commons

O N § D E E D

@creatlve

ASZAEMN-HS3-MIASA 2.0 Mz
O 2A= OHNHS] =4S M2= ASMH 50 ARSA

o 0 HE=SS SH, HE, 32, 84, &3 5 28T 2 2UsLCH

— f=Rr—T0—

Ch5d 2= 245 Mdor gLk

HEAEA. Aot EHSANE EAGHADE 2LICH

HZ2d. #5t= 0l A5=ES 2l 5

Jd
0
it
=]
o
m
I
£
I3
It
B

o Fts, 0 HEEY HOIS0ILIHH=EY 22, 0] AEENH HEE
ZTEH LHEHH MOE 2HLICH

o REATZNE U2 5718 wom 0123 ZAS2 MSEA WL

HESAEH OIE 0IEAS Ad= A2 HWEN Sotl IS BA BSLLL

0lZ1Z DIEHE A= Legal CodeyE Ol 2H 2 SIRLIC

Disclairmer B

Collection




[UCI]1804: 24011- 200000235909

20084 24

YA g

Role of FoxO1 in MDR1 gene
expression: Novel target to
overcome chemoresistance in
Adriamycin—resistant breast
cancer cells

ZAdste st
okt



FoxO1 ¢ ¢ MDR1 od
%74 9 Adriamycin A &4
THLAE A Q] 3FA
WA Te] ARy d+

Studies on the role of FoxO1 in MDRI gene

expression: Novel target to overcome

chemoresistance in Adriamycin—resistant breast

cancer cells

20083 2¢€ 25¢
ZAdsty gsrgd
1}

3 4

ok
oF

%



Role of FoxO1 in MDR1 gene
expression: Novel target to
overcome chemoresistance in
Adriamycin—resistant breast
cancer cells

o] £EE B NAFINY LEOE ASY

2007 10€



o}k
ol

399 HAt

s

(Em)

& 7

(Em)

3 A

Tor

2007 11€



CONTENTS

TEXS
ABSTRACT
1. Introduction
2. Materials and Methods
3. Results
4. Discussion
5. References
6. Figure Legends

11

14

.21

31

37

. 42



FoxO1l o ¢J3 MDR1 %&
Z4d 9 Adriamycin A 3A4
A Z ol A o] 3FA
WA TS| AHA dF

Studies on the role of FoxO1 ilMDRL1 gene
expression: Novel target to overcome
chemoresistance in Adriamycin-resistant breast

cancer cells

2007 & 10 A

AR ERRE KEERE



FoxOl 9] ¢J§ MDR1 ¥d x4 ¥ Adriamycin
AR FHAAEANANY FgA AFA 7
#a4d 74

S
Az 25 : 3 A &
ZAYST et oFet

. Z7Fh= Adriamycin A3 oAl E



)
o\
)
o

MDR1 ¢ &g =x#3&ka, MCF-7/ADR Al¥£° MDR1 W

#dso] deS FHEEAT. MCF-7/ADR ATt dze F3dAE

kel

o]:= doxorubicin AA I BAHTE ek MDR1 5229 proximal
promoter F-9JollA] FoxO AR 2 FAHHE= A9 (5'-TGTTTCG-3,
-150/-144)= FAskglar, of Ferh A &Aool A&E TEEAT
d At FoxO ATHH-¢= A4 Wo] promoter & o] &3 AdoA MCF-
7/ADR A9 MDR1 32} &Ao] FastA &8sk so® Uebtar,
MDR1 F#7= FoxO1 ol oa] HAAtgdstrt F7kskith. MCF-

7/ADR Alx9] o) el A FoxOl o] deix o @idsteo] dnem, o

W

MEo| A MDR1I &d &% 2 AAlgdAdst AE7) FoxO1l siRNA o <9 3

.

Go)Ho g AAHAT. Esk FoxOl 9 7]%S Aydon EdAsg)
AN71= A5 F el insulin o YElAE  MCF-7/ADR Al X9

MDR1 Zdo] aghs =8l oldst 2352 FoxOl 9

MDR1 A5 2doh= AM2E dARIAZA 2892 AlAksk, MCF-

7/ADR M2 MDR1 & F7F 9 sletay Ao ddd=o] &S

HofET



ABSTRACT

Role of FoxO1 inMDR1 gene expression: Novel target to
overcome chemoresistance in Adriamycin-resistant least

cancer cells

Han Chang-Yeob

Advisor : Prof. Kang Keon-Wook Ph.D
Department of Pharmacy,

Graduate School of Chosun University

Increased expression of MDRL1 is believed to be oihéhe
major causes for the chemoresistance acquisitisardus cancer cells,
including adriamycin-resistant breast cancer cdNéCF-7/ADR).
Forkhead bOX-containing protein, O subfamily (Fox@gnscription
factors are involved in the diverse cellular rege® such as
differentiation, proliferation and metabolism, bpbssible roles of
FoxO in the expression of drug efflux pumps havebsen studied. In
this study, we found that the expression and agtief MDR1 are
enhanced in MCF-7/ADR cells and these are essertial the

doxorubicin resistance. A putative binding siteFaxO was identified



at the proximal promoter region of humieidR1 gene and this site was
partially overlapped with C/EBP binding region. Gel shift and
immunoblot analysis of subcellular fractions reeealthat nuclear
levels of FoxOl1l and its DNA binding activity wereslectively
enhanced in MCF-7/ADR cells, which was reversedbtyO1 antibody.
Reporter gene assays showed that transcriptiotbDR1 gene is
stimulated by FoxO1l overexpression. Moreover, thprassion and
transactivation oMDR1 gene in MCF-7/ADR cells were completely
inhibited by FoxO1 siRNA. The MDR1 expression in MZ/ADR
cells was also inhibited by a functional FoxO1 inaator, insulin. In
conclusion, FoxO1 functions as a novel transcnyaioactivator of
MDRL1 gene and is crutial for MDR1 induction in MCF-7/RCcells,
which might be a therapeutic target to overcomeodabicin resistance
in MCF-7/ADR cells.

Keywords: chemoresistance, adriamycin-resistant breast cance

MDR1, FoxO1
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1. Introduction

Chemotherapy is the widespread treatment for vargauncers.
However, it is a serious problem that cancer celfen acquire
chemoresistance to interrupt the successful therdgwlti-drug
resistance (MDR) is one of the main causes of chesmsiance of
cancer cells, which is explained the phenomenoncafcurrent
resistance to unrelated anti-cancer agents (DW®&rexpression of drug
efflux transporters such as MDR1 and multidrug stasice-associated
proteins (MRPS) is considered to attribute multigdresistance by
pumping out diverse therapeutic agents, leading pteventing
accumulation of cytotoxic drugs into tumor cell$. (1

MDR1 (or P-glycoprotein, ABCB1), the best characied
drug efflux pump, is a member of the ATP-bindingseite (ABC)
transporter family that more includes MRP1 (ABCCHIRP2
(ABCC2) and breast cancer resistance protein (BGBE,G2) (3). A
number of endogenous and exogenous stimuli, whidiide cellular
response, regulate the expression of MDRL1 via ¢rgst®onal and post-
transcriptional processes (4). Many studies hawealed possible

candidates that control the expression and/or iactiof MDR1,
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however, molecular mechanistic basis for the MDRddutation has
not been fully understood (5).

Breast cancer is the most frequent malignant disgag/estern
women. Chemo-resistance caused by MDR is the comatiaital
obstacle in the treatment of breast cancer. Ineckagpression and the
subsequent activation of MDR1 are believed to be ohthe major
reasons for the chemoresistance acquisition ofsbreancer cells,
including adriamycin-resistant breast cancer cdN$CF-7/ADR),
which have tendency to develop cross-resistanoghter structurally or
mechanistically dissimilar anti-cancer agents {@)us, it is important
to reveal how the cells secure the resistance byRMDverexpression
for the improvement of chemotherapy effectiveness.

Forkhead bOX-containing protein, O subfamily (FoxO)
transcription factors contain four mammalian isafanembers; FoxO1
(FKHR), FoxO3a (FKHRL1), FoxO4 (AFX), and FoxO6 .(7)he
modulation mechanisms of FoxO function are phosghaton,
acetylation, and ubiquitination, which affect nwsleytoplasmic
translocation, DNA binding and protein-protein natetions,
consequently leading to positive or negative cdnbfotarget genes

expression (8, 9). FoxO proteins play an importafg in regulating a

12



variety of cellular processes, such as differeiatiat metabolism,
proliferation, and protection against oxidativeest (10). It has been
presented that many of signaling pathways to cobrfoxO factors
seem to be mis-regulated in several cancers (9riBddition, FoxO1
is supposed to participate in transcriptional ratjoh of the glucose
transporter-4 isoformGLUT4) gene (12, 13). However, possible roles
of FoxO in the expression of drug efflux pumps ahémoresistance
acquisition of cancer cells have not been studiedhe present study,
we demonstrate for the first time that FoxO1 isepdy activated in
MCF-7/ADR cells and functions as a novel transaiptfactor to
control MDR1 gene expression, which might be a therapeutietam

overcome chemoresistance in MCF-7/ADR cells.
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2. Materials and Methods

2-1. Materials

The anti-MDR1 antibody was supplied by Calbiochem
(Darmastadt, Germany). The FoxO1l and FoxO3a speaiftibodies,
the horseradish peroxidase-conjugated anti-ralpioitaanti-mouse 1gGs
were purchased from Cell Signaling Technology (BgyeMA). The
antibody against C/EBP and the alkaline phosphatase-conjugated
donkey anti-mouse 1gG were provided by Santa CrimeBhnology
(Santa Cruz, CA) and Jackson Immunoresearch Lalrgrat (West
Grove, PA), respectively. Most of the reagents ufmdmolecular
studies were obtained from Sigma (St. Louis, MOhe TsiRNA
targeting human FoxO1 and C/EBRvere acquired from Ambion

(Austin, TX).

2-2. Céll culture
The MCF-7 cells and the adriamycin-resistant MCEICF-
7/ADR) cells were cultured in Dulbecco’s modifieéddie’s medium
(DMEM) containing 10% fetal bovine serum (FBS), 10€its/ml

penicillin, and 100pug/ml streptomycin at 37°C in a 5 % €O
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humidified atmosphere. The MCF-7/ADR cells weredknsupplied

by Dr. Hoo Kyun Choi (Chosun University, Gwang¥grea).

2-3. Plasmids
The pl95-MDR1 and pl31-MDR1 reporter plasmids were
generated by ligating PCR-amplified MDR1 promotegions with
pGL3-enhancer vector (Promega, Madison, WI). TheCHoforkhead
response element (FHRE) containing minimal repopi@smid and
pCMV5-FoxO1 overexpression plasmid was suppliednfraddgene
Inco. (Cambridge, MA). The PXR reporter plasmid teamng three
copies of the pregnane X receptor (PXR) resporsimments from the
CYP3A23 gene and pGL3-MRP2-1 (rat MRP2 gene prompotas a
kind gift from Dr. Edward PA (University of Califafa Los Angeles,

Los Angeles, CA).

2-4. Crystal violet assay
Cell viability was determined by the crystal vioktining as
previously described (14). In brief, cells werdrstd with 0.4% crystal
violet in methanol for 30 min at room temperatuRT), and then

washed with tap water. Stained cells were extragtiu 50% methanol,
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and dye extracts were measured at a 550 nm wavklamgjng a

microtiter plate reader (Berthold Tech., Bad Wildb&ermany).

2-5. Preparation of nuclear extracts
Nuclear extracts were prepared essentially as itbescrby

Schreiber et al (15). Briefly, cells in dishes werashed with ice-cold
PBS, scraped, transferred to microtubes, and atloteeswell after
adding 10Qul of lysis buffer containing 10 mM HEPES (pH 7.0)5%
Nonidet P-40, 10 mM KCl, 0.1 mM EDTA, 1 mM dithio#itol and 0.5
mM phenylmethylsulfonylfluoride. Cell membranes eelisrupted by
vortexing, and the lysates were incubated for 1& min ice and
centrifuged at 7,200g for 5 min. Pellets containangde nuclei were
resuspended in 6Ql of extraction buffer containing 20 mM HEPES
(pH 7.9), 400 mM NaCl, 1 mM EDTA, 1 mM dithiothreitand 1 mM
phenylmethylsulfonylfluoride, and then incubated 8 min on ice.
The samples were then centrifuged at 15,800g fomii® to obtain
supernatants containing nuclear extracts, whichevetored at -80°C

until required.

2-6. Immunoblot analysis

16



After washing with sterile PBS, the MCF-7 or MCRADR
cells were lysed in EBC lysis buffer containing M Tris-Cl (pH
7.5), 1% Triton X-100, 137 mM sodium chloride, 1@¥cerol, 2 mM
EDTA, 1 mM sodium orthovanadate, 25 mBAglycerophosphate, 2
mM sodium pyrophosphate, 1 mM phenylmethylsulfogfide, and 1
ug/ml leupeptin. The cell lysates were centrifugeédl@,00@ for 10
min to remove the debris, and the proteins weretimated using a
10% separating gel. The fractionated proteins viben transferred
electrophoretically to nitrocellulose paper, ance throteins were
immunoblotted with the specific antibodies. Horsksh peroxidase- or
alkaline phosphatase-conjugated anti-IgG antibodiese used as the
secondary antibodies. The nitrocellulose papers weveloped using
5-bromo-4-chloro-3-indolylphosphate (BCIP)/4-nithad tetrazolium
(NBT) or an ECL chemiluminescence system. For chemnescence

detection, the LAS3000-mini (Fuijifilm, Tokyo, Japamas used.

2-7. Rhodamine-123 retention assay
The MCF-7 and MCF-7/ADR cells were seeded in 24twel
plates. After 80% confluency reached, the cellsswecubated in FBS-

free DMEM for 18 h. The culture medium was changeth Hanks’
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balanced salt solution and the cells were preineabat 37C for 30
min. After incubation of the cells with 20M rhodamine-123 in the
presence or absence of verapamil (@) for 1 h 30 minthe medium
was completely removed. Then, the cells were wadiveg times with
an ice-cold phosphate buffer (pH 7.0) and lyse®&BC lysis buffer.
The rhodamine-123 fluorescence in the cell lysates measured using
the excitation and emission wavelengths of 480 &#d nm,
respectively. After the fluorescence values weremadized by total
protein contents of each sample, the divided valese represented by

ratio to control.

2-8. Reporter gene assay

The promoter activity was determined using a dueiférase
reporter assay system (Promega, Madison, WI). [Brighe cells
(3x10 cells/well) were replated in 12-well plates ovefri and
transiently transfected with the p-MDR1 Luc, FHR#paerter and PXR
reporter plasmids/phRL-SV plasmidRenilla luciferase expression for
normalization) (Promega, Madison, WI) using Hilyr@axreagent
(Dojindo Molecular Tech., MD). The cells were thiegubated in the

culture medium without serum for 18 h, and thefliyend hRenilla
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luciferase activities in the cell lysates were meed using a
luminometer (Berthold Tech., Bad Wildbad, Germanife relative
luciferase activities were calculated by normalizithe promoter-

driven firefly luciferase activity versus hRenilleciferase.

2-9. Electrophoretic mobility shift assay (Gel shift analysis)
A double stranded FoxO consensus oligonucleotidieumnman
MDR1 gene was used for gel shift analysis after endHiagy the probe
with [y-?P] ATP using T4 polynucleotide kinase. The sequenule

FoxO1 binding site-containing oligonucleotide antEBP consensus

oligonucleotide were (5-TTCAACCTGTTTCGAGTTTC-3’) and
(5-TGCAGATTGCGCAATCTGCA-3’),  respectively. Reaction
mixtures contained @l of 5x binding buffer containing 20% glycerol,
5 mM MgChk, 250 mM NaCl, 2.5 mM EDTA, 2.5 mM dithiothreitol,
0.25 mg/ml poly dI-dC, 50 mM Tris-Cl (pH 7.5), 10 16 ug of nuclear
extracts, and sterile water to a total volume ofp20 The reaction
mixtures were preincubated for 10 min. DNA-bindiegctions were
carried out at room temperature for 20 min aftetiagl 1 pl of probe
(10° cpm). Binding specificity was determined by ust@mpetition

experiments, which were carried out by adding dol@®-excess of an
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unlabeled oligonucleotide to reaction mixtures befitne DNA-binding
reaction. For immuno-inhibition assays, antibodezsnormal rabbit
serum (2ug of each) were added to reaction mixtures aftandial 20
min incubation, and then incubated for additiohdl at 25°C. Samples
were loaded onto 4% polyacrylamide gels at 100nd, gels were dried

and autoradiographed using FLA-7000 (Fujifilm, Tokyapan).

2-10. 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 sigraince was set at either

p<0.05 orp<0.01.
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3. Results

3-1. Overexpression and increased activity of MDR1 in MCF-7/ADR
cells

Crystal violet staining assay was performed to rdeitee
chemoresistance of MCF-7/ADR cells to doxorubiddox). The cell
viability of MCF-7 cells was decreased by Dox tmeaht in a
concentration-dependent manner (3-104). In contrast, Dox up to 10
UM did not induce cell death in MCF-7/ADR cells (Brg@ 1A). Co-
treatment of MCF-7/ADR cells with verapamil (a cheah MDR1
inhibitor, 100 uM)(16) significantly potentiated Dox-mediated cell
death (Fig. 1A).

The basal expression levels of MDR1 in both MCFrd a
MCF-7/ADR cells were determined by Western blot lgsia. The
MDR1 protein was highly expressed in the MCF-7/AB&Is, while it
was not detected in the wild-type MCF-7 cells (Figg). We further
examined transport activity of MDR1 by Rhodamin&1@R-123)
retention assay to test the functional relevance tledé MDR1
overexpression in MCF-7/ADR cells. The intraceltulccumulation

ratio of R-123, a substrate of MDR1, was 2-fold éovin the MCF-
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7/ADR compared with the wild-type MCF-7 cells (FiggC). These
results indicate that the increased expression thed subsequent
activation of MDR1 in the MCF-7/ADR cells contrileutto the

chemoresistance acquisition of the cells.

3-2. A putative binding site to FoxO in the proximal promoter region

of human MDR1 gene
It has been implicated that the expression of huM&R1

gene is regulated by a number of transcriptionofacmostly acting on
the proximal region of MDR1 promoter (17). For exaden Spl, NF-Y,
AP-1 (c-Fos and c-Jun), p53, HIE1l and YB-1 bind to their
corresponding site(s) (Fig. 2A, upper) and modul#tie MDR1
expression (5, 18). In addition, emerging eviderstgports that
C/EBR3 is one of key transcription factors to control theression of
MDR1 gene (18, 19). It was suggested that C/EBnding like motif
(-148 to -140) in the MDR1 promoter would be inwdv in
transactivation oMDR1 gene (19). However, Chen GK et al. (18) have
presented that the inverted CCAAT box (Y-box, -82%3) is required
for MDR1 transactivation induced by C/EBP

Interestingly, we found a putative binding site RoxO (5'-
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TGTTTCG-3, -150 to -144) (9), partly overlapped thviC/EBH3-
binding like motif in the MDR1 proximal promoter i 2A). To
examine a possibility that FoxO binding to its pivia binding site has
a role in the transcriptional regulationMDR1 gene, the basal reporter
activities were determined in the MCF-7/ADR cellsing p195-
MDR1-Luc and p131-MDR1-Luc constructs. As shownFigure 2A
(lower), p195-MDR1-Luc reporter contains a putativexO binding
site and C/EBPB-binding like motif in the MDR1 promoter, whereas
these sites are deleted in the pl131-MDR1-Luc coastin MCF-
7/ADR cells, p195-MDR1-Luc reporter activity wab3old increased
compared to pl31-MDR1-Luc reporter activity (FigB,2left). In
contrast, the p195-MDR1-Luc reporter activity washer lower than
pl31-MDR1-Luc reporter activity in control MCF-7 lise (Fig. 2B,
right). These data indicate that -195 ~ -132 bpxipnal promoter
region containing FoxO (-150 to -144) and C/BE#inding site (-148
to -140), might be selectively required for thenseriptional activation

of MDR1 gene in MCF-7/ADR cells.

3-3. Activation of FoxO1l1 in MCF-7/ADR cells

We then assessed if FoxO transcription factor(grivated in
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MCF-7/ADR cells. FoxO factors can be translocate@ugh nuclear-
cytoplasmic shuttling, which is regulated by stabfiphosphorylation,
acetylation and interactions with other proteins [erefore, the basal
nuclear levels of FoxO proteins (FoxO1 and FoxQ@a)e measured in
both the control MCF-7 and the MCF-7/ADR cells hybsellular
fractionation and Western blot analyses. The nudiexO1 level in
MCF-7/ADR cells was higher than that in control MCFells; while,
there was no difference in the nuclear levels ofd@a between the
two cell types (Fig. 2C).

To further examine whether the FoxO1 putative bigdsite in
human MDR1 promoter is functional, gel shift asses performed
using FoxO1 overexpressed cells. The nuclear eastraere isolated
from the MCF-7 cells transfected with pCMV5-FoxOddaincubated
with the radiolabeled putative FoxO binding oligoleotide. The
intensity of slow migrating band was enhanced bg #ctopic
introduction of FoxO1 (10 or 30 ng pCMV5-FoxO1, FgpD, left).
Moreover, FoxO1 binding activity was completely eesed by a 10-
fold excess unlabeled putative FoxO binding oligdeatide in nuclear
extracts, which confirmed the specificity of protdinding (Fig. 2D,

left).
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We then compared the basal FoxO binding activitetsveen
MCF-7 and MCF-7/ADR cells to assess whether the CHox
accumulation to the nucleus of MCF-7/ADR cells &auan increase in
its binding to the FoxO putative binding site. Asown in Fig. 2D
(right), FoxO binding activity was distinctly elexea in MCF-7/ADR
cells compared to control MCF-7 cells. Immunodeptetexperiment
using specific FoxO1 antibody showed that the iaseel DNA binding
activity was dependent on FoxO1 (Fig. 2D, righthe3e results imply
that FoxOL1 is consistently activated in MCF-7/AD8&lI€ and raise a
possibility that the activation of FoxOl1 is linkewith the

transactivation oMDRL gene.

3-4. Transactivation of MDR1 gene by FoxO1
We next tested whether FoxO1 overexpression stiesilthe
MDR1 gene transcription. In control MCF-7 cells, th@pIMDR1-Luc
reporter activity was significantly elevated by BExxoverexpression in
a concentration-dependent manner (3-30 ng, FigleBA\ We further
determined the activity of forkhead-response eldméRHRE)
containing minimal reporter after transfection ofCK-7 cells with

pCMV5-FoxO1l. The FoxOl-inducible increase ratio &HRE

25



promoter was almost similar to that of p195-MDRIclreporter (Fig.
3A, right), which indicates that FoxO1 binding ts putative FoxO1
binding site in humaiMDR1 gene result in transcriptional activation of
the gene.

To clarify whether the consistently activated Fox@lays a
key role in the MDR1 expression in MCF-7/ADR ceN§estern blot
analysis was performed in the cells introduced veipiecific FoxO1
siRNA. After transfection of the MCF-7/ADR and thentrol MCF-7
cells with FoxO1 siRNA, the enhanced expressioMBiR1 in MCF-
7/ADR cells was drastically reversed by FoxO1l siRKAg. 3B).
When we assess the level of FoxO1 in control andM@&DR cells,
the FoxO1 expression was efficiently blocked by ®dsiRNA in both
the cell types (Fig. 3B, lower band). We then pemied reporter gene
assays using p195-MDR1 Luc in MCF-7/ADR cells amsfected with
FoxO1 siRNA. The p195-MDR1 Luc reporter activity MCF-7/ADR
cells was significantly diminished by FoxO1 siRN#trbduction (Fig.
3C, left). FHRE minimal promoter activity was alsttenuated by
FoxO1 siRNA, confirming the efficient blocking ookO1 (Fig. 3C,
right). These data suggest that FoxO1 plays acatitrole in the

transcription of humatMDR1 gene as a positive regulator, leading to
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up-regulation of MDR1.

3-5. Insulin-mediated MDR1 down-regulation through FoxO1
Inactivation
Insulin signaling has been known to negatively faigu
FoxO1’'s transcriptional function through phosphatign and the
subsequent nuclear exclusion of the protein (9,. 2Z@&) further
investigate whether insulin-induced FoxO1 inactvat causes a
reduction in the MDR1 expression, we carried outsi&a blot
analyses using MCF-7/ADR cells. Treatment of MCRER cells with
insulin (0.01-1uM) significantly decreased the MDRL1 protein level i
a concentration-dependent manner (Fig. 4A). Sulleelfractionation
and immunoblotting with FoxO1 antibody also veufigat FoxO1 was
translocated from the nucleus to the cytoplasmesponse to insulin
(0.3 uM) (Fig. 4B). Gel shift assay was additionally pened using
the nuclear extracts prepared from the insulinericle-treated MCF-
7/ADR cells in order to determine if the bindingiaity of FoxO1 to
MDR1 promoter was altered by insulin treatment.ulims (0.3 uM)
treatment decreased the FoxO binding activity cosgdo untreated

control (Fig. 4C). The data indicate that MDR1 @sgression in
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MCF-7/ADR cells is dependent on FoxO1 activatiod #ms response

is reversed by physiological FoxO1 inactivatorpuins

3-6. Activation of C/EBPSin MCF-7/ADR cells

Since the putative FoxO1 binding site is partlyrtaygped with
C/EBR3-binding like motif and C/EBP is known as a positive
regulator ofMDR1 gene transcription (19), the activation of C/EBP
would be also cooperatively involved in MDR1 activa. In
comparison to control MCF-7 cells, nuclear C/iBB&hd DNA binding
activity to C/EBP consensus sequence were enhandeilCF-7/ADR
cells (Fig. 5A and 5B, left). Moreover, addition gpecific antibody
against C/EBPB to nuclear extracts caused a complete reduction in
C/EBP band intensity and a formation of super-eHifband (Fig. 5B,
left), demonstrating C/EBPwas consistently activated in adriamycin-
resistant breast cancer cells. It has been recesplgrted that FoxO1
directly binds to C/EB®& via its forkhead domain and augments
C/EBP-dependent transcriptional activity (21). Hsneve assessed
whether the enhanced binding activity to putativex® binding
oligonucleotide was associated with C/EBd&ttivation in MCF-7/ADR

cells. Although our FoxO binding oligonucleotidentains C/EBB-
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binding like motif, anti-C/EBRB antibody did not affect the FoxO1l
band intensity (Fig. 5B, right). These results die@emonstrate that
the putative FoxO binding site, previously knownG&BH3-binding
like motif, is solely dependent on FoxO1.

Because C/EBP acts as one of main transcription factors in
MDRL1 gene expression (18, 19), we then tested whelieeenhanced
nuclear accumulation of C/EBHAn MCF-7/ADR cells is essential for
the induction of MDR1. In the MCF-7 cells co-tramsted with the
p195-MDR1 Luc and the C/EBPoverexpressing plasmid (pC/EBR
the reporter activity was increased, compared ¢éoMock-transfected
cells (3-30 ng, Fig. 5C, left). However, the simiievation intensity
was also observed by pC/EBBverexpression in the cells transfected
with p131-MDR1 Luc reporter (Fig. 5C, right). Thesssults suppose
that humanMDR1 gene transactivation is also stimulated by C/&BP
possibly through its interaction with Y-box regiobut not with
C/EBR3-like motif overlapped with FoxO1 binding site.

We also determined the effect of C/HBSIRNA on the MDR1
expression in MCF-7/ADR cells. C/EBPinactivation by specific
siRNA introduction partially decreased the MDR1 tpmo levels in

MCF-7/ADR cells (Fig. 5D), which raise a possibilithat C/EBP
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activation would be also partly involved in the uetion of MDR1 in

the adriamycin-resistant breast cancer cells.
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4. Discussion

MDR1-associated multi-drug resistance is involved the
intrinsic or acquired chemoresistance of variousdu cells to a
number of anti-neoplastic agents (22). Breast qaoeks resistant to
adriamycin which is one of the commonly used theutic drugs
against the malignant disease, have the chardateid MDR1
overexpression (6). In this study, we also showeddssential role of
MDR1 in the doxorubicin-resistance of MCF-7/ADR Isgwhich was
evidenced by the results showing that a P-glycemmoinhibitor,
verapamil potentiated the cytotoxicity of doxorubicUnfortunately,
many MDR modulators have not been successful iniceli trials
because they have severe side effects at the ieffesdbse ranges for
the inhibition of MDR1 and can affect the kinetmfsother drugs (23).
Discovery of compounds and strategies to decrdasexpression of
MDR1 has been considered to be more useful iniadethe MDR
phenotype and improving chemotherapy effectivengs®). Thus,
elucidating the mechanistic basis for the regumatiof MDR1
expression could be important for the advance afrajheutics of

chemotherapy-resistant malignancies. Here, we dstraia for the
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first time that FoxO1 is a novel transcriptionajuiator ofMDR1 gene
and may offer one of the solutions to overcomectimoresistance of
MCF-7/ADR cells.

Among the mammalian FoxO subgroup, FoxO1 is thetmos
explored member. Many molecular and genetic appesmbave shown
the diverse functions of FoxO1, namely associatath vimormal
development, metabolism, differentiation, tumor pE@ssion, and
angiogenesis (7, 9, 10, 24). A recent study hasemted that FoxO3 is
involved in the expression of ROS scavenging ensyamal is required
for the modulation of oxidative stress in erythrgses (25). When we
compared the nuclear levels of FoxO1 and FoxO3 émtvMCF-7 and
MCF-7/ADR cells, FoxOl1 was specifically up-reguthten MCF-
7/ADR cells. Hence, we hypothesized that FoxO1 mghrelated with
the phenotype of adriamycin-resistant MCF-7 cells.

In the present study, we identified a putative bigdsite to FoxO
protein(s) at the proximal promoter region (5’-TGG-3’, -150 to -
144) in humarMDRL1 gene. In addition, we confirmed that this site is
indeed functional for the binding of FoxO1l factonda further
transcription ofMDR1 gene is stimulated by FoxO1 overexpression. It

has been presented that FoxO proteins can bindstain response

32



sequences (IRSs) and recruit other transcriptiottofa to their
corresponding binding sites (9). C/HBEan be gathered and binds to
the decidual prolactin promoter by FoxO factorgréivy enhancing the
activation (26). Moreover, the FoxO binding sitgéastially overlapped
with the putative C/EBP binding site (-148 to -140) (19) and C/HBP
has been known as a transcriptional activatovibR1 gene (18, 19).
Therefore, we hypothesized that FoxO1 and CfEBknergistically
function as transactivators of the hunMBR1 gene through the FoxO
binding site. However, super-shift analysis reseltified that C/EBB
did not interact with the putative binding siteRoxO which overlaps
with the C/EBPB binding-like motif. Considering our result that3it
MDR1 reporter activity was almost similarly incredsby C/EBP
overexpression compared with p195-MDR1 reporteriagt C/EBPB-
induced MDR1 transactivation may be mainly mediatieugh its
interaction at the Y-box region (-82 to -73), nbtaugh the putative
FoxO1 binding site overlapped C/EB#ke motif.

We further introduced the specific sSiRNA targetiRgxO1 or
C/EBR3 to elucidate the potential role of these factarsMDR1
induction in the adriamycin-resistant MCF-7 cek#ce FoxO1l and

C/EBR3 stimulated the transcription MDR1 gene and both the factors
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were activated in the MCF-7/ADR cells. In this studhe MDR1
expression in MCF-7/ADR cells were potently inhdoit by FoxO1
SiRNA, while C/EBP siRNA caused a marginal decrease in MDR1
protein levels, emphasizing the importance of FoxX@rlthe MDR1
gene regulation. Moreover, the role of FoxO1l in tlegulation of
MDR1 expression was also confirmed by insulin treatt experiments.
We found that insulin acting as a functional intobiof FoxO1 (9),
significantly reduced MDR1 expression in MCF-7/ARRIIs. Finally,
we revealed that the diminished responsiveness @fordbicin
cytotoxicity in MCF-7/ADR cells was recovered byx&ail inactivation.
These results raise a possibility that exagger&wdD1 activity is a
main cause of adriamycin resistance in breast cance

Although the majority of transcription factors tontrol the
human MDR1 gene act on the proximal region of the promoter, a
functional binding site of Pregnane X Receptor (PXRocated in the
distal enhancer region (about -8 kb) of the hurWddR1 gene. It has
been reported that PXR activation is required liar ¢éxpression of the
ABC transporters such as MDR1 and MRP2 (27, 28)ndde we
compared the activities of PXR in the wild-type aadriamycin-

resistant MCF-7 cells using the PXR reporter plas(three copies of
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the PXR response elements fraYP3A23 gene) (28). The reporter
activities were similar between the two cells (daashown), implying
that PXR activation might be not related with the DRI
transactivation in the MCF-7/ADR cells.

It has been appeared that modulation mechanisndDiR1
are partly shared with that of other transportechsaas MRPs and some
drug-metabolizing enzymes (e.g., CYP3A4, UDP-
glucuronosyltransferase and glutathione S-transérand these have a
tendency of similar physiologic control (27-30). x&p function is
integrated by multiple and complex regulatory medsras, which alter
depending on context including cell/tissue typdfedentiation status,
and environment (11). Thus, our new findings alibetregulation of
MDR1 gene by FoxOl might be able to offer opportunitfes
understanding regulation mechanisms of these toatesp and
metabolizing enzymeghough there should be still large variations
among the cell and the target protein types.

In summary, FoxO1l positively regulateMDR1 gene
transcription through its binding to putative bimglisite in the target
gene promoter. FoxOL1 is consistently activated @AW/ADR cells,

which is essential for the overexpression of MDRdading to
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chemoresistance. Thereby, FoxOl could be proposed aovel
therapeutic target to overcome the chemoresistaicadriamycin-

resistant breast cancer cells.
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6. Figure Legends
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Figure 1. Overexpression and increased activity of MDR1 in MCF-
7/ADR cells. (A) Cell viability after treating with doxorubicin. After
treating MCF-7 and MCF-7/ADR cells with doxorubicin (3, 10, 100 pM)
in the presence or absence of verapamil (100 uM) for 24 h, cell
viabilities were determined using crystal violet assays. Data represents
means = SD of 6 separate samples (B) Immunoblot analysis of MDRL1.
A representative immunoblot shows MDR1 protein in both MCF-7 and
MCF-7/ADR cells serum-deprived for 24 h. Equal loading of proteins
was verified by actin immunoblot. (C) Rhodamine-123 retention. After
incubation of MCF-7 and MCF-7/ADR cells with 20 uM R-123 for 1 h
30 min, the R-123 fluorescence values in cell lysates were measured
using the excitation and emission wavelengths of 480 and 540 nm,
respectively. The values were divided by total protein contents of each
sample. Data represents means + SD of 10 separate samples

(significant versus the control MCF-7 cells, **p<0.01).
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Figure 2. Activation of FoxOl1 in MCF-7/ADR cells. (A) A putative
binding site to FoxO in the proximal promoter region of human MDR1
gene. Upper panel; Putative binding sites to transcription factors in the
proximal promoter region of human MDR1 gene. Lower panel;
Structures of the p195-MDR1-Luc and pl31-MDR1-Luc constructs.
p195-MDR1-Luc (195 bp human MDR1 promoter) contains the
putative binding site to FoxO and the C/EBP[3 binding-like motif in the
MDR1 promoter. These sites are deleted in the pl131-MDR1-Luc
construct (131 bp human MDR1 promoter). (B) Reporter activities of
deletion mutant MDR1 promoters in MCF-7 (right panel) and MCF-
7/ADR (left panel) cells. Each cell type was transiently transfected with
p195-MDR1-Luc or p131-MDR1-Luc plasmid. Dual luciferase reporter
assays were performed on the lysed cells co-transfected with pMDR1-
Luc plasmid (firefly luciferase) and phRL-SV (hRenilla luciferase) (a
ratio of 100:1) 18 h after transfection. Reporter gene activation was
calculated as a relative ratio of firefly luciferase to hRenilla luciferase
activity. Data represent means + SD with 3 different samples
(significant versus the control, **p<0.01; control level = 1). (C) Nuclear
levels of FoxOl1 and FoxO3a in the control and adriamycin-resistant

MCF-7 cells. Western blot analysis was performed using nuclear
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extracts obtained from the both cells serum-starved for 24 h, and the
proteins in each fraction were detected immunochemically with specific
antibody. (D) Left panel; FoxO1 binding to the putative binding site in
human MDR1 promoter. Nuclear extracts were prepared from MCF-7
cells transfected with pCMV5-FoxO1 (10, 30 ng) or pCMV5. Right
panel; Increase in FoxO1 binding activity in MCF-7/ADR cells. Nuclear
fractions were isolated from MCF-7 and MCF-7/ADR cells serum-
deprived for 24 h. All lanes contained 10 pg of nuclear extracts and
radiolabeled putative FoxO consensus sequence. Competition studies
were carried out by adding a 10-fold excess of unlabeled FoxO
oligonucleotide or FoxOl antibody to the nuclear extracts. DNA-

binding reactions were performed by gel shift analysis.
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Figure 3. Role of FoxO1 in MDR1 induction. (A) Transactivation of
MDR1 gene by FoxO1l. Reporter activities of p195-MDR1-Luc (left
panel) and FHRE promoter (right panel) by FoxO1 in MCF-7 cells
transiently co-transfected with p195-MDR1-Luc or FHRE minimal
reporter plasmid in combination with pCMV5-FoxO1 (3-30 ng) or
pCMVS5 vector. Data represents means = SD with 3 different samples
(significant versus the control, **p<0.01; control level = 1). (B)
Inhibition of MDR1 expression by FoxO1l suppressions. MDR1 and
FoxO1 levels were determined by immunoblotting in MCF-7ADR cells
transfected with FoxO1l siRNA (60 pmole) or control siRNA. (C)
Inhibition of MDR1 transactivation by FoxO1 siRNA. MCF-7/ADR cells
were co-transfected with p195-MDR1-Luc (left panel) or FHRE reporter
plasmid (right panel) in combination with FoxO1 siRNA (20 pmole) or
control siRNA. Data represents means * SD with 4 different samples

(significant versus the control, **p<0.01; control level = 1).
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Figure 4. Insulin-mediated MDR1 down-regulation through FoxO1
inactivation. (A) Reduction of MDR1 expression by insulin in MCF-
7/ADR cells. Western blot analysis was performed in MCF-7ADR cells
treated with insulin (0.01-1 uM) for 24 h. (B) Nuclear exclusion of
FoxO1l by insulin. Nuclear and cytoplasmic FoxO1 levels were
measured by subcellular fractionation and immunoblotting in MCF-
7/ADR cells incubated with insulin (0.3 puM) for 1-24 h. (C) Decrease in
FoxO1 binding activity by insulin. Gel shift analysis was carried out
using nuclear extracts prepared from MCF-7/ADR cells treated or
untreated with insulin for 1-6 h. All lanes contained 10 ug of nuclear
extracts and the labeled putative FoxO binding sequence. Competition
studies were performed by adding a 10-fold excess of unlabeled FoxO
oligonucleotide to the nuclear extracts of insulin-untreated cells. DNA-

binding reactions were done by Gel shift analysis methods.
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Figure 5. Activation of C/EBPR in MCF-7/ADR cells. (A) Nuclear level
of C/EBPB in MCF-7 and MCF-7/ADR cells. Level of C/EBPB was
assessed immunochemically in nuclear fractions of the both cells
serum-starved for 24 h. (B) Left panel; Increase in C/EBP[ binding
activity in MCF-7/ADR cells. Gel shift analysis of the C/EBP
transcription complex. Nuclear extracts were obtained from both MCF-
7 and MCF-7/ADR cells serum-deprived for 24 h. Light panel; No role
of C/EBPQ in binding to putative FoxO binding site in MDR1 promoter.
Gel shift assay was performed using nuclear extracts prepared from
the both cell types. All lanes contained 10 pg of nuclear extracts and
the labeled C/EBP consensus sequence (left) or putative FoxO binding
sequence (right). Competition experiments were carried out by adding
a 10-fold excess of unlabeled C/EBP (left) or FoxO (right)
oligonucleotide or C/EBP[B antibody. DNA-binding reactions were
performed by gel shift analysis. (C) Transactivation of MDR1 gene by
C/EBP. Reporter activities of p195-MDR1-Luc (left panel) and p131-
MDR1-Luc (right panel) by C/EBPBin MCF-7 cells transiently co-
transfected with p195-MDR1-Luc or p131-MDR1-Luc in combination
with C/EBP[-overexpressing vector (3-30 ng) or pCMV5 vector. Data

represents means = SD with 3 different samples (significant versus the
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control, **p<0.01; control level = 1). (D) MDRL1 level in MCF-7/ADR
cells after introduction of C/EBP siRNA. Levels of MDR1 and C/EBPJ
were determined by immunoblotting in MCF-7ADR cells transfected

with C/EBP[ siRNA (60 pmole) or control siRNA.
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