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Oligopeptide transporter in cancer cells1
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Functional characterization of amino acid transporters2
Role of BCRP in multi-drug resistance in cancer3

Prof. Ganapathy



In Cancer Cells
• Limits attainment of therapeutic 

intracellular concentration of drugs 
(Multi-Drug Resistance)

• Effluxes drugs from cancer stem cells

Specific Inhibitors
• FTC, Ko143, Elacridar

Substrates
• Natural Substrates
• Xenobiotics
• Chemotherapeutics

In Normal Cells
• Liver and gut; Limits absorption and 

enhances elimination of drugs
• BBB and Testis; Limits penetration of 

drug into brain or testicular tumors
• Normal stem cells; Protect stem cells from 

damages by drugs

COOH

NH2

COOH

ATP ADP

NBD

ATP ADP

NBD
NH2

Breast Cancer Resistance Protein BCRP/ABCG2

Poor Cancer 
Treatment 
Outcomes

Pharmacokinetics

Pharmacology

Reviewed in Chin J Cancer, 2012 and Natarajan et al Biochemical Pharmacol, 2012
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With  Mayo Clinic 
Mol Cancer Ther, 2011Blood, 2006

CDK Inhibitor for CLL
Alvocidib (Flavopiridol)

BMS-536924
Fluorescence
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BCR-ABL Inhibitor for CML
Imatinib

IGFR1 Inhibitor
BMS-536924

Wt MX10

Imatinib (nM)

Drug Selected

+ BCRP

No BCRP

Mol Pharmacol, 2003
Clin Cancer Res, 2003

Xenopus L. Oocytes BCR-ABL +ive K562 cells Drug Resistant  MCF7 cells

BCRP Causes Resistance to Small Molecule 
Kinase Inhibitors Used in Targeted Therapy

K562/MX10

Wt

TKI; Tyrosine kinase inhibitors, CDK; Cyclin dependent kinase, FLV; Flavopiridol, CLL; Chronic lymphocytic leukemia, CML; 
Chronic myelogenous leukemia, IGFR; Insulin-like growth factor 1 (IGF-1) receptor.

BCRP cRNA (-) (+) (+)
FTC (-) (-) (+)
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FACS Analysis of Mouse Bone Marrow Cells
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Hoechst Red

BCRP is a Universal Marker 
for Side Population (SP) Stem Cells 

in Normal Tissues and Malignant Tumors

Wild Bcrp1-/-

SP Cells
Low Hoechst 
Accumulation

Shields stem cells from the lethal effect of PPIX generated in hypoxia
Protects cancer stem cells from damages by chemotherapeutic drugs

With Dr. Schuetz (St Jude Children’s Research Hospital) in J Biol Chem, 2003

BCRP+ SP Cells

FACS; Florescence activation cell sorting, Hoechst 33342; DNA-binding dye and substrate of BCRP 
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Responsive

BCRP May Protect Cancer Stem Cells

Drugs

Remission Relapse

Chemotherapy

Cancer Stem Cell (CSC)
(or called Tumor-Initiating Cells (TIC))

Self-renewal 
Proliferative 
BCRP positive 

Drug resistant

BCRP

Breast Cancer

~ Several Years

Sensitize to drugs 
and kill efficiently



Ubiquitination
–Blood 2006 miRNA

P
PIM1

miR-519c
miR-520h
miR-328

MEK1/2

ERK1/2

RAS

ABLBCR
GAB2

Alternative Promoter
– 2006 Cancer Res 
– 2007 AACR
– 2011 BBA

Demethylation Gene Amplification
– 2006 Cancer Res 

Histone Modulation

EGFR Signaling
EGFR

–AACR  2006
HER2

–BJC 2010
Phosphorylation
–JBC 2008

Nuclear Receptors
• ER & PR
• PPARα &γ
• AhR –BP 2010 (AhR)

PI3K/AKT Signaling
–Blood 2006 

Reviewed in Chin J Cancer, 2012

SOS
GRB2

MA

P

M

P

4q22

Nuclear 
Receptor

Known Mechanisms of  Regulation 
of  BCRP Gene Expression 

PI3K
PDK1

AKT



HER2 is 
An oncogenic RTK
Overexpressed in 30% of BC patients
Associated with 

• high proliferation, 
• high rate of metastasis (brain, lung)
• resistance to chemotherapy
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mRNA

Protein
Patient-derived Breast Cancer

BCRP

β-Actin

HER2
#5    #4    #3

PatientAnti-

MCF-7 Cells

HER2 Enhances BCRP in Breast Cancer (BC)

Br J Cancer, 2010

BCRPHER2

ProteinImmunocytochemistry

RTK; Receptor tyrosine kinase 



Correlation of  HER2 Expression and  SP Cells 
in Human Breast Cancer

Hoechst33342; 5 μg/ml, Ko143 (specific inhibitor of BCRP); 1 μM

SP = 0.14%
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BC#3 (SP = 1.76%)

BC#2 (SP = 2.43%)

MCF7 (SP = 0.9%)

MD-MB231 (SP = 0%)

MD-MB231/HER2 (SP = 0.56%)

BT-20 (SP = 0.14%)

BT-20/HER2 (SP = 0.32%)MCF7/HER2 (SP = 5.1%)
+Ko143 +Ko143

SP Cells in Breast Cancer HER2 and SP Correlation 
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MIF:
Mean intensity of 
fluorescence 



SP Cell Type SP Cells 
Injected

Control +AG825 +Herceptin

Tumors/Injections

MCF7/HER2

100 11/14 0/7 0/5

500 10/13 0/9 0/8

1000 8/8 0/2 2/3

BC 
(Patient #4)

100 4/4 1/4 Not 
tested

500 4/4 0/4 Not 
tested

Total 37/43 1/26 2/16

Inhibiting HER2 Diminishes Tumorigenicity 
of  SP Cells in NOD/SCID Mice   

Sorted cells (100-1000) were Suspended with BD MatrigelTM, incubated with either AG825 (100µM) or Trastuzumab (160µg/mL) for 2 hours 
before injection. Trastuzumab (160ug/mL) was injected into mice every other day during experiments. Tumors were observed eight to ten weeks.

Sorting SP

MCF7/HER2 Cells

Br J Cancer, 2010

Whole 
Population SP

mammary fat pad

SP

Repopulation of SP in NOD/SCID MiceInoculation of SP 

AG825; HER2-specific inhibitor

500 cells500 cells

Inoculation

Whole 
Population



HER2/HER3 Signaling Plays a Role In Expansion 
of  SP Cells in Breast Cancer Cells

Br J Cancer, 2010

Western Blot –
MCF7/HER2 Cells

AG825 0 10 25 50 100

HER2

pHER2

AKT

pAKT

HER3

pHER3

BCRP

β-Actin

(µM)
72hrs

SP=2.38% SP=0.01%

Patient  BC#4 Cells (72 hr)
Control                     AG825 100 µM

SP=0.18%SP=3.03%

Control AG825 100 µM
MCF7/HER2 Cells (72 hr)

0

1

2

3

Control Ko143 50 100

SP
 (%

)

Shutting off HER2 
oncogenic network is 
also effective to remove 
BCRP expression from 
TIC cells.

AG825; HER2-specific inhibitor

+AG825

(µM)
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Blocking HER2 Is an Ideal Strategy 
to Kill Two Birds with One Stone

Chemotherapeutic drug

Chemotherapy

Complete 
or 

Prolonged 
Remission 

Breast Cancer

Sensitize TIC cells

Kill

Repressing tumors1

2

HER2?

Sensitize
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AR

Nucleus

-O3SO

O

Plasma level; up to 10 μM

A Hypothesized Role of  OATPs 
in Survival of  Prostate Cancer Cells 

through Androgen-deprivation Therapy (ADT)
Prostate Cancer Cell

Plasma level; nearly 5 nM

O

OH

O

OH

O

OH

H

5aR
Simple Diffusion

PSA

Growth

Testosterone DHTTesticular
Testosterone

Susceptible to androgen-
deprivation therapy (ADT)

Not affected by ADT

Sulfate conjugate of 
Adrenal DHEA
(DHEAS)

AR; Androgen receptor, STS: Steroid sulfatase, 5αR: 5α-Reductase, PSA; Prostate specific antigen.
DHEA; Dehydroepiandrosterone, OATP; Organic anion transporting polypeptide,

Castration Resistant Prostate Cancer (CRPC)
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OATP?

STS

O

OH
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Testosterone

DHEA

DHEAS
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Stimulation Effect of  DHEAS on Cell Growth of  
AR-positive Prostate Cancer LNCaP Cells
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STX64: STS Inhibitor

+DHEAS 5 μM
+STX64 10 μM

DHEAS 

Control
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*

*

Mean + S.E.M. (n = 6), * : p<0.05Mean + S.E.M. (n = 6), * : p<0.05 (vs. Ctrl)

*

*

O

-O3SO HO

O

STS

+DHEAS 5 μM

DHEASTX64

Biochem Pharmacol, 2012

Cell Growth of LNCaP Cell
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E3S; Estrone-3-sulfate, TCA; Taurocholate, PRO; Probenecid, SAL; Salicylate, PAH; p-Amminohippuric acid, 
TEA; Tetraethylammonium, MPP+; 1-methyl-4-phenylpyridinium 

Characterization of  DHEAS Transport
into LNCaP Cells

[3H]DHEAS
0.5 μCi/mL, 
pH 7.4, 5 min, 
Inhibitor ;1mM

16Mean + S.E.M. (n = 3), * : p<0.05 (vs. Ctrl)

+ Inhibitor for

Biochem Pharmacol, 2012
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Enhanced Expression of  OATPs in LNCaP 
Cells under Androgen-Depletion

Mean + S.E.M. (n = 5-6 individual PCR results ), * : p<0.05 (vs. Day1)
BC; Before castration, NC; Non-castration, C; Castration
CSS; Charcoal-stripped serum.

Day 3 (CSS) Day 7 (CSS)
Androgen-Depleted Normal 

Day    1 3 7* *

OATP1A2

OATP2A1

OATP1B1

OATP1A2

BC NC
3wks

C
1 wk 3wks

OATP1A2

GAPDH

GAPDH

FBS            CSS
LNCaP Cells (in Cell Culture)

LNCaP Xenograft (in Mice)

Biochem Pharmacol, 2012

RT-PCR Western Blotting
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RT-PCR Stimulation Effect of DHEAS
under Androgen-
Depleted 
Condition
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Androgen 
Depletion 
Therapy
(ADT)

Remission Relapse

DHEAS Transporter OATPs May Play 
an Essential Role in Progression of  CRPC 

Androgen (~ nM)
Dihydrotestosterone (DHT)
Testosterone (T)

DHEAS (~ 5 μM)
(Dehydroepiandrosterone sulfate)

Prostate Cancer

Responsive CRPC
No longer response to ADT

~ Several years

Inhibition;        Down-regulation

Shutting off DHEAS 
supply via OATP1A2 may 
starve and kill prostate 
cancer cells.

Starve
to kill

OATP1A2



To Make Transporter-targeted 
Cancer Therapy Successful…..

From BCRP Study in Breast Cancer 
Strategy to “kill two birds with one stone” 

Find an oncogenic growth signal which regulates gene expression 
of MDR transporter as well, it may serve as a target to overcome 
a transporter-based MDR. 

From OATP Study in Prostate Cancer
Strategy to “shut off supply for survival of 
damaged cells by chemotherapy”

Identify a specific transporter that tumor relies on for 
substance/nutrients to escape and survive chemotherapy, and it 
may serve as a target to starve and kill cancer cells.
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