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ABSTRACT

Requirement of SIRT1 as critical regulator for Multidrug

Resistance-Associated Protein 2 expression

Cho, Kyoung Bin
Advisor : Kang, Keon-Wook Ph.D.
Department of Pharmacy,

Graduate School of Chosun University

The transition from chemotherapy-responsive brezsicer
cells to chemotherapy-resistant cancer cells isiipa@ccompanied by
the increased expression of ATP-binding casset@nsporters.
Multi-drug resistance protein 2 (MRP2, ABCC2) plaats important
role in the efflux of xenobiotics or conjugated atailites. In our
previous study, it has been found that FoxO1l fomstias a key
regulator ofMDR1 gene transcription (1). Because the mechanism how
MRP2 protein is up-regulated during chemotheragystance

acquisition has been rarely studied, in the prestmty, we aimed to



clarify whether FoxO1l control the expression BRP2 gene in
tamoxifen-resistant breast cancer cells. Moredvased on the fact that
nuclear localization of FoxO1 is regulated by SIRddacetylase, we
were further interested in whether a potent SIRihitor, Amurensin
G (CPP343) identified from screening of natural poomd library,
inhibits the expressions of MRP2 and MDR1 in chdrampy-resistant
breast cancer cells. Overexpression of FoxO1 arflleil 1 enhanced
MRP2 protein level and the gene transcriptionaivdgt In addition,
SIRT1 inhibition reduced both the nuclear FoxOZlelsvand the MRP2
expression in tamoxifen-resistant MCF-7 (TAMR-MCJ-tells.
MDR1 was also proved to be regulated by SIRT1-dépenhFoxO1
activation as well. CPP343, isolated frortis amurensis suppressed
both the basal expression of MDR1 in adriamycinstaat MCF-7
(MCF-7/ADR) cells and that of MRP2 in TAMR-MCF-7 I
Moreover, pretreatment of MCF-7/ADR cells with CBB3for 24 h
significantly increased cellular uptake of doxowmibi and restored
doxorubicin responsiveness in MCF-7/ADR cells. Ehessults suggest
that FoxO1 activation via SIRT1-dependent deacttylais closely
related with up-regulations of MRP2 and MDRL1. Farthore, CPP343,

a natural SIRT1 inhibitor could be developed as h&nwtherapy



adjuvant to increase the susceptibility of antiaman agents in

chemoresistant cancer.



1. Introduction

Although chemotherapy is the widely used device fioe
treatment of various cancers, its use is frequehtiyted by the
multidrug resistance (MDR) acquisition in tumorlseMDR describes
the phenomenon of resistance not only to the cudarg but also to
structurally different chemopreventive agents (@ne of the most
important mechanisms for cancer chemotherapy aggistis the active
efflux of anti cancer drugs through the increaseutession of the drug
transporters (3, 4). There are well-known three M@HRes identified
in humans; multidrug resistance-associated protéinBPs, ABCC
subfamily), MDR1 (p-glycoprotein, ABCB1) and breastncer
resistance protein (BCRP, ABCG2) (5, 6). All arenmbers of the
ATP-binding cassette (ABC) transporter family. AB@nsporters are
transmembrane proteins that function in the pumpingof a number
of substrates across cellular membranes by ATRrmnd hough there
may be some differences among them, these traesparbmmonly
have been known to efflux a variety of anti-tumgeiats (7). However,
the expression mechanisms of ABC transporters imatebeen fully

understood despite of obvious expression of theséeips in most



tumor tissues. Moreover, attempts to modulate tttesity of these
proteins have met with limited success (2).

Incidence of breast cancer is rising in women tghowt the
world, as well as western women nowadays. Admiuistn of
anti-estrogen is most common therapeutic methodnoA-steroidal
anti-estrogen, tamoxifen (TAM), an orally activelestive estrogen
receptor modulator (SERM), has been approved for th
chemoprevention of breast cancer and is the moskelyiused
anti-estrogen in estrogen receptor-positive breastcer patients (8).
Although most patients are initially responsivege thcquisition of
resistance to TAM is the main problem of anti-egtmo therapy (9). We
have previously shown that the overexpression ofPiIRRind MRP1
was found in TAM-resistant MCF-7 cells (TAMR-MCF<€glls) and
have suggested that the up-regulation of ABC trarieps plays a role
in the additional acquisition of chemotherapy resise (10).

Forkhead box-containing protein, O subfamily (FoxO)
transcription factors hold a conserved DNA bindilmgnain termed the
Fokrhead box (Fox). Four proteins FoxO1, FoxO3,B%xand FoxO6
are found to be the member of O subfamily FoxO iammals.

Transcriptional activity of FoxO factors is regaédtby a shuttling



system running between the nucleus and the cytoptasl this can be
regulated by phosphorylation-dependent ubiquitomaind acetylation
(11, 12, 13). A variety of cellular fates such asfedentiation,

metabolism and proliferation are controlled by Fo3), and FoxO
factors are frequently mis-regulated in some cand¢éB, 15). We
recently found that FoxOl1 is consistently up-retgda in

adriamycin-resistant breast cancer cells, whiclypk critical role in
the expression d¥1DR1 gene (1).

Silent information regulator two ortholog 1 (SIRTig the
human ortholog of the yeast sir2 protein, whicths name of a family
of closely related enzymes, the sirtuins (16, $ituins play a key role
in cellular response to stresses such as heataovatbn and are
responsible for the lifespan extending processesatirie restriction
(16, 18). Sirtuins act by removing acetyl groupsnfrproteins in the
presence of NAD+; they are thus classified as NAI2pendent
deacetylases (18). Several transcription factorg.,(53, myoD,
NFkxB) have been reported as substrates of SIRT1 (2B, HoxO
transcription factors are also deacetylated by 3IRid consequently
accumulated in nucleus (20).

Based on a hypothesis that SIRT1-dependent Fox@dityags



important for the expression regulation of ABC sporters, we tried to
clarify potential role of SIRT1 activation in th@-wegulation of MRP2
in TAM-resistant breast cancer cells. Moreover, al& assessed the
effect of Amurensin G (CPP343), a potent SIRT1 bitbr isolated
from Vitis amurensis, on the MDR1 and MRP2 expressions in
chemotherapy-resistant breast cancer cell types FIWWBDR and

TAMR-MCF-7 cells).
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2. Materials and Methods

2-1. Materials

The ant-MDR1 antibody was supplied by Calbiochem
(Darmastadt, Germany). The FoxO1l and FoxO3a speaiftibodies,
phosphorylated Akt and Akt antibodies, SIRT1 ardyo the
horseradish peroxidase-conjugated anti-rabbit antin@ouse IgGs
were purchased from Cell Signaling Technology (BgyeviA). The
antibody against MRP2 was supplied by Santa CruateBhnology
(Santa Cruz, CA) and the alkaline phosphatase-gatga donkey
anti-mouse 1gG and the horseradish peroxidase-gatgd rabbit
anti-goat IgG were provided by Jackson Immunoreteaaboratories
(West Grove, PA). Most of the reagents used foreauhr studies
were obtained from Sigma (St. Louis, MO). The siRN&kgeting
human FoxOl was acquired from Ambion (Austin, TXJuman
recombinant SIRT1, Fluor de Lys SIRT1 deacetyaldessate, Fluor
de Lys Developerll, NAD+ and the buffer used for assays were
purchased from Biomol (Plymouth Meeting, PA) andPGB2, CPP343
were kindly provided by Dr. WK Oh (Chosun univeysiGwang-ju,

Korea).

11



2-2. Cell culture
The MCF-7 cells and the adriamycin-resistant MCF-7
(MCF-7/ADR) cells were cultured in Dulbecco’s modd Eagle’s
medium (DMEM) containing 10% fetal bovine serum &B 100
units/ml penicillin, and 10Qug/ml streptomycin at 37°C ina 5 % ¢O
humidified atmosphere. TAM-resistant MCF-7 cellAMR-MCF-7)
were established using the methodology reporteziviere (Knowlden
et al. 2003). Briefly, MCF-7 cells were washed wRBS, and the
culture medium was changed to phenol-red-free DMEdhtaining
10% charcoal-stripped, steroid-depleted fetal bevserum (Hyclone,
Logan, UT) and 4-hydroxytamoxifen (0.LM). The cells were
continuously exposed to this treatment regimen2farveeks and the
concentration of 4-hydroxytamoxifen was graduatigreased to M
over a 9-month period. Initially, the cell growthtes were reduced.
However, after exposure to the medium for 9 montins, rate of cell
growth gradually increased, showing the establisiimef a

tamoxifen-resistant cell line (10).

2-3. Plasmids

12



The p2635-MRP2-Luc or p491-MRP2-Luc reporter plasmi
containing human MRP2 promoter region (-2635 an@1-%p,
respectively) was kindly provided by Dr. Uchiumi {TKyushu
University, Fukuoka, Japan) (21). The pl195-MDR1lorégr plasmid
was generated by ligating PCR-amplified MDR1 pragnoegions with
pGL3-enhancer vector (Promega, Madison, WI). THeN&3-FoxO1
and pcDNA3-FoxO3 overexpression plasmids were s$egbpfrom
Addgene Inco. (Cambridge, MA). The SIRT1 constietiactive
plasmid was kindly donated by Dr. KY Lee (Chonnanatibhal

University, Gwangju, Korea).

2-4. Preparation of nuclear extracts

Nuclear extracts were prepared essentially as itdbescrby
Schreiber et al (22). 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 KCI, 0.1 mM EDTA, 1 mM dithio#itol (DTT)
and 0.5 mM phenylmethylsulfonylfluoride (PMSF). Calembranes
were disrupted by vortexing, and the lysates wecabated for 10 min

on ice and centrifuged at 7,200g for 5 min. Pellmataining crude

13



nuclei were resuspended in @0 of extraction buffer containing 20
mM HEPES (pH 7.9), 400 mM NaCl, 1 mM EDTA, 1 mM
dithiothreitol and 1 mM phenylmethylsulfonylfluogd and then
incubated for 30 min on ice. The samples were tbtemirifuged at
15,8009 for 10 min to obtain supernatants contgimunclear extracts,

which were stored at -80°C until required.

2-5. Immunoblot analysis

After washing with sterile PBS, the MCF-7, TAMR-M&Tor
MCF-7/ADR cells were lysed in EBC lysis buffer caming 20 mM
Tris-Cl (pH 7.5), 1% Triton X-100, 137 mM sodiumlatde, 10%
glycerol, 2 mM EDTA, 1 mM sodium orthovanadate, 2%V
-glycerophosphate, 2 mM sodium pyrophosphate, 1 mM
phenylmethylsulfonylfluoride, and fig/ml leupeptin. The cell lysates
were centrifuged at 10,09@0or 10 min to remove the debris, and the
proteins were fractionated using a 10% separatahgTdne fractionated
proteins were then transferred electrophoreticadly nitrocellulose
paper, and the proteins were immunoblotted with #pecific
antibodies. Horseradish peroxidase- or alkalinesphatase-conjugated

anti-lgG antibodies were used as the secondarybadigs. The

14



nitrocellulose papers were developed using
5-bromo-4-chloro-3-indolylphosphate (BCIP)/4-nithad tetrazolium
(NBT) or an ECL chemiluminescence system. For cheamnescence

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

2-6. SIRT1 Deacetylase Assay

The Fluor de Lys fluorescence assay was used &sasgtivity
of several compounds and SIRT1 enzyme activationeih extracts.
The Fluor de Lys fluorescence assay was perforraeddicated in the
BioMol product sheets (16). Briefly, assays werafqrened using
Fluor de Lys-SIRT1, NAD+, SIRT1 or cell extracts $iIRT1 assay
buffer (50 mM Tris-Cl, pH 8.0, 137 mM NaCl, 2.7 mKCI, 1 mM
MgCI2, 1 mg/ml bovine serum albumin, as indicatadthe BioMol
product sheets.). The mixture of 10 mM NAD+, 5 mibstrate, SIRT
assay buffer was preincubated. Total cell lysateevadded instead of
SIRT1 enzyme. Prior to quenching the reaction, 2 mbbtinamide
was added to 1xDevelopér in the histone deacetylase assay buffer
(50 mM Tris, pH 8.0, 137 mM NacCl, 2.7 mM KCI, 1 mMgCI2, as
indicated in the BioMol product sheets). After adyglithe Developer

solution for quenching, the samples were kept &€ 3@r 45 min prior

15



to fluorescence reading. The fluorescence was medsusing the

excitation and emission wavelengths of 360 andtBprespectively.

2-7. MTT cell viability assay

To determine the cell viabilities, the cells werated at 16
cells/well in 96-well plates. For the cytotoxicityetermination by
CPP343, TAMR-MCF-7, and MCF-7/ADR cells were inctgzhin the
FBS-free medium with or without CPP343 (0.1#8ml) for 24 h. The
viable adherent cells were stained with 3-(4,5-dipkhiazol-2-yl)-
2,5-diphenyl-tetrazolium bromide (MTT; 2 mg/ml) férh. The media
were then removed and the formazan crystals prabdwesge dissolved
by adding 20Qul dimethylsulfoxide/well. The absorbance was asdaye
at 540 nm. The cell viability was expressed asréiaive ratios to the

untreated control cells.

2-8. Crystal violet assay
Cell viability was determined by crystal violetisiag when the
cells were treated with doxorubicin (23). Cells svstained with 0.4%
crystal violet in methanol for 30 min at room temgiare and then

washed with tap water. Stained cells were extragidd50% methanol

16



and dye extracts were measured at 550 nm wavelengjting a
microtiter plate reader (Berthold Technologies, Batlildbad,

Germany).

2-9. Cellular uptake of doxorubicin

The transport of doxorubicin was quantified in MZFand
MCF-7/ADR cells. Cells (3x1Dcells) were incubated with 3aM
doxorubicin for 60 min, washed with PBS three timasd lysed in
EBC lysis buffer containing 20 mM Tris-CI (pH 7.8%6 Triton X-100,
137 mM sodium chloride, 10% glycerol, 2 mM EDTApIM sodium
orthovanadate, 25 mM B-glycerophosphate, 2 mM sodium
pyrophosphate, 1 mM phenylmethylsulfonylfluoridendal pg/ml
leupeptin. After centrifugation of the samples {000y for 10 min,
change in fluorescent absorbance of doxorubicthénsupernatant was
determined at the excitation and emission wavelengf 470 nm and
590 nm, respectively. The uptake intensity was esged as relative

ratio to the fluorescence value of doxorubicin-eelagroup.

2-10. TdT mediated dUTP nick end labeling (TUNEL) asay

TUNEL assay were performed using am situ cell death

17



detection kit (Roche Diagnostics GmbH, Germany)teAf18 h
incubationwith either doxorubicin (3uM) or CPP343 (0.3-Lug/ml),
MCF-7 or MCF-7/ADR cells were washed with phosphhtdfered
saline (PBS). Cells on slides were then fixed widfbo
paraformaldehyde in PBS (pH 7.4) for 1 h at roomgerature, and
then permeabilized with 0.1% Trit8X-100 in 0.1% sodium citrate for
2 min on ice. They were then washed with PBS, iatedh for 60 min
at 37C after adding 5Ql of TdT enzyme solution, incubated for 30
min at 37C after adding 50ul of anti-fluorescent antibody (Fab
fragment from sheep conjugated with alkaline phaspde), and further
incubated for 10 min in the presence of BCIP/NBTuson. Slides
were then rinsed with phosphate-buffered salineunted under

cover-slips, and analyzed under an optical micrpsco

2-11. 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 ovemti and
transiently transfected with the p2635-MRP2-Luqd®1-MRP2-Luc,

p-MDR1 Luc reporter plasmids/phRL-SV plasmitRénilla luciferase

18



expression for normalization) (Promega, Madison, ) Wlsing
Hilymax® reagent (Dojindo Molecular TechnologiesaitbGersburg,
MD). The cells were then incubated in the culturedam without
serum for 18 h, and the firefly and hRenilla luciige activities in the
cell lysates were measured using a luminometer 41B®Berthold
Technologies, Bad Wildbad, Germany). The relatiugciférase
activities were calculated by normalizing the proenalriven firefly

luciferase activity versus hRenilla luciferase.

2-12. Statistical analysis
Paired Student’s t-test was used to examine theifisignt
inter-group differences. Statistical significancasnset at either p<0.05

or p<0.01.
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3. Results

3-1. Novel role of FoxO1 in theVIRP2 gene transcription

There are many transcription factors binding sitehuman
MRP2 promoter region (21). AP-1, HNB,3SP-1, and C/EBPare the
examples of transcription factors binding to the RZRpromoter
(Figure 1A). We revealed that the exaggerated PXRvity was
required for the oevrexpression of MRP2 in TAMR-MCFeells, but
C/EBB3 binding was not responsible for the transactivatd MRP2
gene (10). We also demonstrated that FoxO1 binditegin MDR1
promoter is essential for the basal expressionM@iRl gene in
adriamycin-resistant breast cancer cells (MCF-7/AB#s) (1). As
shown in Figure 1A, we also found several putabe&O binding sites
that closely match consensus sequence in human MR&2oter
region (13, 24).

To determine whether FoxO binding to the putativeding
sites is related wittMRP2 gene transcription, we measured the effects
of FoxOl1 and FoxO3 overexpression on MRP2 exprassiasing
MCF-7 cell lines. The expression levels of MRP2eviercreased in the

MCF-7 cells transfected with FoxO1l overexpressingctor

20



(pcDNA3-Fox01) (Figure 1B). In contrast, MRP2 pintéevels were
rarely elevated by FoxO3 overexpressing plasmid #uedinduction
intensity was much weaker than that by FoxOL1.

We next tested whether FoxO1l1 introduction stimslatee
MRP2 promoter activity. In MCF-7 cells, the huma&685-MRP2-Luc
reporter activity was significantly increased byxPd overexpressing
plasmid in a concentration dependent manner (FiguC¢ These
results demonstrate that FoxO1 functions as a kansctription factor
in the expression of MRP2 as well as MDR1.

We have suggested that the sustained MRP2 up-tegulia
TAM-resistant breast cancer cells is presumably@ated with the
additional chemotherapy resistance acquisition .(& shown in
Figure 2A, we confirmed that the basal MRP2 levese higher in the
TAMR-MCEF-7 cells than control MCF-7 cells (Figurd2 When we
measured the FoxO1 protein levels using the samelsa, the FoxO1
amounts in the total cell lysates obtained from TRIMICF-7 cells
were distinctly higher than those in MCF-7 celloowéver, the basal
FoxO3 levels were not changed in TAMR-MCF-7 celsg(re 2A).
Because nuclear localized FoxO only acts as funatieranscription

factor, nuclear FoxO1 levels were also compared/ést the two cell

21



types. In comparison to control MCF-7 cells, nucleaels of FoxO1,
but not those of FoxO3, were sharply increasedAMR-MCF-7 cells
(Figure 2A).

Reporter gene analyses were performed using twestyqf
hMRP2-Luc Plasmids; p2635-MRP2-Luc and p491-MRPZ2;lwhich
contained a -2.6kb and -491bp human MRP2 promoégion,
respectively. Despite of deletion, p491-MRP2-Ludll stetains
remaining putative FoxO binding sites with rarelgsttuction, while
C/EBB3 binding regions were truncated. Though relativtensity gets
lower at p491-MRP2, the tendency of luciferase #gtiwas similar at
both of MRP2 promoters (Figure 2B). This suggebtt FoxO1, not
C/EBBP3 may have an important role in regulation of MRP2.

To confirm the role of FoxO1l1, western blot analysias
performed in the TAMR-MCF-7 cells applied with smaihibitory
RNA (siRNA) specifically silencing-oxO1. When FoxO1 expression
was inhibited by FoxO1 siRNA, the elevated MRP2elsvwere
reversed (Figure 2C). Reporter gene assay with PpARP2-Luc
conserving FoxO1 binding sites was next performediCF-7 and
TAMR-MCF-7 cells co-transfected with FoxO1 siRNAh& MRP2

reporter activity was dramatically diminished byxBd inactivation

22



(Figure 2C). These data suggest that FoxO1 istmairregulator for

humanMRP2 gene expression and transcriptional activity.

3-2. Involvement of SIRT1 in the MRP2 and MDR1 expessions
FoxO proteins can be controlled by two differentchrnisms;
phosphorylation and acetylation. Multiple kinasehpays including
PI3K/Akt, MEK/Erk, JNK have shown to regulate Fox@a
phosphorylation (12, 25, 26). In addition, it ha&eb also reported that
SIRT1 causes nuclear translocation of FoxO1 byléacetylation and
subsequently increases the transcriptional actofifyoxO1 (27).
Activated Akt is known to phosphorylate FoxO1l pnose
leading to inhibition of Foxol transcriptional agty by exporting it to
cytoplasm from the nucleus (12, 28). The levelpludsphorylated Akt
were higher in TAMR-MCF-7 cells than MCF-7 cells,hieh is
consistent with our previous result (Figure 3A)cBase Akt activation
decreases the nuclear expression and transactiuaiction of FoxO1,
this result seems to be conflict with the resutt thuclear FoxO1 was
relatively higher in TAMR-MCF-7 cells than contraiCF-7 cells,
shown in Figure 2. Thus, consistent Akt activationTAMR-MCF-7

cells seems not to be related with the enhanceteamué&oxO1, as
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confirmed by Akt inhibition (Figure 3C). Instead|lRI'1 expression
was higher in TAMR-MCEF-7 cells than in MCF-7 cellsgure 3B). To
clarify it, we further determined SIRT1 enzyme wityi using Fluor de
Lys fluorescent substrate in the total cell lysa®&MR-MCF-7 cells
showed higher SIRT1 activity than MCF-7 cells (FgBB). On the
other hand, MCF-7/ADR cells where MDR1 level isigexpressed,
showed lower SIRT1 activity than control MCF-7 se{Figure 3B).
Instead, phosphorylated Akt levels were down-regdla in
MCF-7/ADR cells (Figure 3A). We assume that overegpion of
FoxO1 in MCF-7/ADR is due to the poor regulatorpahility of Akt.
These results strongly support a notion that SIRIEls as a key
regulator of FoxO1 activity in TMAR-MCF-7 cells.

We then examined whether SIRT1 activity is esskfbiathe
FoxO1-dependent MRP2 expression. Nicotinamide, paesentative
SIRT1 inhibitor, proved to have an inhibitory effeon FoxO1
according to the results of both nuclear levels totdl cell lysates
protein levels (Figure 3C). Nicotinamide also distly reduced the
level of MRP2 protein in TAMR-MCF-7 cells (FigureC3. P13-kinase
inhibition (LY294002-treated group) also reducea thasal MRP2

levels in TAMR-MCEF-7 cells, but the nuclear FoxGslvéls were not
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affected (Figure 3C). In our previous study, we vebod that
PI3-kinase/Akt activation up-regulates MRP2 protémough PXR
dependent manner (10). Hence, FoxO1-dependent MEPBE&ssion
would mainly result from SIRT1 activation in TAMR®F-7 cells.
SIRTL1 inhibition also decreas@&dRP2 gene transcription (Figure 4A).
Based on these results, the effects of SIRT1 opeession on MRP2
were investigated. The transcription MRP2 genes was increased in
accordance with SIRT1 addition (Figure 4B). BecausexOl
overexpression also stimulateMDR1 gene transcription in our
previous results and we aimed to clarify a link wesn
FoxO1-mediated MDR1 and SIRT1, the effect of SIRNIMDR1 was
tested. The p195-MDR1-Luc reporter activity was ngigantly
elevated by SIRT1 constitutive active plasmid in MT cells (Figure
4B). Besides, SIRT1 also enhanced transcriptionetivity of
forkhead-response element (FHRE) (Figure 4C). Thessults
definitely imply that SIRT1 is closely connectediwihe expression of

FoxO1-mediated MDR proteins.

3-3. Synergistical effects of SIRT1 on FoxO1-deperdt MRP2

and MDR1 overexpression
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To determine certainly whether SIRT1 overexpression
potentiates FoxO1l-mediateMRP2 and MDR1 gene transcription,
MCF-7 cells were co-transfected with constitutivetiie SIRT1
plasmid and/or FoxO1 overexpression plasmid. SlI@¥drexpression
in the presence of FoxO1 synergistically enhanaatt bf MRP2 and
MDR1 promoter activities, whereas each one alsavedoMRP2 and
MDR1 increasing effect (Figure 5A, 1C and 4B). Rerinore,
SIRT1-induced MRP2 and MDR1 transactivation wasersed by
FoxO1 siRNA (Figure 5B). These data support th&T3lis a critical
regulator for MRP2 expression as well as MDR1 wa®1 dependent
mechanism and FoxO1 and SIRT1 aid each other tacendhultidrug

resistance expression.

3-4. Effects of natural SIRT1 inhibitors, CPP342 & 343 on
MRP2 and MDR1 expression
SIRTL1 is believed as one of attractive anti-carnaggets, since
SIRT1 controls cell cycle and apoptosis during tugenesis.
Although several SIRT inhibiting chemicals have rbedentified,
potential toxicity is a main obstacle to developvremti-cancer agent.

Hence, we tried to identify potent SIRT1 inhibitoi®om natural
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product compounds library. Among the screening d&t400 species,
CPP342 (Ampelopsin) and CPP343 (Amurensin G) shopetent
inhibitory effects against SIRT1 enzyme activity darespecially
CPP343 showed more potent activity than CPP342 @Dhal.
unpublished data) (Figure 6A and data is not showmnhe first place,
we performed preliminary experiment about the efficy of CPP343
in MCF-7 cell. After enhancing FHRE reporter acivitusing
constitutive active SIRT1 plasmid, CPP343 was é@at MCF-7 cells.
CPP343 reduced SIRT1-induced FHRE transcriptiootl/iies in a
concentration dependent manner (Figure 6B). It c&dud evidence
supporting potentiality of natural substances d@&T3linhibitor for in
vivo methodology. In order to determine whethernot the SIRT1
inhibitors generally suppress ABC transporters, stadied these
natural product compounds. Western blot analysis peformed to
elucidate the effects of these compounds on MDRd MRP2
expressions. Either CPP342 or CPP343 significamthibited the
expression of MDR1 and MRP2 proteins in MCF-7/AD8lIs and
TAMR-MCEF-7 cells, respectively (Figure 6C, 6D). Mowver, nuclear
FoxO1 levels were attenuated by CPP343 treatmdrite WoxO3 was

not altered by CPP343 (Figure 6D). To confirm pelecative effects,
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we performed preliminary experiments on the cytmiibx of CPP343.
CPP343 seems not to have severe toxicity in botheoTAMR-MCF-7
and MCF-7/ADR cells (Figure 7A). Next, we tested efifer the
cellular uptake of doxorubicin was enhanced by CRBP®oxorubicin
was accumulated in MCF-7/ADR cells to a lesserredtean in MCF-7
cells. Doxorubicin uptake in MCF-7/ADR cells washanced as
increasing concentration of CPP343 (Figure 7B). Wether
determined whether doxorubicin responsiveness ovexed by
CPP343 treatment. After 24 h preincubation of MGABR cells with
vehicle or CPP343 (0.1, 0.3,u/ml), doxorubicin (3QuM)-mediated
cell viability change was assessed. CPP343 treatrsignificantly
enhanced the cytotoxicity of doxorubicin, as evizbehby crystal violet
assay (Figure 7C). We finally assessed doxorubiuinded apoptosis
in MCF-7/ADR cells after CPP343 treatment. Represtere terminal
dUTP nick-end labeling (TUNEL) assay photographsewsd that
exposure of control MCF-7 cells to doxorubicin (M) for 24 h
caused severe apoptosis, but not in MCF-7/ADR .ceflewever,
TUNEL-positive cells were found in MCF-7/ADR celtsetreated with
CPP343 (0.3-ug/ml) for 24 h suggesting the down-regulatory dffec

of CPP343 on MDR1 activity and the recovery of #enty to
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doxorubicin. (Figure 7D).
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4. Discussion

Multi-drug resistance is a serious obstacle in tteatment of
breast cancer (29). Several ATP-binding casset@C)Asuperfamily
multidrug efflux pumps are known to be involvedtiis phenomena.
p-glycoprotein (MDR1, ABCB1), MRP2 (cMOAT, ABCC2)e& the
overt protein to drive this severe resistance @0, Although these
efflux systems can be of help to removing harmfoénicals and
protecting tissues from toxic materials, they haeavier problem to
manage the patients who are taking drugs decidieg fate at the
crossroads of life and death. What is worse, thesseins have
intersecting effects on other unrelated anti-cartreigs, bring about
the low success of treatment (32). Among the AB@gporters, MRP2
protein is reported to be overexpressed in malignaoplastic tissues
(33). In addition to transporting of endogenous jegates, MRP2
transports cancer chemotherapeutics. Anticancergsdrguch as
vinblastine, vicristine and methotrexate are sualbstr of MPR2;
therefore this protein appears to contribute togdresistance in
mammalian cells (33, 34, 35, 36). However, the mubkr mechanisms

by which MRP2 is increased are largely unknown.our previous
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study, up-regulation of C/EBPwas discovered on the process of
establishing the chemotherapy-resistant cancer liogls. But it was
concluded that C/EBP may not be responsible foMIRP2 gene
activation (10).

Because there are many number of putative FoxGdrgmion
factor binding sites on MRP2 promoter region, weuight FoxO into
focus. In the present study we showed that thee al@se correlation
between MRP2 and FoxO1 transcription factor. Whercampared the
MRP2 levels in FoxO1 overexpressed human breastecasell lines,
MRP2 protein levels were elevated. Remarkably ecddnFoxO1
levels were observed at TAMR-MCF-7 cells, which éaanonically
overexpressed MRP2 proteins. Even if we also deltbd on FoxO3,
its intensity was weaker than FoxO1.

Keiji et al. (2004) showed that compared with p168RP2, the
luciferase activity decreased when p491 MRP2 waayasl in HepG2
cells, leading to the conclusion that a putativeipee regulator can be
localized in the -1659/-491 bp region (37). On twntrary to this
results, Tanaka et al. previously took the resthet the luciferase
activity decreased in HepG2 cells when pl1659 MRRZ assayed,

compared with p491 MRP2, concluded by saying thatre was a
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putative silencer regulatory element in the -168%1-region (21). The
conclusions of these two studies are exactly contaeach other. To
solve this conflict, more detailed investigatiomseded. Among such
complex elements, FoxO1 proved to be the positgelator of MRP2.

Although a part of FoxO1 binding region is trunchte p491 MRP2,

its loss is not greater than C/EBRNnd p491 MRP2 probably still
reserve another several binding sites for FoxO&rdfore p491 MRP2
Is also shown to play a role in increasing the MRR#erase activity

in TAMR-MCF-7 cells compared with MCF-7 cells.

Further study was performed by introducing FoxOgcHx
siRNA. When we experimented on western blot asdagxOl
interfering by SiRNA restrained MRP2 protein exgies in
TAMR-MCF-7 cells. Reporter gene assay results alsowed similar
tendency. After co-transfected the MCF-7 cells a®sMR-MCF-7
cells with FoxO1 siRNA, we measured MRP2 reportetivdy. The
activity of MRP2 levels was reduced drastically ByxO1 siRNA in
TAMR-MCF-7 cells.

The O subgroup of Forkhead box proteins (FoxO) trypdgry an
important role in cell growth, proliferation, diffentiation, longevity,

metabolism and tumor development (13-15, 38). Tdiwvity of FoxO
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is controlled by post-translational modificationsjncluding
phosphorylation, acetylation and ubiquitination )(12 is a target for
PI3K/Akt to induce tumorigenicity through sering&bnine
phosphorylation and nuclear exclusion. Cellularestes such as
oxidative stimuli lead to FoxO acetylation causiag inhibition of
FoxO activity (12-15, 39).

SIRT1, a member of sirtuin family is known to bgukator of
lifespan extension. David et al. suggested thatetgkation of FoxO by
SIRT1 increases its nuclear retention time and thusreases
transcriptional activity (27). SIRT1 acts as ondla# critical regulator
of FoxO transcription in response to cellular stresa its role of
NAD-dependent deacetylation (28). On the other haidtta et al.
insisted that SIRT1 may down-regulate and represshéad factor
including FoxO1 and FoxO4 as well as FoxO3a byalteliting the
protein, decreasing its DNA binding activity, or aciging
protein/protein interaction (17). They demonstratedinteraction of
SIRT1 on p300-mediated activation of FoxO3a. Initall, Yang et al.
asserted that FHL2 interacts with FoxO1 and ineadd transcriptional
activity of FoxO1 through deacetylation mediated3RT1 in prostate

cancer cells (40). Although there is a conflicseferal opinions about
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SIRT1 and FoxOl regulation mechanism like this,en¢cstudies
showed SIRT1 as an assistor of FoxO activation.T${Rediated
deacetylation blocks FoxO inhibition introducednfracetylation and
thereby prolongs FoxO-dependent transcription ofbnsalear
stress-regulating genes. Through this mechanisRT Bis thought to
be able to promote cellular survival and incre#sspan (41, 42).

In TAMR-MCEF-7 cells not only SIRT1 but phosphorgdtAkt
levels are also increased. Activation of Akt phasplates FoxO1,
subsequently incapacitates its transcriptionalvagtiwhich may have
influence on MRP2 expression. However, TARM ce#$aim highly
expressed FoxO1 not to have of MRP2. Our previatia dan be a clue
to solve this contradiction. PI3-kinase pathwayypla key role in
controlling the PXR activity and PXR is thought lbe an important
transcription factor for MRP2 induction. When PI3iKt specific
inhibitor LY294002 was treated in TAMR-MCF-7 celBXR reporter
activites and MRP2 protein levels were signifidaninhibited
implying the role of PXR-mediated Akt in TAMR-MCF-@ells. This
action is unlikely to be dependent on FoxO1 achenause LY294002
treatment could not change the FoxO1 protein espes

Although MCF-7/ADR cells showed lower SIRT1 enzyme
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activity leading to conclusion that other mechansumsh as PI3K/Akt
might be related with FoxO1 up-regulatidiDR1 gene itself was also
transactivated by SIRT1.

When SIRT1 was co-transfected with FoxO1, MRP2 and
MDR1 transcriptional activities were significantipcreased, while
each one also contributes to induce MRP2 and MD&iséactivation.
Furthermore, this elevation caused by SIRT1 wasrsad by FoxO1
suppression. Well-known SIRT1 inhibitor nicotinamideduced the
protein level and promoter activity of FoxO1 and RIRIin our present
study.

Recently some natural compounds are screeneditaydRT1.
In an effort to discover regulators of human SIR@idzymes, we
performed a screen of several compounds. Out ottd@fpounds from
screening result of Dr. Oh, CPP342 and CPP343 sthoemarkably
potent effect. MDR1 and MRP2 levels were drastjcaéduced by
treatment of both of them. CPP343 seems to have highly efficacy
than CPP342. FoxOl and FoxO3 levels were also meshsafter
treating CPP343. FoxO1 was significantly down-ratged by CPP343
and it influenced on MDR1 and MRP2 expression. Bseahere has

been known to be complicated mechanism of resistamt
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TAMR-MCF-7 cells, proper recover of drug responsiess only by
SIRT1 inhibition seems to be insufficient in thislicline. Hence an
effort to search for more detail mechanisms of fhli®nomenon in
TAMR-MCF-7 cells is needed. In case of MCF-7/ADRI€eBIRT1
inhibition is well adapted. CPP343 didn't show aByere cytotoxicity
but down-regulated MDR proteins. Decreasing effetthiese proteins
turned out to be due to FoxO1 inhibition as showrthe result of
reduced FHRE reporter activity by CPP343 treatménbreover,
increased doxorubicin cellular uptake and doxolnkieduced
apoptosis results after treating with CPP343 aledialg to the
possibility of CPP343 as an effector to reverse MpBteins. Even if
more studies on establishment of regulation meshamf CPP343 by
investigating other potential molecular target suelBK/Akt are
demanded, we herein affirmed that SIRT1 inhibitease influence on
FoxO1 activation and subsequently affect MDR trantgps.

Overall, this study showed that FoxO1 positivelygulates
MRP2, and SIRT1 plays an important role in streagihg those
effects. These are worthy of attention becauseotldc be a new

therapeutic target to overcome the chemoresistzanoeers.
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Figure 1. Regulation of MRP2 by FoxO1. (A) Putative bindsiges to
FoxO in the proximal promoter region of humsRP2 gene. The
predicted binding sites for transactivation factams demonstrated. The
numbering is relative to the major transcriptioni@ion site, which is
marked by an arrow. The asterisk] [I) indicates putative FoxO
binding sites based on highly conserved sequené®mhead protein.
(B) Induction of MRP2 proteins by FoxO overexpressiMCF-7 cells
were cultured in transfection optimized medium witDNA3-FoxO1
or pcDNA3-FoxO3 for 6 h and in serum deprived medifor 18 h.
Cell lysates were subjected to immunoblotting asialyith anti-MRP2
antibody. Equal loading of proteins was verified bgctin
immunoblotting. (C) FoxO1 up-regulates MRP2 tramimnal activity
in MCF-7 cells. MCF-7 cells were co-transfectedhwat p2635-human
MRP2 reporter construct and pcDNA3-FoxOl in a catregion
dependent manner (3-30 ng), followed by reportsiays The data
represents the mean £+ S.D. of 3 separate samgeditant versus the

control,[(p<0.05;[1Tp<0.01; control level = 1)
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Figure 2. Activation of MRP2 in TAMR-MCF-7 cells. (A)
Immunoblot analysis of MRP2, FoxO1 and FoxO3 in tb&al cell
lysates or nuclear fractions. A representative imotlot shows MRP2
protein in both MCF-7 and TAMR-MCF-7 cells serunpdeed for 24
h (upper panel). Nuclear fractions and total cgates were also
obtained from both MCF-7 and TAMR-MCF-7 cells imsaconditions,
and FoxO1 (middle panel) and FoxO3 (lower panelgach fraction
were immunoblotted with the respective antibody.) (Reporter
activities of deletion mutant human MRP2 promotersMCF-7 and
TAMR-MCF-7 cells. Each cell type was transientlartsfected with
p2635-MRP2-Luc (left panel) or p491-MRP2-Luc (rigianel) plasmid.
Dual luciferase reporter assays were performed han lysed cells
co-transfected with pMRP2-Luc plasmid (firefly ltefase) and
phRL-SV (hRenilla luciferase) (a ratio of 100:1) L&fter transfection.
Reporter gene activation was calculated as a velattio of firefly
luciferase to hRenilla luciferase activity. Datgnmesent means + SD
with 6 different samples (significant versus thentcol, [Tp<0.01;
control level =1). (C) Inhibition of MRP2 protein expression and
transcriptional activity by FoxO1 suppression. MR#2 FoxO1 levels

were determined by immunoblotting in TAMR-MCF-7 lsdfansfected
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with FoxO1 siRNA (60 pmole) or control siRNA (60 pha) (left
panel). MCF-7 and TAMR-MCF-7 cells were co-trangéelc with
p2635-MRP2-Luc in combination with FoxO1 siRNA (pénole) or
control siRNA (20 pmole) (right panel). Data reneisthe means + SD
with 6 separate samples (significant when compaigd MCF-7 cells
transfected with con siRNA[Ip<0.01; significant when compared
with  TAMR-MCF-7 cells transfected with con sSiRNA#p<0.01;

control level =1).
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Figure 3. The factors related with FoxO1 regulation mechanifA)
Akt and phosphorylated Akt levels were detectedl AMR-MCF-7
cells (left panel) and MCF-7/ADR cells (right panebmpared with
MCF-7 cells by immunoblotting. (B) SIRT1 protein pgssion in
TAMR-MCF-7 cells (upper, left panel) and MCF-7/ADRIIs (upper,
right panel). SIRT1 activities were measured by oFlue Lys
Fluorescence assay. Cell lysates of TAMR-MCF-7scdibwer, left
panel) and MCF-7/ADR cells (lower, right panel) abtained from
the cells cultured in serum deprived medium foh24hstead of SIRT1
enzyme, cell lysates were used to detect the velaittivity of SIRT1.
Data represents means + SD with 3 different samf@damificant
versus the control MCF-7 cell§[p<0.01; control level = 1) (C) The
effects of PI3-kinase inhibitor and SIRT1 inhibitwm the expression of
FoxO1 and MRP2 in TAMR-MCF-7 cells. Expression axP1 and
MRP2 was measured in TMAR-MCF-7 cells treated wWil3-kinase
inhibitor (LY; LY294002 20 uM) and SIRT1 inhibitor (Nam;

nicotinamide 1 mM) for 24 h.
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Figure 4. Requirements of SIRT1 to induce FoxO1l-mediated inTuig
resistant proteins. (A) Inhibition of p2635-MRP2dap491-MRP2
reporter gene activation in TAMR-MCF-7 cells by SIRsuppressions.
TAMR-MCEF-7 cells were treated Nam (nicotinamidemM), 10 min
after transfection of cells with two types of MRR&orter plasmids
and then the luciferase activity was measured 1&ftér inhibitors
treatment. Data represent the means + SD of 3rdiffesamples
(significant when compared with control treated ls;el1p<0.01;
control level = 1). (B) Transactivation of MRP2 akiR1 by SIRT1.
Reporter activity of p2635-MRP2-Luc (left panel) dan
pl95-MDR1-Luc (right panel) was measured in MCF-@llsc
transiently co-transfected with SIRT1-constitutiactive plasmid
(30-300 ng) or pCMV5 vector. Data represents mear&D with 3
different samples (significant versus the contfqi<0.05; [1p<0.01;
control level = 1). (C) Increased transcriptionatiaty of FHRE
promoter by SIRT1. MCF-7 cells transiently co-tri@esed with FHRE
reporter plasmid in combination with SIRT1-condfite active
plasmid (30-300 ng) or pCMV5 vector. Data represkatmeans + SD
of 3 different samples (significant versus the oont [p<0.05;

[1<0.01; control level = 1).
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Figure 5. The complementary effects of FoxOl and SIRT1. (A)
Up-regulation of MRP2 and MDR1 transactivation byx®1 and/or
SIRT1. MCF-7 cells were co-transfected with pcDNR&@<O1 (30 ng),
constitutive active form of SIRT1 (300 ng) plasnadd both of them
with p2635-MRP2 (left panel) or p195-MDR1 (rightned) reporter
plasmid and then the luciferase activities were suesd 18 h after
transfection. Data represent the means + SD offférdnt samples
(significant as compared to pCMV5-transfected MCFetlls,
[1p<0.01; significant as compared to FoxOl-trasnte&eCF-7 cells,
##<0.01; control level = 1). (B) Reversion of SIRTiduced MRP2
and MDR1 transactivation by FoxOl suppression. p2dRP2
reporter activities were measured in MCF-7 celldraosfected with
pCMV5 or SIRT1 (300 ng) in combination with FOXORNA (left
panel). p195-MDR1 reporter activities were also sueed in the same
way (right panel). Data represents means = SD %vidifferent samples
(significant when  compared with control SIRNA and
pCMV5-transfected MCF-7 cells,[1p<0.01; significant when
compared with control siRNA and SIRT1-transfectedCR7 cells,

#p<0.05;##p<0.01; control level = 1)
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Figure 6. Effects of SIRT1-regulatory natural compounds, G#Pand
CPP343 on FoxOl-mediated MRP2 expressions. (A) rBate of
CPP342 and CPP343 structure. (B) Inhibitory effectCPP343 on
SIRT1-induced FHRE transactivation. MCF-7 cells evéransfected
with FHRE reporter plasmid together with pCMV5 dR$1 (300 ng).
Six hours after transfection, the cells were eithaintained as controls
or were treated with CPP343 (0.1ph/ml) for further 18 h. Data
represent the means + SD of 3 different samplegnifgant as
compared to pCMV5-transfected MCF-7 cellsp<0.01; significant as
compared to SIRT1-trasnfected and untreated comMiGF-7 cells,
#p<0.05;##<0.01; control level = 1). (C) Effect of CPP342 MIDR1
and MRP2 proteins. MCF-7/ADR cells (upper panel)dan
TAMR-MCF-7 cells were incubated with gradually isaesed
concentrations (0.3-Big/ml) of CPP342 for 24 h and expression of
MDR1 and MRP2 levels were measured by immunobigttin
respectively. (D) Effect of CPP343 on MDR1 and MR##ateins. In
addition, nuclear level of FoxO1 and FoxO3 was ateasured. Total
cell lysates and nuclear fractions of MCF-7/ADR Izeland
TAMR-MCF-7 cells were taken after treating CPP383343 pg/ml)

for 24 h.
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Figure 7. Overcome of the resistance to doxorubicin in MCKBER
cells treated with CPP343. (A) Cell viability afteeating with CPP343.
After incubation of TAMR-MCF-7 (left panel) and MERADR (right
panel) cells with or without CPP343 (0.14&/ml) for 24 h, cell
viabilities were determined using MTT assays. Degpresent the
means + SD of 14 different samples (control levelly (B)
Doxorubicin cellular uptake. After incubation of M& and
MCF-7/ADR cells with or without CPP343 (0.118/ml) for 24 h,
doxorubicin (30uM) was treated for 60 min. Fluorescence intensities
of doxorubicin retained in lysates of MCF-7 and MTRDR were
measured using the excitation and emission wavtiengf 470 and
590 nm, respectively. The values were divided ltgl tprotein content
of each sample. Data represent the means + SDddfeBent samples
(significant versus the untreated MCF-7/ADR cell§p<0.05;
[1p<0.01; control level = 1). (C) Cell viability aftereating with
doxorubicin with or without CPP343 treatment. Daxacin (30 uM)
was treated 24 h after exposure of MCF-7 and M@BR cells with
or without CPP343 (0.1-fug/ml). Cell viabilities were determined by
crystal violet assays. Data represent the mean® 0fS14 different

samples (significant versus the doxorubicin-treaed CPP343 control
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MCF-7/ADR cells, [Tp<0.01; control level = 1). (D) Representative
photographs of TUNEL assays on cells cultured witvithout 30uM
doxorubicin for 24 h. MCF-7/ADR cells were preteditwith CPP343
(0.3-1 pg/ml) 24 h before doxorubicin exposure. Results ewer

confirmed by multiple experiments.
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