosphorylated p38-MAPK. DDSP specifically dephos-
phorylated the endogenous p38-MAPK, activated by hyper-
osmotic stimulation using 0.5 M NaCl, in NIH3T3 cells that
were transiently transfected with plasmids expressing flag-
tagged DDSP, while the phosphorylated ERK or JNK were
not dephosphorylated (Fig. 6a). The p38-MAPK-specific
inactivation was further confirmed using the pMACS
system that can select transfected cells from untransfected

after passage through an affinity column. The expression of
the DDSP protein dephosphorylated the endogenous p38-
MAPK activated by 0.4 M sorbitol hyperosmotic treatment,
but not ERK activated by PMA treatment, in the cells
selected after the enrichment (Fig. 6b). Taken together, these
results indicated that DDSP inactivates the MAPK cascade
in a p38-MAPK-specific fashion.

4, Discussion

To clarify the action of DHEA on a molecular basis, a
comparison of the cellular phenotypes between the DHEA-
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Fig. 5. Immunocoprecipitation of DDSP with ERK, p38 or INK. (a) NIH3T3 cells transfected with a plasmid expressing flag-tagged DDSP were treated with
0.5 M NaCl for 20 min (for p38 and INK)) or with 50 ng/ml of PMA for 15 min after incubation in a serum free medium for 15 h (for ERK). The endogenous
ERK, p-38 or JNK in the whole cell lysates from the treated cells was immunoprecipitated with an anti-ERK, -p38 or -JNK antibody, respectively, and then
Western blotting was performed using an anti-flag antibody. DDSP specifically interacts with the endogenous phosphorylated p38-MAPK. (b)
Immunoprecipitation and Western blot were performed as in Panel (a) (top panel). NIS: non-immune serum. In the middle and bottom panels, the three
pairs of whole cell lysates used for the immunoprecipitations in the top panel were probed to confirm the activation of each MAPK, using antibodies against
phosphorylated MAPKs (middle panels: anti-pERK, anti-pp38, anti-pJNK) or total MAPKs (bottom panels: anti-ERK, anti-p38, anti-JNK). Tx: PMA-treatment
for the activation of ERK or 0.5 M NaCl treatment for the activation of p38- or INK-MAPK.

treated and untreated cells led to the isolation of the p38
MAPK phosphatase, DDSP. We demonstrated that this
novel member of the PTPN7 locus-derived family was a
candidate for one of the target genes of DHEA. One
explanation for the biological action of DHEA is that DHEA
exerts its functions after being biotransformed into bio-
logically more active androgens and estrogens in either the
peripheral tissues or the target cells (intracrine mechanism)
[23]. In contrast, the superinduction effect of DHEA on the
DDSP mRNA level was specific according to the results
shown in Fig. 4. As one of the broad range of actions caused
by DHEA, DHEA(-S) has been used for some collagen
disease as adjunctive treatment expecting the immune
modulating action [24-27] (for review). In this regard, the
lymphocytes from the periphery of systemic lupus eryth-
ematosus (SLE) patients had a more activated p38 MAPK,
as well as ERK or JNK, status immediately ex vivo when
compared with lymphocytes from the periphery of normal
individuals [28].

We propose a mechanism to explain, at least in part,
this immune modulating action, namely that DHEA exerts
the anti-inflammatory action by directly suppressing the
p38-MAPK cascade. Recently, p38-MAPK has received
much attention as a potential drug target for diseases such
as rheumatoid arthritis, endotoxic shock, inflammatory
bowel disease, osteoporosis and many others [29]. Our

findings suggest that DHEA augments the negative feed-
back regulation of MAPK cascades that have become
overactivated due to stress or cytokine signals via a
specific set of MAPK phosphatases in many human
tissues. In the vascular smooth muscle cell, p38-MAPK
activation by PDGF is inhibited by low molecular weight
PTPs, thus suggesting that MAPK phosphatases are
important negative regulators for the vascular smooth
muscle cell growth and migration processes leading to
the progression of atherosclerosis [8,9,30]. Apart from the
action on the MAPK cascade, it has been demonstrated
that DHEA inhibits the nuclear translocation of nuclear
factor-kB (NF-kB) probably due to the induction of
peroxisome via the peroxisome proliferator activated
receptor a (PPARa) [31], or that DHEA inhibits the
binding of transcription factor activator protein-1 (AP-1) to
DNA [32], thus exerting the anti-inflammatory action. To
date, no receptor for DHEA or DHEAS has yet been
cloned. The presence of cytoplasmic DHEA binding
activity has been demonstrated in human peripheral blood
monocytes [7], vascular smooth muscle cell [9] and human
T lymphocytes [16], although according to the human
genome project, it seems unlikely that a classical steroid
hormone receptor-type DHEA receptor exists. Interestingly,
Liu et al. reported the existence of the putative membrane
receptor for DHEA [33]. DHEA may directly exert its
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Fig. 6. DDSP dephosphorylates p38-MAFPK. (a) Phosphatase activities of
DDSP on ERK, p38 or JNK. NIH3T3 cells were transfected with 1, 2 or §
ng of a plasmid expressing flag-tagged DDSP (left lane, middle lane and
right lane, respectively, in each panel). The total amounts of the transfected
plasmids were kept constant by adding the empty vector plasmid. The
transfected cells were treated as in Fig.'5, and then the whole cell lysates
were subjected to Westem blotting. The antibodies were raised against
phosphorylated (phospho-) MAPKs (top panels), total MAPKs (middle
panels) or flag (bottom panels). (b) pMACS experiment showing the p38-
MAPK-specific dephosphorylation. NIH3T3 cells were transfected in 10
cm dishes with 20 pg of pMACS-DDSP (DDSP), or pMACSKKII vector
(vector) as a control. The transfected cells were enriched after column
separation and then treated with 0.4 M sorbitol for 20 min to activate p38-
MAPK or with 50 ng/ml PMA to activate ERK. Western blotting was
performed using an antibody against phosphorylated p38-MAPK (upper
left) or ERK (upper right) (shown as p-p38 and p-ERK, respectively) or
total p38-MAPK (lower left) or ERK (lower right) (shown as p38 and ERK,
respectively). In this experiment, the column passage alone mildly activated
p38-MAPK and caused the basal level phosphorylation of p38-MAPK. The
expression of DDSP specifically inactivated the p38-MAPK to the basal
level.

action not through the nuclear receptor but through the
signal transduction system, such as MAPK system,
activated by membrane-type receptors.

The MAPK cascade is regulated by both the phosphor-
ylation and dephosphorylation of the members of the
cascade. LCPTP/HePTP has been shown to act as a
phosphotyrosine-specific phosphatase for both ERK
(ERK2) and p38-MAPK [34,35], and one report showed
HePTP as the ERK2-specific phosphatase in the myeloge-
nous leukemia cell line K562 [36]. While LCPTP/HePTP
does not dephosphorylate phosphoserine/phosphothreonine
residues in ERK1/2 [34], recent findings have revealed that
a subfamily of PTP dephosphorylate not only the phospho-
tyrosine but also the phosphoserine/phosphothreonine res-
idue, and was thus called DSP [37]. When we tested
whether or not the DDSP protein possesses phosphatase
- activities for the phosphoserine/phosphothreonine residue,

the DDSP protein also caused a rapid loss of the phosphate
from the phosphothreonine as well as from the phosphotyr-
osine. These results indicated that the DDSP might play a
role as a DSP in vivo.

Each DSP or PTP has a restricted subcellular local-
ization [37] (for review), while LCPTP/HePTP has been
shown to localize in the cytoplasm (cytoplasmic PTP) as
well [38]. DDSP was cytoplasmic as well as LCPTP/
HePTP. In contrast, the mRNA profiles of the tissue
distribution and the response to MAPK cascade stimulation
and steroid hormone treatment were different between
DDSP and LCPTP/HePTP, while DDSP was highly
homologous to LCPTP/HePTP. Although the mRNA
expression of LCPTP/HePTP has previously been shown
to be inducible, the RT-PCR experiments using specific
sets of primers suggested that the expression of LCPTP/
HePTP was constitutive while the actual inducible
sequence could be that of DDSP. While mRNA levels in
mouse lymphocytes, detected by Northern blots, increased
upon stimulation with phytohemagglutinin, lipopolysac-
charide, concanavalin A, or anti-CD3 [20], the HePTP
protein was present even in resting cells, and its amount
increased slightly [34]. The differential mRNA expression
between DDSP and LCPTP/HePTP might be due to,
though not to be tested yet, the differential promoter usage.

In addition, at the protein level, the substrate specificity
was different between DDSP and LCPTP/HePTP. LCPTP/
HePTP binds to both ERKs and p38-MAPK through a
kinase-interaction motif (KIM) located at the N-terminus of
the protein and inactivates them by dephosphorylating the
critical phosphotyrosine residue in their activation loop,
thus playing a negative role in the TcR signaling pathway
[39]. Furthermore, the binding of HePTP to ERK or p38-
MAPK is in a phosphorylation-independent fashion [34].
HePTP has previously been shown to interact with both
ERK1/2 and p38-MAPK via the 40 aa of the N-terminus
sequence [34]. The aa residues 1 to 40 of HePTP
corresponded to aa residues 22 to 61 of LCPTP (Fig. 1b).
In particular, Arg4l and Argd?2 play a crucial role in ERK
binding [35]. DDSP lacked the first 48 aa stretch (including
Arg4l and Argd2) of LCPTP required for ERK /2 binding,
while the following aa sequence was highly conserved,
except for 1 aa residue (Val 220, bold line in Fig. 1b) in
addition to the unique 11 aa stretch at the C' -terminus end
(Fig. 1a). This may contribute to why DDSP specifically
bound to and inactivated phosphorylated p38-MAPK. To
date, only one molecule, Wipl, which is induced in
response to ionizing radiation in a p53-dependent manner,
has been shown to be a p38-specific MAPK phosphatase
[40,41]. Our present study suggested the complexity of the
gene regulation in the PTPN7 locus. By the mechanisms of
alternative splicing and possible differential promoter usage,
PTPN7 may encode at least 3 protein phosphatases: one is
the inducible DDSP specifically inactivating p38-MAPK
and the others are constitutively expressed PTPs inactivat-
ing both ERK and p38-MAPK.
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Our previous studies demonstrated that a peroxisome prolif-
erator-activated receptor (PPAR)-yligand, troglitazone (TGZ),
and/or a retinoid X receptor (RXR) ligand, LG100268 (LG),
decreased the aromatase activity in both cultured human
ovarian granulosa cells and human granulosa-like tumor KGN
cells. In the present study, we further found that a combined
treatment of TGZ+LG decreased aromatase promoter II
(ArPII) activity in both ovarian KGN cells and fibroblast NIH-
3T3 cells in a PPARvy-dependent manner. Furthermore, the
inhibition of both aromatase activity and the transcription of
ArPII by TGZ+LG was completely eliminated when nuclear
factor-«B (NF-«B) signaling was blocked by specific inhibi-
tors, suggesting NF-«B, which is endogenously expressed in
both fibroblast and granulosa cells, might be amediator of this
inhibition. Interestingly, activation of NF-«B by either forced
expression of the p65 subunit or NF-«B-inducing kinase up-

regulated ArPII activity. Positive regulation of aromatase by
endogenous NF-«B was also suggested by the fact that NF-
«B-specific inhibitors suppress basal activity of the aromatase
gene. A concomitant formation of high-order complex be-
tween NF-«B p65 and ArPII was also observed by chromatin
immunoprecipitation assay. Although activation of PPARy
and RXR affected endogenous expression levels of neither
inhibitory «Ba nor p65, it impaired the interaction between
NF-«B and AvPII and the p65 based transcription as well.
Altogether, these results indicate that activation of a nuclear
receptor system, comstituted by PPARy and RXR, down-
regulates aromatase expression through the suppression of
NF-«kB-dependent aromatase activation and thus provide a
new insight in the mechanism of regulation of the aromatase
gene. (Endocrinology 146: 85-92, 2005)

HE BIOSYNTHESIS OF estrogens is catalyzed by the
enzyme complex referred to as aromatase cytochrome
P-450, which aromatizes the A ring of C19 androgens to the
phenolic A ring of C18 estrogens, resulting in loss of the C19
angular methyl group as formic acid (1). In humans, aro-
matase is present in many tissues, including ovary (2, 3),
testis (4, 5), placenta (2), and brain (6, 7). The gene encoding
the aromatase (CYP19) is extraordinarily long (more than 120
kb), with a coding region of approximately 30 kb, containing
nine translated exons (II-X). One reason for this long gene is
that the transcription of aromatase in different tissue is reg-
ulated by different promoters (8) (ovary: promoter II; pla-
centa: promoter 1.1; and adipose tissue: promoter 1.4). The
aromatase promoter I (ArPII) functions in the ovary under
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the control of FSH. In cooperation with Ad4BP/SF-1, FSH,
via the cAMP-protein kinase A (PKA) pathway, stimulates
aromatase gene expression in the ovary through promoter II.

It has been determined that estrogens contribute to the
growth and development of some estrogen-dependent neo-
plasm, including breast, endometrial cancers, and some
ovarian cancers (9, 10). Estrogens, especially those produced
locally in the adipose stoma cells, exert a definite role in
stimulating proliferation of breast tumor cells (11). In normal
breast adipose tissue, the estrogen-producing aromatase
gene is driven by a distal promoter 1.4 (8), whereas in breast
adipose tissue containing a tumor, there is a switch in the
promoter, whereby the aromatase expression is regulated
through the proximal promoter II. This shift results in ele-
vated aromatase expression in the tumor or surrounding
breast adipose tissue and subsequently elevated production
of estrogen in local breast adipose tissue, thus leading to the
development of breast cancer (12-16). These findings high-
light the importance of promoter II, especially in breast
cancer.

Peroxisome proliferator-activated receptor (PPAR)-v is a
nuclear receptor that has an essential role in adipogenesis
and glucose homeostasis in response to its ligands, which are
either naturally existing ligands like 15-deoxy-A'>'* prosta-
glandin J2 or synthetic thiazolidinediones. Besides relatively
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well-known PPARy-expressing tissues like adipose tissue,
adrenal gland, and spleen (17-19), ovary (20) and granulosa
cells (21, 22) also express an abundant amount of PPARYy,
whose physiological role in these tissues is largely unknown.
We previously reported that the PPARYy ligand, troglitazone
(TGZ), especially together with the retinoid X receptor (RXR)
ligand, LG100268 (LG), dose-dependently inhibits aromatase
activity in granulosa cells (21, 23, 24).

In the present study, we extended our study to clarify the
underlying mechanism whereby activation of a nuclear re-
ceptor system constituted by PPARy and RXR down-regu-
lates the aromatase gene. Herein we report an involvement
of the transcriptional factor nuclear factor-«B (NF-xB) in the
above mechanism as well as its importance in the regulation
of aromatase expression through promoter I1.

Materials and Methods
Materials

TGZ and LG were obtained from Sankyo Pharmaceuticals (Tokyo,
Japan), and Ligand Pharmaceuticals Inc. (San Diego, CA), respectively.
Caffeic acid phenethyl ester (CAPE), forskolin, and TNFa were all pur-
chased from Sigma-Aldrich (St. Louis, MO). Ammonium pyrrolidinedi-
thiocarbamate (APDC) was purchased from Wako (Osaka, Japan). All
the above compounds (except CAPE and TNFa, which were dissolved
in 50% ethanol and normal saline, respectively) were dissolved in di-
methyl sulfoxide (DMSO), and the final concentration of solvents
(DMSO, 50% ethanol or normal saline) in the cell growth medium was
0.1% (vol/vol). An equal volume of solvents was added to control
cultures during cell treatment with chemicals.

Cell culture

We established a human ovarian granulosa-like tumor cell line, KGN,
from a 63-yr-old female patient with invasive granulosa cell carcinoma
(25). The cells grew as an adherent monolayer with stable proliferation.
The cells possess properties similar to those of normal granulosa cells,
including the expression of functional FSH receptor and a relatively high
aromatase activity, which is PKA dependent (25). The cells were main-
tained in DMEM/F12 supplemented with 10% fetal bovine serum (FBS)
in an atmosphere of 5% CO, at 37 C. NIH-3T3 cells were purchased from
the Japanese Cell Research Bank (Tokyo) and maintained in DMEM
(high glucose) supplemented with 10% FBS at 37 C.

Aromatase assay

The aromatase activity was determined by measuring the [*H]H,O
released on conversion of [18-*H]androstenedione to estrone, as de-
scribed previously (21). The cells were precultured in 6-well plates in
DMEM/F12 with 5% dextran-coated, charcoal-treated FBS for 48 h be-
fore treatment with chemicals. After the cells were treated with
TGZ+LG, [15-°Hlandrostenedione was added, and the cells were then
further incubated for 6 h. In the case of combined treatment with the
NF-«B inhibitors, CAPE or APDC was added to cultures 2 h before an
8-h treatment with TGZ+LG. A second-round treatment consisting of
2 h of CAPE (or ADPC) followed by 8 h of TGZ+LG was carried out
before addition of {18-*H]androstenedione. Extraction of medium (2.0
ml) and measurement of radioactivity in [*PH]H,O for aromatase activity
were done as described previously (21). The amount of radioactivity was
then standardized by protein concentration, which was determined
using a micro-BCA kit (Pierce Chemical Co., Rockford, IL) and expressed
as picomoles per milligram protein per 6 h.

Plasmid constructions

The 4.0-kb ArPHl was amplified by PCR from genomic DNA. After
confirmation of the entire sequence by direct sequencing, the fragment
was subcloned into PGL3-Basic vector (Promega, Madison, WI) to make
the luciferase reporter plasmid PGL3-ArPIl, in which the luc+ gene is
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driven by the 4.0-kb fragment of human ArPIL To construct the NF-xB
luciferase reporter plasmid, pGL3-tk was first constructed by cloning the
—109 to +37 region of the herpes virus thymidine kinase promoter into
the Bglll and HindlIll sites of the pGL3-basic vector (Promega). A pair of
oligonucleotides, 5'-TGGAAATTCCTGGAAATICCTGGAAATTCC-3'
and 5'-TCGAGGAATTTCCAGGAATTTCCAGGAATTTCCA-3, were
annealed together, thus resulting in double-stranded oligonucleotides
with both a blunt end and a X0l compatible overhang, which were then
ligated into the Snml and Xhol sites of tk-Luc, thus giving rise to pGL3-
NE-«B containing three copies of the NF-«B sites. The Renilla luciferase
reporter plasmid phRL-cytomegalovirus (CMV), serving as an internal
control in the dual-luciferase reporter assay, was purchased from Pro-
mega. Human p65 expression vector, pcDNA-p65, was provided by Dr.
C. Scheidereit (Max Delbruck Center for Molecular Medicine, Berlin,
Germany). pcDNA-NF-«B-inducing kinase (NIK) was provided by Dr.
D. Wallach (Department of Biological Chemistry, The Weizmann Insti-
tute of Science, Rehovot, Israel). All plasmids were prepared from an
overnight bacterial culture using the QLAfilter plasmid maxikit (Qia gen,
Valencia, CA).

Relative luciferase reporter assay

For the relative luciferase reporter assay, 1.5 X 10° cells/well in 1 ml
growth medium were seeded into 12-well plates, and 0.8 ug of PGL3-
ArPII (or PGL3-NF-«B) and 2.0 ng of phRL-CMV were transiently co-
transfected in each well using the Superfect transfection reagent (Qia-
gen) following the manufacturer’s protocol. In the case of cotransfection,
0.15 g of expression vector for p65 (pcDNA-p65) or NIK (pcDNA-NIK)
was also added; the total amount of plasmid DNA added to each well
was equalized using the empty vector: pcDNA-3.1. Twenty-four hours
after transfection, the cells were treated with TGZ+LG for 24 h at the
concentrations indicated in each figure. The cells were then lysed in 100
ul/well passive lysis buffer, and the luciferase assay was performed in
accordance with the protocol of the dual-luciferase reporter assay sys-
tem, using a Lumat LB 9507 luminometer (Berthold Technologies, Bad
Wildbad, Germany). The firefly luciferase activity, produced by PGL3-
ArPIlin identically treated triplicate samples, was normalized for the
Renilla luciferase activity produced by phRL-CMV. The data shown are
representative of at least three independent experiments. In the case of
cotreatment with the NF-«B inhibitors, cells were preincubated for 2 h
with CAPE (working concentration 20 ug/ml) or APDC (working con-
centration 100 ng/ml) and then incubated for 10 h with TGZ+LG.
Another round of 2 h of CAPE plus 10 h of TGZ+LG was carried out
before the cells were lysed for luciferase assay.

Western blotting

NIH-3T3 and KGN cells treated with either TGZ+LG or DMSO were
grown to subconfluent phase, washed with PBS, and actively lysed in
500 pl lysis buffer. Samples were subjected to electrophoresis on 10%
sodium dodecyl sulfate (SDS)-polyacrylamide gels and transferred onto
nitrocellulose membranes. The membranes were incubated with either
a rabbit polyclonal antibody against the p65 subunit of NF-«B [NF-xB
P65 (c-20): 5¢-372, Santa Cruz Biotechnology, Santa Cruz, CA] or a rabbit
polyclonal antibody against inhibitory kBa (IxBa) (c-21: sc-371, Santa
Cruz Biotechnology) and subsequently with a horseradish peroxidase-
linked goat antirabbit IgG secondary antibody (Cell Signaling Technol-
ogy, Beverly, MA). Detection was carried out using the ECL+Plus
Western blotting detection system (Amersham Biosciences, Bucking-
hamshire, UK). Membranes were then visualized using a STORM 860
scanner (Molecular Dynamics, Sunnyvale, CA). Images were finally
analyzed using ImageQuant software (Molecular Dynamics).

CRIP assays

These were performed by the chromatin immunoprecipitation (ChIP)
assay kit (Upstate Biotechnology, Lake Placid, NY), according to the
protocol provided by manufacturer with some modifications. Briefly,
KGN cells were seeded in 10-cm?® dishes and treated overnight with 10
M TGZ + 1 v LG or the solvent DMSO. After an additional treatment
of 10 ng/ml TNFa or its solvent normal saline (NS) for 1 h, cells were
cross-linked with 1% formaldehyde for 60 min, washed with chilled PBS,
resuspended in 200 pl SDS lysis buffer, and sonicated six times for 10
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sec each at 60% maximum setting of the sonicator (Handy Sonic-UR-20P,
TOMY SEIKO Co., Ltd., Tokyo, Japan). Sonicated cell supernatant was
diluted 10-fold, and 1% (20 ul) of the total diluted lysate was used for
total genomic DNA as input DNA control. The rest (1980 pl) was then
subjected to immunoclearing by 75 ul salmon sperm DNA /protein A
agarose-50% sturry for 30 min at 4 C. Immunoprecipitation was per-
formed for overnight at 4 C with 3 pg pé5 antibody (Santa Cruz Bio-
technology). For negative control, normal rabbit [gG (Santa Cruz Bio-
technology) was used instead of p65 antibody. Precipitates were washed
sequentially for 5 min each in low salt, high salt, LiCH immune complex
wash buffers, and finally washed twice with Tris/EDTA buffer. Histone
complexes were then eluted from the antibody by freshly prepared
elution buffer (1% SDS, 0.1 M NaHCOj). Histone-DNA cross-links (in-
cluding the input samples) were reversed by 5 M NaCl at 65 C for 4 h.
DNA fragments were extracted with a PCR purification kit (Qiagen).
One microliter from a 30-ul DNA extraction was used for PCR and
primed by sequences as follows: forward, 5'-GGG AAG AAG ATT GCC
TAA AC-3';reverse, 5'-TGT GGA AAT CAA AGG GAC AG-3'; the PCR
size was 401 bp.

Real-time PCR

Immunoprecipitated DNA samples were then set to real-time PCR
analysis to quantify the relative amount to their corresponding input
controls with a LightCycler (Roche Diagnostics GmbH, Mannheim, Ger-
many) according to the manufacturer’s instruction. Briefly, 1 pl immu-
noprecipitated DNA sample (or H,O as negative control), was placed
into a 20-l reaction volume containing 1 ul of each primer (10 pm) and
2 pl LightCydler-FastStart DNA Master SYBR Green I (Roche), which
includes nucleotides, Tag DNA polymerase, and buffer. PCR products
were visualized on a 2% agarose gel and finally validated by direct
sequencing. Input samples were amplified simultaneously as the inter-
nal controls. Real-time PCR data for each immunoprecipitated sample
were calculated as a ratio to its corresponding input sample. Briefly,
threshold values (crossing line) obtained where fluorescent intensity
was in the geometric phase, cycle number at the crossing point of an
immunoprecipitated sample (Cip), and the corresponding input sample
(Cco) were determined via LightCycler software version 3.5. The relative
amount to input sample of the immunoprecigwitated sample (Aip) was
calculated by the formula of: Aip = 2(=°~<¥),

Statistics

One-way ANOVA followed by Scheffé’s test was used for multigroup
comparisons.

Results
TGZ+LG inhibited ArPII dose-dependently

We previously reported that TGZ+LG inhibit aromatase
activity, and consistently the estrone production, in a dose-
dependent manner (23). We also found that TGZ+LG down-
regulated aromatase mRNA by both decreased transcription
and increased degradation. Here a 4.0-kb fragment of human
ArPIl was inserted into PGL3-Basic to make the luciferase
reporter PGL3-ArPIl and then used to further address
whether TGZ, LG, or TGZ+LG interfered with the transcrip-
tion of aromatase from promoter II. KGN cells were trans-
fected by Superfect with PGL3-ArPII as well as the internal
control phRL-CMV. As shown in Fig. 1, on the addition of
increasing concentration of TGZ+LG, the relative luciferase
activity was decreased in a concentration-dependent man-
ner. Although they were weaker, TGZ or LG alone also
manifested inhibitory effects on ArPIL. The results indicate
that the inhibitory effect of TGZ+LG on aromatase gene is
directly mediated by the inhibition of promoter II activity.
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PPARy is critical for the TGZ+LG inhibition

To further clarify the involvement of PPARYy in the regu-
lation of ArPIl, the same experiment as described above was
carried out in NIH-3T3 cells, which lack endogenous expres-
sion of PPARY (26). As shownin Fig. 2A, neither TGZ (or LG)
alone nor combined treatment of TGZ-+LG could decrease
the expression of the PGL3-ArPIl reporter, even when the
concentration was raised to 10 um for TGZ and 1.0 um for
LG, when the cells had been cotransfected with PGL3-
ArPII+phRL-CMV and pcDNA3.1, the empty vector. How-
ever, on the exogenous cotransfection of the PPARy expres-
sion vector, either TGZ or LG alone significantly decreased
ArPIL activity in a concentration-dependent manner, and
combined treatment of TGZ+LG caused a sharper decrease
in expression from the promoter. This phenomenon nicely
mimicked what was observed in KGN cells, which possess
endogenous PPARy. These data clearly demonstrate the in-
volvement of PPARy in the inhibition of ArPII.

NF-«kB inhibitors abolished the inhibition of TGZ+LG on
aromatase gene

Due to the absence of a PPARy-RXR-responsive element in
the aromatase promoter II (23), we previously suggested that
PPARymight inhibit the promoter by an indirect mechanism
(23). This hypothesis is supported by recent work (27), which
showed that there was no binding of PPARy and RXRa
heterodimers to the promoter. A series of studies pointed
out the inhibitory effect of PPARYy activation on NF-«B-de-
pendent transcription system (28-30). We thus tested the
possibility that PPARy activation inhibits aromatase gene
through the NE-«B system by using specific inhibitors for
NF-«B: CAPE (31) and APDC (32). CAPE specifically inhibits
NF-«B binding to DNA and also prevents the translocation
of the p65 subunit of NF-«B to the nucleus and delays [xBa
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Fia. 1. TGZ+LG inhibits aromatase promoter II. The luciferase re-
porter PGL3-ArPII, wherein the luc+ gene is driven by a 4.0-kb
segment of the human ArPII, was transfected into KGN cells, which
were seeded in 12-well plates 1 d earlier. The cells were treated with
an increasing concentration (as indicated) of TGZ, LG, or TGZ+LG 1d
after transfection for 24 h. Cells were then lysed and a dual-luciferase
reporter assay was performed. The ArPIl-mediated firefly luciferase
signal was normalized using Renilla luciferase, which was constitu-
tively expressed by the internal control phRL-CMYV vector. Data ex-
pressed in mean * sD was from identically treated triplicate samples
of three independent experiments. A, P < 0.05; *, P < 0.01, compared
with basal level of the same treatment group.
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Fia. 2. TGZ+LG inhibits ArPII in a
PPARy-dependent manner. PPARy-defi-
cient NIH-3T3 cells were transfected with
PGL3-ArPIl; either a human PPARY2 ex-
pression vector pcDNA3.1-PPARY2 or the
empty control pcDNAS3.1 vector was co-
transfected. Cells were then treated with
TGZ, LG, or both for 24 h. Neither TGZ (or
LG) alone nor TGZ+LG inhibited the pro-
moter in the absence of PPARY, whereas
exogenous coexpression of the nuclear fac-
tor restored the inhibition. TGZ+LG syn-
ergistically inhibited the promoter in the
presence of PPARYy. A, P < 0.05; % P < 0.01,
compared with basal level of the same
treatment group.
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resynthesis (31). As described above, cotransfection of PGL3-
ArPII and pcDNA-PPARYy in NIH-3T3 cells allowed direct
assessment of PPARy mediation of the inhibitory effect on
ArPIl activity. CAPE was applied to this model to test the
possible involvement of the NF-«B system in the inhibition.
As shown in Fig. 3A, NIH-3T3 cells were treated with 20
pg/ml CAPE or 50% ethanol for 2 h before combined treat-
ment with TGZ+LG, which lasted for 8 h. To gain a clearer
inhibition, a second round of 2 h of CAPE plus 8 h of
TGZ+LG was carried out before the cells were subjected to
luciferase assay. Pretreatment of the cells with CAPE com-
pletely abolished the inhibitory effect of PPARY activation,
whereas the inhibition was still present with pretreatment
with only the solvent for CAPE, 50% ethanol. A similar result
was observed when CAPE was replaced by another NF-«B
inhibitor, APDC (data not shown).

We next assessed whether the inhibition of aromatase ac-
tivity caused by TGZ+LG also disappears on treatment with
CAPE.

KGN cells were treated with CAPE in the same manner
as above before aromatase activities were assayed. As
shown in Fig. 3B, on pretreatment with 50% ethanol, the
solvent for CAPE, TGZ+LG significantly inhibited aro-
matase activity, whereas once the cells were pretreated
with CAPE, no decrease of aromatase activity was seen.
These results indicate the mediation of NF-«B in the down-
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regulation of aromatase activity by TGZ+LG at the tran-
scriptional level of promoter II.

NF-«B up-regulates ArPII

In the experiments described in Fig. 3, we noticed that on
treatment of CAPE, even basal levels of both ArPI and
aromatase activity were decreased, suggesting that NF-«B
might be a positive regulator of aromatase gene. We tested
this possibility by further experiments. As shown in Fig. 44,
cotransfection of the p65 subunit of NF-«xB directly stimu-
lated ArPII by 4-fold in NIH-3T3 cells. A similar phenome-
non was observed in KGN cells (data not shown). NIK, which
causes degradation of IkBa by phosphorylation of the latter
at serine 176 and thus activates p65 (33), was used to spe-
cifically induce the endogenous activation of NF-«B. Figure
4B shows that PGL3-NF-«B, (positive control, contains three
repeats of the NF-«B consensus elements) was augmented by
NIK 2.80-fold. PGL-ArPII was also up-regulated 2.25 times
by NIK. In the case of PGL3-Basic (negative control), NIK
exhibited no effect.

TGZ+LG interfered with the interaction between NF-xB
and ArPII

ChIP assay is a powerful technique to determine i vivo
binding of transcription factors to target genes’ promoters on
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Fie. 3. TGZ+LG inhibition disappeared on NF-xB blockage. A, PGL3-ArPIl was cotransfected with pcDNA3.1-PPARY2 into NIH-3T3 cells.
Cells were first treated with or without 20 ug/ml CAPE for 2 h and then with TGZ+LG or the solvent DMSO for 8 h. A second round of 2 h
of CAPE (or the solvent 50% ethanol) and 8 h. of TGZ+LG (or DMSO) treatment was carried out before cells were lysed for the luciferase assay.
CAPE abolished the inhibitory effect of PPARy activation and decreased the basal activity of the promoter as well. B, Aromatase activity assayed
in KGN cells. Cells were treated with chemicals in the same manner as described in A. TGZ+ LG inhibition of aromatase activity also disappeared
on NF-«B blockage. *, P < 0.01; NS, not significantly different.
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Fia. 4. NF-«Bup-regulated ArPII. A, NTH-3T3 cells were transfected
with PGL3-ArPII. pcDNA-p65 or pcDNA3.1 was cotransfected. ArPIT
activity was stimulated 4-fold by p65. B, pcDNA-NIK was transfected
to NIH-3T3 cells to trigger the endogenous activation of NF-xB, whose
effect on ArPII was evaluated by cotransfection of PGL3-ArPII. PGL3-
NF-«B, a reporter containing three repeats of NF-«B elements, and
PGL3-basic was also included as positive and negative controls, re-
spectively. The bars represent the relative effect of NIK on each
reporter; namely, the NIK-mediated reporter activity was divided
by the control pcDNA3.1 empty vector-mediated reporter activity. ¥,
P < 0.01.

chromatin. We used this assay to evaluate the interaction of
NF-«B with ArPll, especially the recruitment of p65 to the
promoter region. KGN cells pretreated either with an over-
night 10 um TGZ+1 puM LG or their solvent, DMSO, were
challenged with 10 ng/ml TNF« or its solvent NS for 1 h
before being subjected to ChIP assay with an antibody
against p65. Enrichment of ArPII DNA sequences in the
chromatin immunoprecipitates, which indicates association
of p65 to the promoter within intact chromatin, was visual-
ized by PCR amplification. Based on our primitive promoter
deletion analysis data, which show that a 600-bp ArPII re-
porter already responds positively to p65 and NIK, we de-
signed the PCR to amplify a 401-bp region of ArPIl (—403 to
~2, upstream of ovary exon 2, GenBank accession no.
D21241). As shown in Fig. 5A, although a weak band was
amplified (30 cycles) in the absence of antibody (lane 1, which
may represent the nonspecific binding of the ArPII chroma-
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Input

DNA [0

p65Ab — + + + +

TGZLG — — - + +
NS NS TNFoe NS TNFo
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tin region to normal rabbit IgG), an increase in the relative
intensity of ArPII PCR band amplified from samples treated
with p65 antibody indicated binding between the transcrip-
tion factor and the promoter (lanes 2-5). Among cells not
pretreated with TGZ+LG, 1 h TNFe challenge seemed
slightly increased band intensity (lane 3 vs. 2). Pretreatment
of TGZ+LG clearly weakened the PCR band intensity (lane
4), suggesting a decreased occupancy by p65 on ArPIL How-
ever, the decrease was not observed in cells challenged with
TNFa (lane 5). Control amplification was with total input
DNA (Fig 5A, lower panel). There was no change in the am-
plification of input DNA in all cases.

To further objectively tell the difference between different
groups of cells, we performed real-time PCR to quantify the
relative amount of immunoprecipitated ArPII copies to input
control for each sample. Figure 5B shows that presence of p65
antibody significantly increased the relative copy number of
immunoprecipitated ArPII DNA segments, indicating that
p65 associates with ArPIIl. And TGZ+LG pretreatment sig-
nificantly reduced the relative copy number, suggesting the
association was impaired. However, TNFa restored the
TGZ+LG reduced relative ArPIl copy number, although
the cytokine did not change the copy number from cells not
pretreated with TGZ+LG. Consistent with data presented in
Fig. 4, these results indicated that NF-«B may interact with
ArPIl inn vivo, and activation of PPARy/RXR may interfere
with the interaction.

The interference of PPARy activation on the endogenous
expression of NF-«B in KGN cells

The endogenous expression of the NF-«B system in KGN
cells was tested by Western blotting, using antibodies against
the p65 subunit and IkBa, and was positively controlled
using NIH3T3 cells, whose endogenous NF-«B has already
been proven (34). The KGN cells were treated with or with-
out 24 h of 10 um TGZ + 1.0 um LG, actively lysed, and
subjected to Western blotting. Figure 6 (upper panel) shows
endogenous expression of IxBa in KGN cells and the lower
panel the endogenous expression of the p65 subunit of NF-«B.
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F1c. 5. ChIP assay of p65 binding to A¥PII. KGN cells pretreated with or without an overnight 10.0 uM TGZ+1.0 uM LG were challenged with
10 ng/ml TNF« or its solvent, NS, for 1 h. ChIP assay was then performed with anti-p65 antibody or normal rabbit IgG as negative control.
Enrichment of ArPII-specific DNA sequence in immunoprecipitated DNA pool indicating association of p65 with ArPII within intact chromatin
was visualized by PCR. A, PCR was performed on immunoprecipitated DNA pool with normal rabbit IgG [p65 Ab ()], p65 Ab, and purified
input DNA (input). Upper panel, PCR amplified ArPII-specific bands from cells under various treatments as indicated. Lower panel, AvPII PCR
bands from input controls. B, Real-time PCR was performed to quantify the amount of immunoprecipitated ArPII DNA copy number from cells
under various treatments relative to their corresponding input controls. *, P < 0.01; NS, not significantly different.
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IkBa >

cells NIH-3T3 KGN KGN
TGZ+LG - - *
Frc. 6. TGZ+LG did not alter the endogenous expression of IxBe and
p65. KGN cells were treated with 10.0 M TGZ+1.0 uM LG for 24 h
and were then subjected to Western blotting analysis for the [xkBa and
p65 subunits of NF-xB. NIH-3T3 cells were used as a positive control.
KGN cells highly expressed both IxBa and p65, and 24 h of TGZ+ LG
did not apparently alter the protein expression levels.

Neither of these two proteins’ expression was altered by a
24-h treatment of TGZ+LG, suggesting that PPARYy activa-
tion does not interfere with NF-«xB function via down-
regulation of p65 subunit expression or up-regulation of the
IkB protein.

PPARy activation suppresses NF-«B transactivation

As shown above, PPARYy activation does not apparently
change the protein level of NF-«B but impairs the interaction
between the transcription factor and ArPIL. We subsequently
studied the possible interference of PPARy activation on
NF-«B transactivation in KGN cells. As shown in Fig. 7, in
KGN cells, cotransfection of 0.15 ug/well of pcDNA-p65
stimulated PGL3-NF-«B production (0.8 ug/well) approxi-
mately 4-fold, whereas the pb65-augmented PGL3-NF-«B sig-
nal was decreased in a concentration-dependent manner on
cotreatment with an increasing concentration of TGZ+LG.
Thus, activation of PPARy-RXR heterodimers by TGZ+LG
resulted in inhibitory effects on NF-«xB-mediated transcrip-
tion. Namely, the final net outcome effect of PPARy activa-
tion is a down-regulation of NF-«B transactivation activity.

Discussion

The physiological significance of the mysteriously high
expression of PPARy in ovarian granulosa cells is largely
unknown. We previously reported that the synthetic PPARy
ligand, TGZ, in a concentration corresponding to human
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Fic. 7. TGZ+LG inhibited transactivation of NF-xB. KGN cells were
transfected with PGL3-NF-«B, which contains three repeats of NF-xB
elements. A p65 expression vector (pcDNA-p65) or the pcDNA3.1
empty vector was also transfected. Cells cotransfected with p65 were
further treated with increasing concentrations of TGZ+LG for 24 h.
TGZ+LG was shown to decrease p65-stimulated PGL3-NF-«B signal
in a concentration-dependent pattern. ¥, P < 0.01.
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plasma TGZ concentration after oral administration of a ther-
apeutic dosage, caused a significant decrease in aromatase
activity as well as mRNA level in human ovarian granulosa
cells (21). The effect was enhanced synergistically by the
specific ligand (LG) for RXR, the PPARy partner. Consis-
tently, TGZ+LG inhibited estrogen production in KGN cells
(23), and TGZ reduced estrogen levels in patients with poly-
cystic ovary syndrome, which suggested the in vivo relevance
of the inhibition (35). In the present study, we further dem-
onstrated that the aromatase promoter II, which is specially
used in ovary, is also inhibited by TGZ+LG, indicating that
inhibition occurs at the transcriptional level. It was recently
reported that 15-deoxy-A'*" prostaglandin J2, which is be-
lieved to be the endogenous ligand for PPARY, inhibits aro-
matase activity through a PPARy-independent, but redox-
sensitive, mechanism (36). However, TGZ and LG, the
synthetic ligands for PPARy and RXR, respectively, seem to
exert an inhibitory function in a PPARy-dependent way be-
cause the inhibition of ArPIl could not be observed in
PPARy-deficient NIH-3T3 cells unless the nuclear receptor is
exogenously expressed. It is noteworthy that even for LG-
induced inhibition, PPARy was required, suggesting that
inhibition requires PPARy-RXR heterodimers. The impor-
tant involvement of PPARYy in the regulation of the aro-
matase gene was also strengthened by a recent report that
demonstrated that an environmental toxin, a commonly used
plasticizer, di-C2-ethylhexyl phthalate, decreased aromatase
expression through both PPARy and PPAR« in granulosa
cells (37).

The aromatase gene is unique in that expression of the
gene in different tissues is driven by different promoters in
a tissue-specific pattern (8). Promoter II is typically used to
drive the gene in ovarian granulosa cells, especially before
menopause. Local estrogen production in breast adipose tis-
suie has a definite mitogenic role in breast tumors (15, 16), and
local estrogen levels in breast tumors were found 10 times
higher than that in the circulation of postmenopausal women
(38). Although in normal adipose tissue aromatase is mainly
produced via the promoter 1.4 (15, 39), the local accumulation
of estrogen in breast adipose tissue containing a tumor is
largely due to a critical shift in promoter usage from 1.4 to II
(12-14, 40). In this study, we found that TGZ+LG, in a
PPARy-dependent manner, dose-dependently inhibited
ArPI activity in ovarian KGN cells as well as in fibroblast
NIH-3T3 cells, suggesting that the PPARy inhibitory effect on
ArPIl might be universal. These data highlighted the impor-
tance of ArPII and the therapeutic potency of TGZ+LG.

Due to the lack of an apparent consensus about PPARy-
responsive element on ArPIl, we hypothesized that the in-
hibition mechanism might be indirect (23). This idea is sup-
ported by a recent study, which shows that PPARYy is unable
to bind ArPII (27).

It has been proven that the ArPII gains its maximal activity
when both PKA and protein kinase C are activated by co-
treatment with forskolin and tetradecanoyl phorbol acetate
(41, 42). NF-«B is one of the transcriptional factors that can
be activated by the activation of the protein kinase C pathway
(34). Whereas on the other hand, activation of PPARy can
regulate inflammatory responses by suppressing the activa-
tion of the transcriptional factor of NF-xB (28-30). In the
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present study, we tested the hypothesis that PPARy activa-
tion may exert its inhibitory effect on ArPII by inhibiting
NF-«B, which is endogenously expressed in ovarian granu-
losa cells and breast tissues as well (43). In this study the
inhibitory effect of PPARy-RXR activation on both ArPIl and
aromatase activity was found to sharply disappear on treat-
ment with NF-«B blockers (either CAPE or APDC), suggest-
ing that NF-«B might be the mediator of this inhibition. If this
is the case, NF-«B should logically be a positive regulator of
ArPIL In line with this, the basal ArPII activity as well as the
aromatase activity was decreased on CAPE treatment, and
activation of the NF-«B system by either forced expression of
p65 or cotransfection of NIK to activate endogenous NF-«B
stimulated ArPIl activity. Consistently, ChIP assay also
showed the interaction between NF-kB and ArPII. However,
no classical consensus NE-kB-responsive element was de-
tected on the promoter. Nevertheless, because there is an
instance that NF-«B may bind a DNA motif, which is not
related to the classical NF-«B consensus sequence (44), we
suppose that there might exist putative ArPIl-specific bind-
ing sites for p65, which are to be further delineated.

Although we observed no effect of TGZ+LG on endoge-
nous expressions of either IxkBe or p65, which is considered
one possible mechanism by which NF-«B system is regulated
(45). Treatment of TGZ+LG apparently weakened the inter-
action between p65 and ArPIl, suggesting activation of
PPARY may interfere with the formation of high-order com-
plex between NF-«B and aromatase gene at chromatin level.
This is probably further explained by the finding that acti-
vated PPARy can physically interact with p65 and results in
inhibition of NF-«B (46, 47). And probably as an outcome of
the impaired transcription factor-promoter association, we
found that PPARy activation by TGZ+LG suppressed the
transactivation ability of NF-«B. The suppression by the
PPARy-RXR nuclear receptor system may also possibly be
related to the fact that the nuclear receptors compete for
limited amounts of the general coactivators, cAMP response
element-binding protein and steroid receptor coactivator-1,
as we previously reported (48).

Considering our previous finding that activation of a
PPARy-RXR nuclear receptor system by TGZ+LG inhibits
aromatase by accelerating mRNA degradation, we report in
the present study that TGZ+LG inhibited transcriptional
activity of the ArPIl in a PPARy-dependent manner. These
data reinforce the potential use of synthetic PPARy and RXR
agonists for therapeutic applications in diseases in which
estrogens, locally or systematically, play prominent patho-
genic roles, especially in diseases like breast cancer. In ad-
dition, we found that the inhibition disappeared on blockage
of NF-kB, which was found in turn to positively regulate
aromatase. Notably, activation of NF-«B has been found
involved in the proliferation and metastasis of breast cancer
cells (43), for which, although several mechanisms have been
suggested, we suppose that stimulation of aromatase might
be an additional one. Classically, regulation of ArPIl involves
PKA-cAMP response element-binding protein (49) and the
orphan nuclear receptor steroidogenic factor 1 (Ad4BP/SF-1)
(50), but the actual regulation may be much more compli-
cated, at least in that nuclear receptors like PPARYy, RXR, and
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their cross-talk with the transcriptional factor NF-xB might
also play some important roles.
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