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Estimated New Cancer Cases & Deaths, 2005

CA Cancer J Clin, 2005

Sites New Cases Deaths** %
All Sites 1,372,910 570,280 42%
Prostate 232,090 30,350 13%
Breast 212,930 40,870 19%
Digestive System 253,500 136,060 54%
Pancreas & Liver 59,730 47,220 79%
Lung and Bronchus 172,570 163,510 95%
Bladder 63,210 13,180 21%
Kidney and Renal Pelvis 36,160 12,660 35%
Genital System, female 79,480 28,910 36%
Lymphoma & Leukemia 98,550 43,180 44%
Brain & Nervous System 18,500 12,760 69%

**Vast majority of deaths due to chemotherapy resistance



Drug Resistance in CancerDrug Resistance in Cancer
• May affect multiple drugs used simultaneously: 

known as multidrug resistance (MDR)

• Affects all classes of drugs, including newly 
designed targeted drugs

• Just as oncogene targets have been catalogued, 
we need to enumerate all mechanisms of drug 
resistance in cancer to solve this problem and 
circumvent resistance



Reduced apoptosis
Altered cell cycle checkpoints
Increased metabolism of drugs
Increased or altered targets
Increased repair of  damage
Compartmentalization

Mechanisms of resistance to Mechanisms of resistance to 
antianti--cancer drugscancer drugs

Decreased
uptake

Increased
efflux



Ultimate GoalsUltimate Goals
1. Molecular analysis of human cancers 

to predict response to therapy
2. Use this information to develop novel 

drugs to treat cancer and new imaging 
modalities for cancer

3. To learn more about cellular 
pharmacology and pharmacokinetics 
of drugs, including drug uptake, 
distribution, and excretion



ABC transporters: Domain organization
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Hypothetical Model of Human P-glycoprotein
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Substrates and Reversing Agents of Pgp

Vinblastine

Daunorubicin

Colchicine

Verapamil

Taxol

Actinomycin D

Rapamycin



Questions about the mechanism of 
action of P-glycoprotein

• How does P-glycoprotein recognize so many different 
substrates?

• What do the two ATP binding cassettes do?

• How is substrate binding linked to ATP hydrolysis?
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P-glycoprotein removes hydrophobic substrates
directly from the plasma membrane



Plasma membrane

Cell

Homology model of human P-
glycoprotein based on the 
structure of bacterial ABC 

transporter Sav1866 of S. aureus
N-TMD

N-NBD

C-TMD

C-NBD



Role of P-glycoprotein in cancer
• Approximately 50% of human cancers express P-glycoprotein at 

levels sufficient to confer MDR
• Cancers which acquire expression  of P-gp following treatment of the 

patient include leukemias, myeloma, lymphomas, breast, ovarian 
cancer;  preliminary results with P-gp inhibitors suggest improved 
response to chemotherapy in some of  these patients

• Cancers which express P-gp at time of diagnosis include colon, 
kidney, pancreas, liver;  these do not respond to P-gp inhibitors alone 
and have other mechanisms of resistance

• Being able to image P-gp in cancer (and ultimately other transporters 
that contribute to resistance) could help guide therapy



Physiologic Role of P-glycoprotein
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Polymorphisms in the human Polymorphisms in the human 
MDRMDR1 gene1 gene

1. More than 50 SNPs have been reported in the MDR1 gene.

14 of them are silent polymorphisms.

2.  5 common coding (non-synonymous) polymorphisms have no 

demonstrable effect on drug transport function.

3.  The synonymous SNP in exon 26 (C3435T) was the first associated 

with altered MDR1 function and is often part of a haplotype including 

another synonymous (C1236T) and a nonsynonymous SNP (G2677T).



The C1236T, G2677T, C3435T The C1236T, G2677T, C3435T haplotypehaplotype has has 
been linked to several different phenotypesbeen linked to several different phenotypes

•Altered digoxin and fexofenadine
pharmacokinetics

•Altered toxicity in transplant patients from 
cyclosporine A, tacrilimus

•Altered incidence of Crohn’s disease, 
colon cancer, and Parkinson’s disease



MDRMDR1 wild1 wild--type, SNPs, and type, SNPs, and 
haplotypes show similar Phaplotypes show similar P--gp total gp total 

and surface expressionand surface expression
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G2677T
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MDRMDR1 wild1 wild--type and the haplotype type and the haplotype 
(1236(1236--26772677--3435) exhibit similar 3435) exhibit similar 

rhodamine 123 effluxrhodamine 123 efflux

10 0 10 1 10 2 10 3 10 4
Fluorescence Intensity

MDR1 WT
1236-2677-3435 pTM1 control



MDRMDR1 wild1 wild--type and the haplotype type and the haplotype 
(1236(1236--26772677--3435) do not exhibit similar 3435) do not exhibit similar 

BodipyBodipy--verapamilverapamil accumulationaccumulation

100 10 1 10 2 103 104
Fluorescence Intensity

pTM1WT X3



MDRMDR1 wild1 wild--type and the haplotype exhibit type and the haplotype exhibit 
different patterns using rhodamine 123 efflux different patterns using rhodamine 123 efflux with with 

cyclosporincyclosporin A A reversing agentreversing agent

10 0 10 1 10 2 10 3 10 4
Fluorescence Intensity

pTM1 controlMDR1 WT

1236-2677-3435

5 mM CsA



MDRMDR1 wild1 wild--type and haplotype show the same Ptype and haplotype show the same P--gp cell gp cell 
surface expression using MRK16 and 17F9, but not UIC2 surface expression using MRK16 and 17F9, but not UIC2 

-- a conformational sensitive antibodya conformational sensitive antibody

pTM1pTM1
WT
1236-2677-3435



MDRMDR1 wild1 wild--type and haplotype show differenttype and haplotype show different
trypsinizationtrypsinization patterns confirming altered patterns confirming altered 

conformationconformation
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ImplicationsImplications
• Explains conservation of third position for many 

codons
• Might explain some non-Mendelian inheritance
• Might explain linkage of phenotypes to other 

synonymous polymorphisms
• For P-gp, the haplotype could have selective 

advantage and/or affect drug distribution
• For cancers, could affect pattern of MDR and ability 

to respond to specific inhibitors



ABC Transporters ABC Transporters 
Confer Resistance to Confer Resistance to 
AntiAnti--Cancer DrugsCancer Drugs

Confers resistance

Selected

Doesn’t transport



Can we discover new ABC transporter genes Can we discover new ABC transporter genes 
responsible for drug resistance?responsible for drug resistance?

• Use Real Time (RT)-PCR to measure ABC 
mRNA levels for 48 ABC  transporters and 23 
solute carrier proteins

• Exploit NCI-60 cell line database, with known 
resistance to 100,000 different drugs, to 
correlate patterns of drug-resistance and 
expression of these transporters



Expression of ABCExpression of ABC--transporters in the NCI60 paneltransporters in the NCI60 panel
.



Correlation of MatricesCorrelation of Matrices

Pinkel D, Nature Genetics 24, 208-9 (2000)
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Conditions which must be met to correlate Conditions which must be met to correlate 
expression with resistanceexpression with resistance

• mRNA levels are quantitative and reflect 
levels of functional protein in cells

• Drug resistance data are accurate and 
quantitative

• Resistance is determined by levels of 
transporters, i.e., they are limiting
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Inversely correlated compounds indicate Inversely correlated compounds indicate 
potential substrates for 28 ABC potential substrates for 28 ABC 

transporterstransporters
Analysis of a dataset containing 1430 
compounds at 99.99% bootstrap confidence 
interval (equivalent to a significance level of 
p<0.0001)

Substrate assignments confirmed for 4 
transporters in transfected cell lines:  ABCB1, 
ABCC2, ABCC4, and ABCC11



Search for MDR1Search for MDR1--potentiated potentiated 
compounds in DTPcompounds in DTP’’s databases database
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The cytotoxicity of NSC 73306 is The cytotoxicity of NSC 73306 is 
increased in KBincreased in KB--V1 cellsV1 cells
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Potential Clinical Utility of Discovery of 
Compounds that Specifically Kill MDR1-

Expressing Cells

Can be used in combination with standard 
chemotherapy to eliminate MDR1-expressing cell 
populations

Preclinical development of thiosemicarbazones and 
search for additional compounds with similar 
properties is underway



Balance of uptake and efflux determines drug Balance of uptake and efflux determines drug 
accumulation in  cancer cellsaccumulation in  cancer cells
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Identify potential SLC substratesIdentify potential SLC substrates

No SLC22A1 SLC22A2 SLC22A3 SLC22A4 SLC22A5 SLC22A11 SLC22A13 SLC22A14 SLC22A15 SLC22A16
56410 0.31217732 -0.07922665 0.01277731 -0.25626202 -0.11116942 -0.16991988 0.27970117 0.15262371 0.04266599 -0.00280946
26980 0.20009471 -0.08423846 0.01047526 -0.28229259 -0.13295532 -0.14912004 0.24659229 0.14142082 -0.02224928 -0.01106568

178248 -0.01507493 -0.0846674 0.1190922 -0.27668413 -0.04673201 0.11972923 -0.05616468 -0.24427015 -0.07291911 0.16885691
95466 0.07319021 -0.07096717 0.18991411 -0.20421528 0.12819997 0.09301066 0.04023063 -0.28915386 -0.09753227 0.26907311

338947 0.17943592 -0.00029695 0.19533586 -0.26363152 0.13937002 0.17526069 0.0534773 -0.06514511 0.03364348 0.20313293
353451 0.09638496 -0.14111469 0.02619936 -0.34772056 -0.01369285 0.08497674 -0.06917942 -0.18202563 -0.00952047 0.08992747
409962 -0.08244515 -0.21080187 -0.15570814 -0.20334821 -0.04049964 0.03969127 -0.13160843 -0.27856725 -0.09750883 -0.03308029
79037 -0.15510329 0.00497603 0.16738755 0.02417695 0.08814805 0.14143012 -0.15207161 -0.19843043 0.17115279 0.02308392
95441 -0.28299966 -0.01651927 -0.22579738 -0.17433283 -0.21193358 0.08740468 -0.26883833 -0.37316925 -0.21976171 0.31868305

102627 0.24685948 -0.00297079 -0.07304859 -0.24306023 -0.07519329 -0.07974952 0.10506973 -0.04338648 0.1039498 -0.02915382
172112 0.00687864 -0.14196825 -0.09801817 -0.30875849 -0.10355957 0.06178361 0.05996666 -0.0492571 -0.00880085 -0.22512389

750 0.01585302 -0.15782512 -0.01050464 -0.4233501 0.0655575 0.05630849 0.14366774 0.03143881 0.13185695 0.12356653
73754 0.0995236 -0.08061869 -0.13685131 -0.0812715 -0.07529458 0.03938285 -0.09128572 -0.10562111 0.11098002 -0.23770077

329680 0.24326009 -0.01434041 -0.00293244 -0.2215489 0.00781541 -0.0520558 0.14030933 -0.00526727 0.07251901 -0.06462474
241240 -0.07648128 -0.13504995 -0.10393863 -0.34965424 -0.29698125 0.08875319 -0.16326486 -0.21674884 -0.23658795 -0.15364288
344007 0.32940521 0.01011578 0.09487956 -0.1363134 0.07264565 -0.06301899 0.21128643 0.09368316 0.06886771 -0.06167068

6396 0.32206526 -0.09113615 0.04614285 -0.17986804 0.09128611 -0.07629671 0.20805053 0.03572174 0.05108767 -0.11880584
25154 0.17677655 -0.1009669 -0.11250678 -0.17537532 -0.02528812 -0.02990033 0.04092447 -0.04759487 -0.00867606 -0.0817457
3088 0.29476437 -0.07795825 0.06226617 -0.14582716 0.14513495 -0.04098284 0.20406937 0.0626445 0.09910024 -0.07631051

132313 0.2929453 0.05949831 0.18097669 -0.12424337 0.12322171 -0.01137185 0.24998519 0.06417567 0.08728851 -0.04696567
348948 -0.01567599 -0.10210551 -0.10516261 -0.24520482 -0.15843057 0.00579575 -0.12642202 -0.17629083 -0.13596812 0.05857327
256927 0.20004228 -0.20457051 0.09529207 0.16213038 -0.0603284 0.0431725 -0.00473075 0.03685661 0.0542746 -0.15841662

8806 0.34062197 -0.10224266 0.12998615 -0.13607443 0.09621835 0.00448254 0.1699378 0.03689995 0.12734735 -0.1705819
34462 0.31033258 -0.00991989 0.14005752 -0.14407666 0.14790855 -0.0434418 0.24477246 0.09082246 0.08441141 -0.07358331

182986 0.2057699 0.05300584 0.01437008 -0.25716146 -0.04783325 0.03479687 0.1543121 0.00542664 -0.11403819 -0.12018293
296934 0.40118577 0.00397631 0.09759492 -0.07882788 0.09217189 -0.06622195 0.22798063 0.12950106 0.07502988 -0.16476242

9706 0.3367041 -0.07467914 0.09676359 -0.18022744 0.10261581 -0.05111491 0.23602735 0.06709457 0.03636947 -0.06900054
167780 0.1511137 0.08974341 0.27162644 0.02893386 0.10592946 0.04915439 0.38376921 0.10730114 0.03582396 -0.024566
119875 0.1314655 -0.20077808 0.05020688 -0.30423579 -0.0538852 0.09643678 -0.01174728 -0.1877992 -0.17947647 -0.17062449
271674 0.03737928 0.11199002 0.1380524 0.22814923 0.09837968 -0.21022019 0.18599476 0.16405408 0.03246818 0.06692455

762 0.26931833 0.07922469 0.06705649 -0.01216443 0.07214326 -0.14221338 0.22698494 0.16534235 0.20182256 -0.14212125
363812 0.01920794 0.06797754 0.20290475 0.27274677 0.08361875 -0.22303773 0.20203483 0.09694936 0.19403964 0.07750761
135758 0.34566772 0.06457149 0.18624227 -0.17245132 0.03705162 -0.04864249 0.21978252 0.0705508 0.04555308 -0.01885809
142982 -0.30132846 -0.04961211 -0.40774749 -0.16735972 -0.23478639 -0.44754151 -0.10263985 0.0861766 -0.21647399 0.31512134
268242 -0.03111173 -0.09026632 0.0292751 -0.05616953 0.09514301 -0.15290427 -0.00422928 0.01461663 0.02866662 0.27669639
366140 -0.10230102 -0.11237962 -0.33303766 -0.05572318 -0.01947022 -0.18113378 -0.16653512 -0.03761973 -0.09364184 0.13808111
354646 -0.14159331 -0.23959418 -0.24381955 -0.43261557 -0.29127483 -0.2074447 0.02445994 0.03928138 -0.09949527 0.24634083
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623017 0.19066312 0.10130317 0.26516772 0.09761822 0.04277312 0.17855879 0.0057357 -0.10823575 0.22301875 -0.08521279
134033 -0.028183 0.07648013 0.088901 0.18855637 0.24541171 -0.20947493 0.16372427 -0.07161708 -0.0512064 0.06099377
132483 0.00823386 -0.02026076 0.06526897 0.1170598 0.20460909 -0.13658513 0.10683826 -0.11501508 0.01596625 0.16650215
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752 0.12566842 -0.02217756 -0.07453801 -0.05254569 0.10819465 -0.14251062 -0.00665221 0.01221643 0.19741467 -0.0128364

71261 0.05358824 -0.05948424 -0.19554451 -0.0204256 0.05106906 -0.1675372 0.0106988 -0.02978017 0.06285586 0.06305114
102816 -0.13354172 0.10621608 -0.20463875 -0.02259074 -0.13060899 -0.00522806 -0.1324949 -0.01709785 -0.09344114 0.15322438

1895 -0.00336981 0.05944225 -0.18926973 -0.16262158 -0.0279619 -0.05111089 -0.06384145 -0.16647486 -0.07345308 0.03057923
51143 0.09829376 0.0366927 -0.023303 -0.03145896 0.15312589 -0.06487475 0.15024292 -0.01749896 0.04472674 0.02873005
32065 0.22999828 0.01776262 -0.0010186 -0.03766753 0.22907909 -0.06455021 0.09628891 -0.02251131 0.13045578 -0.24208198
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145668 0.2414292 0.07042995 0.21683871 -0.01377446 0.2889849 -0.10430719 0.27214909 0.04731599 0.01365392 -0.02857355
63878 0.29626253 -0.03672156 0.21772645 -0.09781067 0.22779141 -0.10141165 0.2682707 0.05737141 0.06584463 -0.02054463
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224131 0.02699534 -0.06999014 0.13483353 0.05471999 0.06203865 -0.03847498 0.08201501 -0.13924624 -0.11668013 0.13978862
126771 0.31091335 -0.15453651 0.18097035 -0.02298393 0.13113325 -0.05114184 0.01551746 -0.09635 0.2465094 -0.06373961
153353 -0.18044122 -0.2171951 -0.18609754 -0.06582655 -0.14075303 -0.14984365 -0.05217044 -0.19568919 0.03139297 0.02127899
143095 0.25704003 -0.18464542 -0.03415697 -0.03737292 0.1856477 -0.08585136 0.01540035 -0.06324033 0.12435387 0.06763215
163501 -0.1225667 -0.06976144 -0.17946072 -0.0133142 -0.14106504 -0.16597936 -0.14775691 -0.12781237 0.03939838 0.10881219
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By correlating the expression profiles with the growth
inhibitory profiles,  expression of 3 of the SLCO and SLC22 
family members were found to correlate with sensitivity to 
specific drugs. 

Expression of SLC22A4 in KB cells confers sensitivity to 
mitoxantrone, doxorubicin, carboplatin and cisplatin.

Most of the SLCO and SLC22 family members we tested are 
expressed at some level in cancer cell lines.

Summary of SLCO and SLC22 TransportersSummary of SLCO and SLC22 Transporters
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