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Studies on the Aromatase I nduction in p53-Inactivated

Mammary Epithelial Cellsand its M echanism

Abstract

Both the functional loss of p53 and the overexpoessof
aromatase are important for the progression of sbreancer in
postmenopausal women. Here, we found that aromeatgsession was
up-regulated in primary cultures of mammary epitietells (p53°°
MEC) isolated from mice with a defect in exons % & of the p53
gene. Aromatase basal activity and expressiondanvete significantly
increased in p33° MEC compared with wild-type MEC. Reporter
gene activity in p5%°®MEC transfected with the aromatase promoter
or the CRE minimal promoter was higher than wilggyMEC. p53
inactivation increased both Serl33-phosphorylatREE and the
nuclear accumulation of CREB. Inhibition of extriwlar signal-
regulated kinase (ERK) or Src tyrosine kinase doakomatase gene
transactivation and CREB activation in the PSMEC. These results
support the hypothesis that a genetic defect inftimetion of p53
enhances the expression of aromatase via ERK ora&reation in
MEC, which suggests that aromatase expressionselyl related to the
p53 status in MEC.

Key words: aromatase; CREB; ERK; mammary epithekdlt estrogen
receptor; Src; p53



1. Introduction

Breast cancer is one of the most common malignaniie
Western women. Human breast tumors arise from riazetia after the
accumulation of multiple mutations of tumor supgmsgenes, such
breast cancer susceptibility gene 1/2 (BRCA1/2) phd (Mann and
Borgen, 1998). Approximately 30-50% of breast casmcearry a
mutation in thg53 gene (Sjogren et al., 1996). Germ-line mutations |
the DNA binding domain op53 gene present in 70% of patients with
Li-Fraumeni syndrome, which shows development diyeanset breast
cancer (Malkin et al., 1990; Srivastava et al., 2990

Breast cancer is also characterized by hormonendepe
proliferation. Ovarian steroid hormones, includegjrogen, are critical
in both mammary gland development and breast cagemmesis
(Petrangeli et al., 1994; Muller et al., 2002).n@al application of
aromatase (CYP19) inhibitors in adjuvant therapy feormone-
sensitive breast cancer has grown rapidly over phast few years.
Unlike tamoxifen, which antagonizes estrogen remspt(ER) and
subsequently inhibits transcription of estrogerpoesive genes,

aromatase inhibitors block synthesis of estrogeysblocking the



catalysis of Gg androgens to estrogens. Although tamoxifen haa bee
approved for the chemoprevention of breast canodris the most
widely used anti-estrogen in ER-positive breasteampatients, serious
side effects can occur, including endometrial cgntteombosis and
embolism (Mourits et al., 2001; Cuzick et al., 2D03Additionally,
tamoxifen resistance is a serious problem for l@mgy tamoxifen
treatment (Clemons et al., 2002). Hence, there ishift towards
treatment with aromatase inhibitors, especiallyerathird-generation
inhibitors (anastrozole, letrozole and exemestaha@yve shown
superiority to tamoxifen (Smith and Dowsett, 2008pberle and

Thurlimann, 2005).

Two mouse lines have been established with comditio
knockouts of thep53 gene in mammary glands using the Cre—loxP
recombination system (Lin et al., 2003). The systequires two
mouse lines: one carrying the floxed p53 allel&3tP) and the other
expressing Cre recombinase under the regulatiothefwhey acidic
protein (WAP) promoter (WAP-Cre). Cre expressionade to
recombination within the lox P sequences in intrérend 6 of thg53
gene, which deletes part of the DNA binding dom(aixon 5 and 6) of

p53 and inactivates the gene (P53. Using the p58™ and p58>°



mammary epithelial cells (MEC), we recently showit ErbB2
expression level is higher in the p53-inactivate&®through AP-
2a activation (Yang et al., 2006).

The expression of aromatase is stimulated by dvers
pathophysiological factors such as prostaglandimai®leptin (Richard
et al., 2003; Catalano et al., 2003). Recent stuali®o revealed that the
transcription ofaromatase gene is affected by a tumor suppressor,
BRCAL (Hu et al., 2005). Although both p53 mutateomd aromatase
expression are important for the progression ofastrecancer in
postmenopausal women, the interaction of aromagapeession with
p53 inactivation is unknown. Here, we show for tingt time that p53
inactivation enhances aromatase expression anenthgne activity in
primary cultured MEC. We also show that Src- oraoellular signal-
regulated kinase (ERK)-dependent cAMP-responsieeneht binding
protein (CREB) activation is required for the ardas& induction in

p53-inactivated MEC.



2. Materials and methods

2-1. Materials

The anti-CREB and aromatase antibodies were puedhfiem
Cell Signaling Technology (Beverly, MA) and Abca@aimbridge, UK),
respectively. The alkaline phosphatase and horséraperoxidase-
conjugated donkey anti-mouse, anti-rabbit and godit 1gGs were
acquired from Jackson ImmunoResearch (West Gro#¢, Phe 5-
bromo-4-chloro-3-indoylphosphate/nitroblue tetranml and phRL-
SV40 plasmid were purchased from Promega (Madigdip, PP2 was
supplied from Calbiochem (La Jolla, CA). The artiia antibody and
the other reagents in the molecular studies wetairgdd from Sigma
Chemical (St. Louis, MO). pGRE-Luc plasmid was f fjom Dr. Lee
KY (Chonnam National University, Gwangju, South Kay. pPCRE-Luc
was purchased from Stratagene (La Jolla, CA). Thmarase-Luc was
kindly provided by Dr. Jameson (Northwestern Ursitgr Medical

School, Chicago, IL) (Ito et al., 2000).

2-2. Generation of WAP-Cre p53™® mice and mammary epithelial

cell (MEC) culture

WAP-Cre mice were mated with p8% mice, and Cre-



mediated recombination and p53 deletion were coaftr by PCR
analysis and x-gal staining, as published previodsin et al., 2003).
MEC were isolated from the number 4 mammary glaocthf6-month-
old p53"™ or WAP-Cre p5%8™ mice using a slight modification of a
previously published method (Deome et al., 195%erAvashing with
sterile phosphate-buffered saline (PBS), the mamngand was
minced gently with two knives and dissociated i fresence of
0.15% collagenase for 12 h at 37 °C. The cells weiécted and
embedded in a fetuin-coated plastic dish and maieda in F-
12/DMEM containing 10 ng/ml epidermal growth fact(EGF), 1
pg/ml insulin, 15% fetal calf serum, 100 units/minpellin and 100
pug/ml streptomycin at 37 °C in a humidified atmosgheontaining 5%

CQo.. The cells were used for experiments up to 10gupss

2-3. Preparation of the nuclear fraction
Cells in dishes were washed with ice-cold PBS, pmula
transferred to microtubes, and allowed to swebradidding 100l of a
lysis buffer containing 10mM HEPES (pH 7.9), 0.5%nidet P-40,
10mM KCI, 0.1 mM EDTA, 1 mM dithiothreitol, and 0..aM

phenylmethylsulfonylfluoride. Cell membranes werésrapted by



vortexing, and the lysates were incubated for 1& min ice and
centrifuged at 7,20@ for 5 min. Pellets containing crude nuclei were
resuspended in 10Ql of an extraction buffer containing 20 mM
HEPES (pH 7.9), 400 mM NaCl, 1 mM EDTA, 1 mM ditthieeitol
and 1 mM phenylmethylsulfonylfluoride, and then udbated for 30
min on ice. The samples were centrifuged at 15@@ 10 min to
obtain the supernatants containing the nuclearaetetr The nuclear

extracts were stored at -80 °C until needed.

2-4. Immunoblot analysis

Sodium dodecylsulfate (SDS)-polyacrylamide gel
electrophoresis and immunoblot analysis were peréor according to
the procedures reported in the literature (Kangl.e2003). Cells were
lysed in a buffer containing 20 mM Tris-ClI (pH 7.5Y6 Triton X-100,
137 mM sodium chloride, 10% glycerol, 2 mM EDTApM sodium
orthovanadate, 25 mM (-glycerophosphate, 2 mM sodium
pyrophosphate, 1 mM phenylmethylsulfonylfluoridedad pg/ml
leupeptin. The cell lysates were centrifuged adQ0g for 10 min to
remove debris. The proteins were fractionated uaii®% separating

gel and then transferred electrophoretically tooctllulose paper for



immunoblotting. The secondary antibodies used weoeseradish
peroxidase- or alkaline phosphatase-conjugatedig@tiantibody. The
nitrocellulose paper was developed using 5-bronobHdro-3-
indolylphosphate/4-nitroblue tetrazolium chloride developed using

an ECL chemiluminescence system.

2-5. Determination of aromatase activity
Aromatase activity was measured in BEAVEC and p53°>°
MEC with a tritiated water release assay, descrilpgdviously
(Kinoshita and Chen, 2003). Experiments were cotedligvhen cells
reached 80% confluence. %8 MEC and p53°°® MEC were
incubated in serum-free medium for 36 h and thés cskre treated
with [1B->H] androst-4-ene-3,17-dione (100 nM) for an addiiol h.
The medium was then mixed thoroughly with 5% chal€5%
dextran for 12 h and centrifuged at 10,000 g forn3@ at 4 °C to
remove any residual androst-4-ene-3,17-dione. Al atume of the
supernatant was added in a scintillation vial coitg 3 ml of
scintillation cocktail, and®H was measured as disintegrations per
minute using a liquid scintillation counter (LS @& ®Beckman Coulter,

Inc., Fullerton, CA).



2-6. Reporter gene assay

A dual-luciferasereporter assay system (Promega, Madison,
WI) was used to determine promotactivity. Briefly, cells were
transiently transfected with 0.pg of aromatase-Luc, pGRE-Luc,
PCRE-Luc or pERE-Tk-Luc plasmid and 0{y of pCMV{-gal
plasmid (-galactosidase expression for normalization) usthg
LipofectAMINE Plus Reagent. The luciferase afidgalactosidase
activities were determined as described previo(Ghpoi et al., 2001).
The reporter activityas calculated by normalizing the reporter-driven

firefly luciferase activity to that @3-galactosidase activity.

2-7. CAMP determination
A commercial chemiluminescent enzyme-linked
immunosorbent assay (ELISA) kit (Promega, Madisi), was used to
determine 3',5'-cyclic AMP levels in cell lysatesaccording to the

manufacturer's protocol.

2-8. Gel shift assay

A double-stranded DNA probe (1.7%pmolefl) for the
consensus sequences of CAMP response element (CGRE)
CAGTCATTTCGTCACATGGG-3)was obtained from Promega (Madison,



WI) and used for gel shift analyses after end-lialgethe probe withyf
32P)ATP and T polynucleotide kinase. The reaction mixture corei

2 pl of 5x binding buffer with 20% glycerol, 5 mM Mg§ 1250 mM
NaCl, 2.5 mM EDTA, 2.5 mM dithiothreitol, 0.25 mg/moly dI-dC,
50 mM Tris-Cl (pH 7.5), 1Qug of nuclear extracts, and sterile water to
a total volume of 10pul. Incubations were performed at room
temperature for 20 min by addingul probe (16 cpm) after a 10 min
pre-incubation. The specificity of DNA/protein bind was determined
through competition reactions using a 20-fold mokxcess of
unlabeled CRE oligonucleotide. For the immunodeémtetassay, the
antibody against CREB(Jug) was added to the reaction mixture.
Samples were loaded onto 5% polyacrylamide gel&Oét V. After
electrophoresis, the gels were removed, dried, @maged using

autoradiography.

2-9. Data analysis
One way analysis of variance (ANOVA) was used teeas
significant differences between the treatment gsoufhe Newman-
Keuls test was used to compare multiple group meanseach
significant effect of treatment. Statistical sigeaince was set at either

p<0.05 orp<0.01.



3. Results

3-1. Enhanced activity and expression of aromatase in p53-
inactivated MEC

MEC were isolated from 6-month-old g8% or WAP-Cre
p53P™ mice. We previously showed that the presence x® Isites in
introns 4 and 6 did not interfere with the trangon of p53, and full-
length p53 protein was detected in the doxorubicated p58™®
MECs (Yang et al., 2006). In contrast, a smallertgin product with
the expected mass of 39 kDa, which was designa&fpby Cre
recombination, was found in the WAP-Cre B&3MECs, and p53-
dependent transcription was inhibited (Lin et a003; Yang et al.,
2006).

We first tested whether aromatase levels were athng
p53P" MEC and p53°°*MEC were comparedhe basal expression of
aromatase in the p83°MEC was significantly higher than in p&%
MEC (Fig. 1A). Consistent with differences in exgsm®n, the
conversion of {H] androstenedione tH] estrogen in the p53°MEC
was 3.2 fold higher than wild-type MEC (Fig. 1B)hé&se results

demonstrate that aromatase activity is enhancedighrthe induction



of aromatase protein in p53-inactivated MEC.

This enhanced aromatase expression in“P¥5MEC could
result from additional genetic mutations in the enid\n adenovirus
over-expressing Cre recombinase (Ad-Cre) was iowed to the
p53P™ MECs to directly remove exons 5 and 6 out of pB8 gene.
The truncated 39 kDa p53 band was found in the Ashfated
p53P™ MEC, but not inB-galactosidase expressing adenovirus (Ad-
gal)-treated p58™ MECs (Fig. 2), which shows that Ad-Cre infection
to p53°™ MECs efficiently removes the transactivation damsaif p53
(Fig. 2). We then determined the expression legElromatase in Ad-
Cre treated MECs. Exposing the %3 MECs to Ad-Cre for 24 h
resulted in a concentration-dependent increaseromatase protein
levels (Fig. 2), suggesting that aromatase exmressidirectly coupled

with p53 activity in MECs.
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Figure 1. Effect of p53 inactivation on the expression ajraatase in
mammary epithelial cells (MEC). (A) Immunoblot aysb of
aromatase. Each lane was loaded withu@5of the cell lysates. Equal
loading of proteins was verified by actin immundbl@) Aromatase
activities in p53™ MEC (p53+ MEC) and p33°MEC (p53- MEC).
Aromatase activity was expressed as a relativegehém that of p53+
MEC. The data represents the meanSD of 6 separate samples

(significant as compared to the p53+ MEC, **p<0.01)
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Figure 2. Immunoblot analysis of p53 (upper band) and araset
(middle band) after Cre expressing adenovirus (Ae)r@xposure
to p53"™ MEC (p53+ MEC) (24 h)B-galactisidase expressing

adenovirus (Ad-gal) was used for a mock infectiarnppse.

--16- -



3-2. CRE activation is required for aromatase overexpression in
p53-inactivated MECs

Aromatase gene expression is regulated by multiple tissue-
specific promoters (e.g., promoters I.1 and |.thim placenta; promoter
I.4 in skin fibroblasts and adipocytes; promote dnd PIl in the
ovary) (Means et al., 1991). The promoter 1.4 antl BRre
predominantly used in normal mammary epitheliadues and breast
cancer tissues, respectively (Utsumi et al., 1986jh CREB binding
to cAMP-responsive element (CRE) or glucocorticolnisading to
glucocorticoid response element (GRE) can regulagetranscription
of the aromatase gene (Young et al., 1998; Simpson and Zhao, 1996),
so we examined whether the activation of GR and ERIediated p53
activation.

We first compared reporter activity in both the B®3VEC and
p53*°>®MEC transfected with an aromatase-Luc plasmid d¢oimg a —
294/+20 bp promoter region of ratomatase gene (Ito et al., 2000).
The aromatase-Luc reporter activity in pPB3VIEC was higher than in
p53P™ MEC (Fig. 3), which suggests that the enhancednatase
levels are mainly due to the transcriptional adioraof thearomatase

gene. In addition, the basal CRE reporter actiiitp53>°MEC was



5.6 fold higher than in p¥3° MEC (Fig. 4A). Moreover, CAMP levels
in p53>6 MEC were also 2.6 fold higher than in F§8 MEC (Fig. 4B).

These results suggest that the transactivatiomrafatase gene is

associated with aromatase overexpression in p53naéed MEC.

Glucocorticoid receptor binding to the putative GRiding
site in the 1.4 promoter region is involved in epression of human
aromatase gene (Shozu et al., 2000jowever, GRE-luciferase reporter
activity was not significantly altered in p53MEC (Fig. 5). The data
suggest that GR activation in not involved in temstszation of
aromatase gene in p53-inactivated MEC.

Increases in CRE reporter activity might resulrfrohanges in
the nuclear migration of CREB. Nuclear levels of EER were
significantly higher in p5%°MEC compared with pS%® MEC (Fig.
6A). Moreover, levels of Ser 133-phosphorylated BRE total cell
lysates from p5%®MEC were higher than that from the 58 MEC
(Fig. 6A). To determine whether the nuclear CREBdmg to CRE
was increased in the p53-inactivated MEC, we isdlatuclear extracts
from p53°°MEC or p5¥™ MEC and probed them with a radiolabeled
CRE binding sequence. The band of the slow miggatmmplex was

higher in samples from the p% MEC than in the wild-type MEC



(Fig. 6B). Competition experiments using an exc€BX) of the
unlabeled CRE oligonucleotides or immunodepletivpegiment using
1 pg anti-CREB antibody confirmed that the increaseddresulted
from enhanced binding of the nuclear CREB proté&ilg.(6B). Thus,
CREB phosphorylation and nuclear translocation #8-mactivated
MEC are essential for CRE binding in the promotegion of the

aromatase gene.
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Figure 3. Aromatase reporter activity in both p53+ MEC araBp
MEC. Induction of luciferase activity in p§3*MEC (p53- MEC)
transiently transfected with aromatase-Luc, whicmtained the
294 bp promoter region of the ratomatase gene and luciferase
cDNA. Activation of the reporter gene was calculiags a relative
change tg3-galactosidase activity. Data represented the meaD
with 3 different samples (significant as comparedtie p5%'®

MEC (p53+ MEC), **p<0.01).
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Increase of CRE reporter activity in p53- MEC. Degpresent the
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determined using ELISA kit. Data represent the me&D with 3
different samples (significant as compared to t&3+ MEC,
**p<0.01).



1.8,

1.64 T

14, |
1.24
1.04
0.8-
0.6-
04-
0.2-
0.0

GRE-Luc reporter activity

P53+ MEC ~ p53- MEC

Figure 5. GRE reporter activity in both p53+ MEC and p53- MBEND
increase of GRE reporter activity in p53- MEC. Detpresent the

meant SD with 3 different samples.



- S Swe W @ s | Nuclear CREB

S S e | Phospho-CREB

T e S SEa s o Actin

+20XCRE p53+ MEC p53-MEC + CREB IgG

e e e R el (el

Figure 6. CREB activation in p53-inactive MEC. (A) CREB aties
in both p53°*°*MEC (p53- MEC) and p5%® MEC (p53+ MEC).

Upper band; Immunoblot analysis of nuclear CREBath p53+

--23--



MEC and p53- MEC. Middle band; Immunoblot analysif
phosphorylated CREB in the total cell lysates othbp53+ MEC
and p53- MEC. (B) Gel shift analysis of the CREduirg. Nuclear
extracts were prepared from both p53+ MEC and p8BC. All
lanes contained 1@ig of nuclear extracts and the labeled CRE
consensus sequence. Competition studies were caoig by
adding a 20-fold excess of unlabeled CRE consessgsience
(First lane). Immunodepletion studies were carriatiby adding a
CREB antibody (1ug) to the nuclear extracts of p53- MEC (Last

lane).



3-3. Role of Src and ERK in CREB-mediated aromatase expression

in p53-inactivated MEC
The activities or expression levels of most traipiom factors

are regulated by members of the kinase family, Wwiaie triggered in
response to a variety of stimuli (Treisman, 1996)0 mitogen-
activated protein (MAP) kinases, extracellular sigregulated kinase
(ERK) and p38 kinase, are involved in Ser-133 phosgation (and
activation) of CREB (Cammarota et al., 2001; Hokatrial., 2005;
Gelain et al., 2006). The incubation of cells witB98059 (3QuM), a
specific inhibitor of MAPK/ERK kinase 1/2 (MEK1/2pstream kinase
of ERK), for 24 h significantly suppressed bothraatase expression
and the nuclear CREB levels in the PB3MEC (Fig. 7A). In contrast,
p38 kinase inhibition by SB203580 (i, a p38 kinase inhibitor) did
not affect the levels of aromatase and nuclear CEdB 7A).

Src tyrosine kinase is coupled with p53 status ¢Pal., 2001)
and Src can phosphorylate CREB (Kawasaki et al4PPretreatment
of cells with PP2 (10uM), a Src inhibitor, completely suppressed
aromatase expression by p53 inactivation (Fig.ati®) blocked nuclear
CREB localization (Fig. 7B). These results indictttat Src tyrosine

kinase is also involved in CREB-dependent aromatg®ession in



p53°° MEC. In addition, the enhanced reporter activity §53°°
MEC was 76% and 85% inhibited by PD98059 and P&sjactively
(Fig. 8). These results suggest that Src and ERiulaee CREB
activation and subsequendromatase gene expression in p53-

inactivated MEC.
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Figure 7. Effects of the chemical inhibitors of ERK, p38 &se and Src
tyrosine kinase on the CREB-dependent aromataseessipn in
p53-inactivated MEC. (A) Effects of ERK and p38&se inhibitors
on the increase in the aromatase level.*pSBIEC (p53- MEC)
were incubated with PD98059 (PD, M), SB203580 (SB, 10
uM) for 24 h and the levels of aromatase and nudRREB were
immunochemically assessed. (B) Effect of Src tyreskinase
inhibitor on the increase in the aromatase levB®*p°MEC were
incubated with PP2 (1QM) for 24 h and the levels of aromatase
and nuclear CREB were immunochemically assessed.



400, p53- MEC

> i

>

8 300-

i

=

8

5 2004

=1

T

;

W 100- i

E T B4

g I
0 : . .

Control FD PP2

Figure 8. Effects of the chemical inhibitors of ERK and $ycosine
kinase on the aromatase-Luc reporter activity ii3-pactivated
MEC. Activation of the reporter gene was calculatsda relative
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4. Discussion

p53 is a key tumor suppressor gene that is mutatddst in
approximately 50% of all human cancer cases (Leenal., 1991).
Because p53 target genes are involved in mediatiligcycle arrest
and apoptosis, p53 dysfunction results in uncolemiotell proliferation
and ultimately carcinogenesis (Vousden and Lu, 200
postmenopausal women, locally-produced estrogesugjir aromatase
promotes proliferation of estrogen receptor-positiereast cancer
(Simpson, 2003). Estrogens produced by aromatasebraast
carcinomas or mammary epithelial cells may be cigffit to stimulate
cell proliferation (Brodie et al., 1997). Althoughe expression of the
tumor suppressor genes, p53 or retinoblastoma, aeaseased in
aromatase transgenic mammary glands (Kirma et 26Q1), the
interaction of aromatase expression and p53 simttdl unknown. We
therefore focused on testing whether aromataseesgion was up-
regulated in p53-inactivated MEC and exploring tbeatrolling signal
transduction pathways. Aromatase expression wasneed in p53
inactivated MEC, demonstrating p53 dysfunction doutause
overproduction of estrogens in mammary glands. pragentative

tumor suppressor gene, BRCAL, inhibits transcriipbbthearomatase



gene (Hu et al., 2005; Lu et al., 2006), and aras®gtexpression is
inversely correlated with BRCA1 abundance in huradipose stromal
cells (Ghosh et al., 2007). Since p53 and BRCA1h biahibit
aromatase gene expression, their inactivation in MEC cowddd to a
local increase in estrogen production, which subeetly may cause
estrogen-dependent hyper-proliferation of mammdands or breast
carcinomas.

Because there are no putative binding site(s) &8 m the
aromatase gene promoter, the stimulatory effect afomatase gene
transcription by p53 inactivation may result frone tactivation of other
transcription factor(s). In particular, CRE and GBiBding sites can
regulate aromatase expression in MEC and breasecaells (Kijima
et al., 2006; Young et al., 1998; Simpson and Zl&986). We found
that CRE, but not GRE, activity was enhanced in-jpa8tivated MEC.
CREB phosphorylation and nuclear translocation &alas increased in
p53°° MEC, which strongly supports the essential role GREB
activation in aromatase overexpression in p53-inatgtd MEC.

Ser-133 phosphorylation of CREB, which can be medi by
p38 kinase or ERK is important for binding to CREthe promoter
region of theGSTP1 gene (Lo and Ali-Osman, 2002). Although a p38

kinase inhibitor did not suppress aromatase exjpesERK inhibition



by PD98059 significantly reduced the enzyme expowasand nuclear
levels of CREB in p53-inactivated MEC. Src-mediategosine
phosphorylation also causes CREB activation (Wal.et2005). Here,
Src inhibition by PP2 significantly suppressed CR&Rivation and
blocked aromatase expression. How is CREB-dependmratase
expression simultaneously regulated by ERK and She pathway?
Since ERK activity depends on upstream Src tyrokinase (Barthet et
al., 2007), p53 inactivation may persistently aativ Src tyrosine
signaling to stimulate ERK-dependent CREB phosphton and
subsequent aromatase induction.

We previously showed that Her-2/ErbB2 was over-egped in
p53-inactivated MEC and suggested that exaggerated receptor
signaling through ErbB2 induction is responsible tlee uncontrolled
proliferation of MEC in response to EGF (Yang et &006). Our
current data indicate that p53 inactivation in M&thances aromatase
activity through the induction of thex omatase gene through Src/ERK-
dependent CREB activation. Thus, the increasedos#e synthesis of
local estrogen via aromatase overexpression magseciated with the
uncontrolled estrogen-dependent growth of p53-imatdd mammary

glands. (Fig. 9)



MEC (postrmenopausal wornen)

| p53 inactivation|

CREB — ®-CREB

MNucleus

aromatase gene
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Breast Cancer

Figure9. p53 inactivation in MEC enhances aromatase actilityugh
the induction of thearomatase gene, which is mediated via
Src/ERK-dependent CREB activation. The increased ndgo
synthesis of local estrogen via aromatase oversgime may be
associated with the uncontrolled estrogen-depergtemtth of p53-

inactivated mammary ducts.

--32--



5. References

Barthet G, Framery B, Gaven F, Pellissier L, RelerClaeysen S,
Bockaert J & Dumuis A 2007 5-hydroxytryptamine Zeptor
activation of the extracellular signal-regulatechdse pathway
depends on Src activation but not on G protein @®aarrestin
signaling.Molecular Biology of the Cell 18 1979-1991

Brodie A, Lu Q & Nakamura J 1997 Aromatase in tloenmal breast
and breast cancerThe Journal of Seroid Biochemistry &
Molecular Biology 61 281-286

Cammarota M, Bevilaqua LR, Dunkley PR & Rostas JB0OR
Angiotensin Il promotes the phosphorylation of aycAMP-
responsive element binding protein (CREB) at Sertt88ugh an
ERK1/2-dependent mechanisndournal of Neurochemistry 79
1122-1128

Catalano S, Marsico S, Giordano C, Mauro L, Rizz&&wmno ML &
Ando S 2003 Leptin enhances, via AP-1, expressfoaramatase
in the MCF-7 cell lineJournal of Biological Chemistry 278 28668-
28676

Choi CY, Kim JY, Kim YS, Chung YC, Hahm KS & Jeoht§s 2001



Augmentation of macrophage functions by an agueextsact
isolated fromPlatycodon grandiflorum. Cancer Letters 166 17-25

Clemons M, Danson S & Howell A 2002 Tamoxifen ("Madlex"): a
review.Cancer Treatment Reviews 28 165-180

Cuzick J, Powles T, Veronesi U, Forbes J, Edwardf\shley S &
Boyle P 2003 Overview of the main outcomes in breascer
prevention trialsLancet 361 296-300

Deome KB, Faulkin LJJr., Bern HA & Blair PB 1959 B#opment of
mammary tumors from hyperplastic alveolar nodutasgplanted
into gland-free mammary fat pads of female C3H miCancer
Research 19 515-520

Gelain DP, Cammarota M, Zanotto-Filho A, de OlieeiRB, Dal-
Pizzol F, lzquierdo |, Bevilagua LR & Moreira JC 8 Retinol
induces the ERK1/2-dependent phosphorylation of BRffough a
pathway involving the generation of reactive oxyggpecies in
cultured Sertoli cellsCellular Sgnaling 18 1685-1694

Ghosh S, Lu Y, Katz A, Hu Y & Li R 2007 Tumor suppsor BRCA1
inhibits a breast cancer-associated promoter ohthenatase gene
(CYP19) in human adipose stromal celfsmerican Journal of

Physiology. Endocrinol & Metabolism 292 E246-E252



Hokari R, Lee H, Crawley SC, Yang SC, Gum JR, Migr& Kim YS
2005 Vasoactive intestinal peptide upregulates MU2stinal
mucin via CREB/ATF1. American Journal of Physiology.
Gastrointestinal & Liver Physiology 289 G949-G959

Hu Y, Ghosh S, Amleh A, Yue W, Lu Y, Katz A & Li R005
Modulation of aromatase expression by BRCA1L: a iptessink to
tissue-specific tumor suppressi@ncogene 24 8343-8348

Ito M, Achermann JC & Jameson JL 2000 A naturalbcwring
steroidogenic factor-1 mutation exhibits differahtbinding and
activation of target genedournal of Biological Chemistry 275
31708-31714

Kang KW, Cho 1J, Lee CH & Kim SG 2003 Essential erobf
phosphatidylinositol 3-kinase-dependent CCAAT/ermearbinding
protein beta activation in the induction of glutatie S-transferase
by oltipraz.Journal of National Cancer Institute 95 53-66

Kawasaki Y, Kohno T, Zhuang ZY, Brenner GJ, Wang\dn Der
Meer C, Befort K, Woolf CJ & Ji RR 2004 lonotropand
metabotropic receptors, protein kinase A, protéirage C, and Src
contribute to C-fiber-induced ERK activation andMR response

element-binding protein phosphorylation in dorsafrh neurons,



leading to central sensitizatiodournal of Neurosciences 24 8310-
8321

Kijima I, Phung S, Hur G, Kwok SL & Chen S 2006 @Besseed extract
is an aromatase inhibitor and a suppressor of des®axpression.
Cancer Research 66 5960-5967

Kinoshita Y & Chen S 2003 Induction of aromataseYR@9)
expression in breast cancer cells through a nomgenaction of
estrogen receptor alph@ancer Research 63 3546-3555

Kirma N, Gill K, Mandava U & Tekmal RR 2001 Overegpsion of
aromatase leads to hyperplasia and changes inxgression of
genes involved in apoptosis, cell cycle, growth,d atumor
suppressor functions in the mammary glands of geams mice.
Cancer Research 61 1910-1918

Koberle D & Thurlimann B 2005 Adjuvant endocrineetapy in
postmenopausal breast cancer patidrtsast 14 446-451

Levine AJ, Momand J & Finlay CA 1991 The p53 tumguppressor
gene.Nature 351 453-456

Lin SC, Lee KF, Nikitin AY, Hilsenbeck SG, CardiRD, Li A, Kang
KW, Frank SA, Lee WH & Lee EY 2004 Somatic mutatminp53

leads to estrogen receptor alpha-positive and tiveganouse



mammary tumors with high frequency of metastasiancer
Research 64 3525-3532

Lo HW & Ali-Osman F 2002 Cyclic AMP mediated GSTREne
activation in tumor cells involves the interactiaf activated
CREB-1 with the GSTP1 CRE: a novel mechanism ofulzel
GSTP1 gene regulatiodournal of Cellular Biochemistry 87 103-
116

Lu M, Chen D, Lin Z, Reierstad S, Trauernicht AMopy@r TG &
Bulun SE 2006 BRCAL negatively regulates the caassociated
aromatase promoters 1.3 and Il in breast adipdsellasts and
malignant epithelial cellsJournal of Clinical Endocrinology &
Metabolism 91 4514-4519

Malkin D, Li FP, Strong LC, Fraumeni JFJr., NelsG&, Kim DH,
Kassel J, Gryka MA, Bischoff FZ, Tainsky MA et &390 Germ
line p53 mutations in a familial syndrome of breastncer,
sarcomas, and other neoplas@s$ence 250 1233-1238

Mann GB & Borgen Pl 1998 Breast cancer genes amdsthrgeon.
Journal of Surgical Oncology 67 267-274

Means GD, Kilgore MW, Mahendroo MS, Mendelson CiRni&on E

1991 Tissue-specific promoters regulate aromatagecltrome



P450 gene expression in human ovary and fetaletssdolecular
Endocrinology 5 2005-2013
Mourits MJ, De Vries EG, Willemse PH, Ten Hoor KAollema H &
Van der Zee AG 2001 Tamoxifen treatment and gyruegolside
effects: a reviewObstetrics & Gynecology 97 855-866
Mueller SO, Clark JA, Myers PH & Korach KS 2002 Maary gland
development in adult mice requires epithelial atrdrsal estrogen
receptor alphazndocrinology 143 2357-2365
Pal S, Datta K & Mukhopadhyay D 2001 Central rofepd3 on
regulation of vascular permeability factor/vasculandothelial
growth factor (VPF/VEGF) expression in mammary tama.
Cancer Research 61 6952-6957
Petrangeli E, Lubrano C, Ortolani F, Ravenna L,céa8, Sciacchitano
S, Frati L & Gulino A 1994 Estrogen receptors: nggrspectives in
breast cancer managemerburnal of Seroid Biochemistry &
Molecular Biology 49 327-331
Richards JA & Brueggemeier RW 2003 Prostaglandinr&gulates
aromatase activity and expression in human adiptrsenal cells via
two distinct receptor subtypedournal of Clinical Endocrinology &

Metabolism 88 2810-2816



Shozu M, Zhao Y & Simpson ER 2000 TGF-betal stitesla
expression of the aromatase (CYP19) gene in hursi@ololast-like
cells and THP-1 cellsMolecular & Cellular Endocrinology 160
123-133

Simpson ER 2003 Sources of estrogen and their itaupoe.Journal of
Seroid Biochemistry & Molecular Biology 86 225-230

Simpson ER & Zhao Y 1996 Estrogen biosynthesis dipase.
Significance in breast cancer developmémnals of the New York
Academy of Sciences 784 18-26

Sjogren S, Inganas M, Norberg T, Lindgren A, NoeilgH, Holmberg
L & Bergh J 1996 The p53 gene in breast cancegmuostic value
of complementary DNA sequencing versus immunohistogstry.
Journal of National Cancer Institute 88 173-182

Smith IE & Dowsett M 2003 Aromatase inhibitors ineast cancer.
New England Journal of Medicine 384 2432-2442

Srivastava S, Zou ZQ, Pirollo K, Blattner W & Chaggl 1990 Germ-
line transmission of a mutated p53 gene in a camaare family
with Li-Fraumeni syndromeNature 348 747-749

Treisman R 1996 Regulation of transcription by MiiRase cascades.

Current Opinion in Cell Biology 8 205-215



Utsumi T, Harada N, Maruta M & Takagi Y 1996 Presenof
alternatively spliced transcripts of aromatase ganeuman breast
cancerJournal of Clinical Endocrinology & Metabolism 81 2344-
2349

Vousden KH & Lu X 2002 Live or let die: the celfesponse to p53.
Nature Reviews. Cancer 2 594-604

Wu TW, Wang JM, Chen S & Brinton RD 2005 17Betaaatipl
induced C& influx via L-type calcium channels activates the
Src/ERK/cyclic-AMP response element binding protesignal
pathway and BCL-2 expression in rat hippocampalromesi a
potential initiation mechanism for estrogen-induocedroprotection.
Neuroscience 135 59-72

Yang JW, Lee EY & Kang KW 2006 ErbB2 overexpressiom53-
inactivated mammary epithelial cellREBS Letters 580 6501-6508

Young M & MacPhaul MJ 1998 A steroidogenic factebihding site
and cyclic adenosine 3',5'-monophosphate resporesaeat-like
elements are required for the activity of the ratn@atase promoter

in rat Leydig tumor cell line€=ndocrinology 139 5082-5093



M&E2 0l8 oA

@ >
= | g
= | ™ oK e
@ o ]
Il Hr S
Sl | |03
Sl = 18 ©
.m nmuu ol ..W
LI .-
| | o @ £
" lw g © o
Al m IYe)
@.O — o o
1K a c
o £
< ) Gl 5
o - =&
o ms = § 9
S | qm | M w 5 g
m * 3 | = = m
g
W= g
o T | <0 o
MW £ e 2
D)ol | | g ok m e
-+ T <= | — ©
ol m@_ @ W 50 m %
_ S/ W mE < 3
o |[FlSlm — o =
L s R oo 8
HIW_|ola r 2 0o
SN I B B N S =
ol ar| _.mvw &5 o
sl A ) D@
K=y &)
o) | M0 | w ) 0
| 80| <4 <
o | X0| Kk

ol

lor

tH CHS

?2 M&E=0 Uo

st

=001 M

e

ol

]
=
0

ol

a0
<!
10
H

RO

7o)
o0

H
o

=
2

w

ol
ol

i

ol

X
=

o0

il
15

ol

AL =
=)

{0

al

S,

Qe el HolAMel &

ol
=

A0S M,

0

fo

0l
10
sl
)

ol

Rr
=

O At

l:!:ll:o|
= L —

= 3 HE OILHOl

PN
o

=
=)

t

il

ey
=

, I

i
M=ol 0127122 Al

=L

=

TOHE OILHOll CHEMOI OIS

=

ADE g2 =0

320

1T
a

ol

f

T
J

[}
20
ol

]
ol

1]
Rr
[

00

-
1o

@

1)

HO{ & Xl

9]

HOil CH

0l

el &

b

[=)
el

o

0]

010

oI
a0

<l

RO

0
air
Ts)

oI
Al
Ll

0
Kl

ol

Rr
=

BHCH(

23 25¢

:89( O )

2008 4

sol0
RPN

ol
I
g

&0
3

ol

20

L
-

b
1o

K0
0

E
or

KA

--41--




< A ZF >

Uﬂw. M mLM ° o 9
J
O - B b o H
R — = X JI =
=X 2 = rE - B i m T
A N 7 W N ) = . -
<X ™ ﬂ EE 0 _,AL O#D OMU JwAIL X u o E X
op woox = o 0 s 5 o5 % 5 L
2 E 2 o4 g ® T o9 ow = 5 5oz
L - w oH P X LT o« 5 T
T3z 75y : e SO A
I~ 1o . fe) 1 _ —
:.L NI ‘NE \UI E#E =0 :._0 Mﬁ © i DT_ ”I | t Exﬁ NI = K
= F T 3 " i ° 0w ¥ o w I R
ol - H o o=
T o P I o B no G 5z o= "
T T g 5T g T g X 9 Ao o o " o
I~ :i i —_ ~ ) Ea e _ N = =
N —n ~ KH evnl o = T be o _
— 1ﬂ1ﬂ_l :t © ﬂﬂ X] HE . Ee —_ Mu_l TR 3 = X
= ©° M % L T o T o 2
om0 v 7 s r o ¢ K
— 9 — Jl AR [ T X
z 9 W X of R 3 oy < o i ™o
T N Yoo % % U < oo AR i
S Pz S . & I A T o
B = rANS e e o o = W™~
T A 5 A X x <
o T o® Lo I -
S oo - 7w | B i
5 N ., B w T T 5 oW 3 » & oz T
= ° x 9 M Lo O o T
= ko A ~NoH ok + X X X
»AO ‘H_Ol . Z._E ~ __ E.:l CI J —_ \U| T
JWoow S ~ = X - )
T R S T o © 3 K T~ 7 w
N I — s ) oy 70 . E il . [ <|n ML O._A
5 T ML o WM e H > M mw . o R
o = B P T w = T Hoo o ® £l
T b m 5 B ow .o T T
oy = < nh W i =l
N = 3 4 o ® o .
—EE %) 7U L'_L [— ‘H Orl o XO O#E H
woog o ~ " ° .o i T
an ~ 2 H = . i = b ©F - ! Nl V
o 2 T W L TR o R X T o
- ¥ oz BN 3| I - NooX <
o N a —_ —~ N i ) _
B M s = mj i = < _ = g .
o % ak & - 2 . x = Y
9% I v = T 0 E T ¥ E
O il I .
O on M FA 5%
;AO Q

vleby, 1 1A o

=

=

gk At 917

1= o] o7 upEkch
--42 - -

o

g ?i:rl/g%]»oﬂ O‘jx-“]/]r =



ol
aig

a0 =

wol

A A7

A=A .

&baL, ol

5

4% ol
%ol

A

ka1
=

3 AAdAE He

o

lom A=Y,

A
™

]

A
R

THA =

T

°
]

A
i

AUt A

T35}
N =

A

-y
S

Shreeya

=

ol

fu

HH

o] o

=

=

Yuba ¢} Sindu, =

o

T

WA 7HA] A 91 74

A af =] R

aL, 7p7kolel A, e A

7] ZFFol(Al of

=

(e}

)
5
!

£
N

o

olo

1

L

@+ 4
=

=
=

A sk 2t

0]
=

A= F9 b A
Hol .

==
T
==

T

gl

o

o]
Jo o]

kel
=

=

[e)
i Ee
T

HJut. =
5. EFE AA

Ly
=

}

7

o wetg o §AMAAR, A AARE olens A7
=

I

7

1

°
o

1=
=

oh

2

A
il

.]

ke
T

5 23] AeelA % 43 hEyc
@7vs obFvy

b
#F

=
=
2
=
—

]

g
vk o
s

5

[ AR =

7}3]

™

i)

el

--43--



3

R4

i

Al

A A

o

2l7F H =

Ml

1
B

—~
o

ol

b
at

—_—

=
T

RES A

sl 27h Mg =gl

Z

s & 2udD, Tl sAAE & YAFA AL

<]

A}

5

=

el A}

pu
R

v}

o A (el oF, A

wh
=

]
B
it

!

gl BEo]of ) Al

2T

Rl obmkst Jviel

ol

Sl

o

</

X

--44 - -



	국문초록
	Abstract
	1.Introduction
	2.Materials and methods
	3.Results
	4.Discussion
	5.References

