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ChapterChapter  7 

PotentPotent and specific inhibition of the 
BreastBreast Cancer Resistance Protein 

muitidrugmuitidrug transporter in vitro and in mice 
byby a novel analog of Fumitremorgin C [1] 

Abstrac t t 

Inhibitorss of the Breast Cancer Resistance Protein (BCRP/ABCG2) multidrug 
transporterr are of interest as chemosensitizers for clinical drug resistance, for improving the 
pharmacokineticss of substrate (chemotherapeutic) drugs, and in functional assays of BCRP 
activityy for tailoring chemotherapy. The fungal toxin fumitremorgin C (FTC) is a potent and 
specificc inhibitor of BCRP but its neurotoxic effects preclude use in vivo. We have therefore 
evaluatedd a new tetracyclic analog of FTC, Kol43, as a practical inhibitor of BCRP, 
comparingg it with two other analogs in the same class and with GF120918. All three FTC 
analogss are effective inhibitors of both mouse Bcrpl and human BCRP, proving highly active 
forr increasing the intracellular drug accumulation and reversing Bcrpl/BCRP-mediated 
multidrugg resistance. Indeed, Kol43 appears to be the most potent BCRP inhibitor known so 
far.. In contrast, the compounds have only low activity against P-glycoprotein (P-gp), the 
Multidrugg Resistance-associated Protein (MRP1) or other known drug transporters. They are 
non-toxicc in vitro at useful concentrations and evinced no signs of toxicity in mice at high oral 
orr intraperitoneal doses. Administered orally to inhibit intestinal Bcrpl, Kol43 markedly 
increasedd the oral availability of topotecan in mice. 
Itt is thus the first highly potent and specific BCRP (? 

inhibitorr applicable in vivo. As such, Kol43 and J ^ 
otherr FTC analogs of this type represent valuable 
reagentss for analysis of drug resistance 
mechanismss and may be candidates for 
developmentt as clinical BCRP inhibitors. Ko143 
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7.11 Introductio n 

7.1.11 The role of the ABC transporter BCRP in multidrug resistance 

Thee principal reason for failure of anticancer chemotherapy is drug resistance, 
whereinn tumors are either innately refractory to the drug(s) used or else are initially drug 
sensitivee but, after remission, recur in drug resistant form. Frequently, such tumors are 
refractoryy to more than one class of cytostatic drugs. Prominent among possible mechanisms 
off  this multidrug resistance (MDR) are the broad specificity drug efflux pumps of the ATP-
bindingg cassette (ABC) family,m including P-glycoprotein (P-gp/ABCBl),t1] the. multidrug 
resistance-associatedd protein (MRP1/ABCC1),[4] and the Breast Cancer Resistance Protein 
(BCRP/MXR/ABCP/ABCG2).[ilt61t7]] The potential for such proteins to mediate clinical MDR 
hass generated considerable interest in agents able to inhibit their activity and so reverse innate 
orr acquired drug resistance. Indeed, a variety of proprietary inhibitors of P-glycoprotein are 
presentlyy under trial for improving specific chemotherapy regimes (e.g. t8]). The recently 
identifiedd BCRP is able to confer resistance to mitoxantrone, topotecan, anthracyclines and 
relatedd drugs when expressed in cell line models151'71'19'110' and is thus an important addition to 
potentiall  sources of clinical multidrug resistance. 

P-gpp is present at locations in the body that give it a major influence over the 
pharmacokineticss of substrate drugs. In the intestinal epithelium it reduces the uptake of 
orallyy administered drugs, in liver canaliculi it contributes to drug elimination by biliary 
excretion,, and in the placental and blood-brain barriers it markedly reduces drug penetration 
too the fetus and central nervous system, respectively.1'at'21 Similarly, BCRP is found in the 
intestinall  epithelium, liver canaliculi, the placental trophoblasts, mammary ducts and lobules, 
andd endothelial cells of veins and capillaries'131 - a distribution that leads to the expectation 
thatt it, too, will have a significant role in the pharmacokinetics of substrate drugs. Indeed, 
inhibitionn of Bcrpl in mice markedly increases the oral availability of topotecan, reduces its 
ratee of elimination from the body, and increases its penetration of the placental barrier to the 
fetus.[l4]] Inhibitors of BCRP therefore have the potential to improve such aspects of 
chemotherapyy and at least one clinical trial along these lines is presently underway.'"1 

7.1.22 Inhibitors of BCRP 

Twoo effective inhibitors of BCRP have been described so far. The compound 
GF1209188 (1) (Figure 7.1) was developed as a P-gp inhibitor1161 but, serendipitously, it also 
inhibitss BCRP.[I7] Clinically important substrate drugs of BCRP are often also P-gp substrates, 
soo such a dual specificity inhibitor could be advantageous in some applications. However, 
theree may also be cases where dual specificity will prove a handicap, since P-gp plays an 
importantt role in protecting certain tissue compartments, as in the blood-brain barrier, from 
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thee toxic side effects of cytostatic drugs. Inhibitors specific for BCRP may thus be preferred 
inn some clinical applications. 

GF120918(1)) Fumitremorgin C (2a) 

Figur ee 7.1: P-gp/BCRP inhibitor GF120918 and BCRP inhibitor Fumitremorgin C. 

Thee mycotoxin fumitremorgin C (FTC, 2a) (Figure 7.1), isolated from Aspergillus 
fumigatus,fumigatus, is a specific and potent inhibitor of BCRP."81,1"1 Unfortunately, it induces tremors 
orr convulsions in mice and other animals through toxicity to the CNS, like many other 
memberss of the fumitremorgin/verruculogen/tryprostatin class of alkaloids.'201'2'1,1221 Such 
neurotoxicityy precludes its use in vivo. Less toxic and synthetically tractable analogs of FTC 
aree thus of interest as specific BCRP inhibitors. Indeed, pentacyclic FTC analogs have 
recentlyy been reported to inhibit BCRP;'2,11 two of the compounds in question were of similar 
potencyy to native FTC but were more cytotoxic, and their activity against other transporters 
wass not evaluated. 

Previously,, we independently screened a combinatorial panel of 42, mostly 
tetracyclic,, indolyl diketopiperazine FTC analogs,'241 finding that many showed considerable 
inhibitionn of Bcrpl/BCRP-mediated drug efflux.'251 Two of the most promising leads, Kol32 
(3)) and Kol34 (4), were selected for further evaluation herein, and one of these compounds 
wass further improved by structural modification, yielding the new compound Kol43 (5). 
Thesee three compounds have now been tested in extenso as practical inhibitors of 
Bcrpl/BCRP.. They prove to be potent, specific and of low toxicity in vitro, and are effective 
forr inhibiting Bcrpl activity in the gastro-intestinal tract of mice. 

7.22 Result s 

7 .2 .11 Synthesis of a novel FTC analog 

Thee earlier synthesis of the combinatorial panel of 42 FTC analogs and demethoxy 
FTCC (2b), their initial screening for inhibition of mouse Bcrpl and human BCRP and 
structure-activityy relationships have been described elsewhere (see Chapters 3, 5 and 6, and 
[24].[25]̂ ^ These were each mixtures of 2-4 diastereoisomers, of which only one was 
substantiallyy active in inhibiting Bcrpl/BCRP. Pure active diastereoisomers were prepared for 
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twoo of the most potent compounds, denoted Kol32 (3) and Kol34 (4).[25] In addition, a novel 
compoundd was synthesized, representing a modification of Kol34 (4) that restores the 
methoxyy group present in native FTC at carbon 18 in the indole moiety, and its active 
diastereoisomerr isolated. This new analog is denoted Kol43 (5) (Figure 7.2). The importance 
off  the methoxy group for potent inhibition of BCRP was suggested by the observation by 
usp511 and others'21' that demethoxy FTC (2b) has low activity compared to native FTC (2a). 

RR = OMe: fumitremorgin C (2a) Ko132 (3) 
RR = H: demethoxy fumitremorgin C (2b) 

OO O 

Ko134(4)) Ko143(5) 

Figur ee 7.2: Fumitremorgin C and analogs. 

Alll analogs tested were pure diastereoisomers with the same configuration at the chiral centers C-3, C-

66 and C-12 {S,S,S) as fumitremorgin C. The analogs differ from the native compound at either two or 

threee positions: all lack the E ring derived from L-proline, having Boc-protected L-lysine (Ko132) or f-

Bu-protectedd L-glutamic acid (Ko134 and Ko143) side chains as C-6 substituent; all have an isobutyl 

substituentt at C-3, which is the C-21.C-22 saturated equivalent of the natural side chain; Ko132 and 

Ko1344 lack the methoxy group at C-18 in the indole moiety. 

Solutionn phase synthesis of Kol43 (5) required modification of the procedures used 
forr synthesis of Kol34 (4) (Chapter 6). Synthesis of 6-methoxy-L-tryptophan methyl ester 
(11)) was carried out starting from /Va-methoxycarbonyl-L-tryptophan methyl ester (6) based 
onn literature procedures (Scheme 7.l).[263[27]f281 The Pictet-Spengler reaction of (11) with 
isovaleraldehydee needed carefully chosen conditions. Since the methoxy substituent should 
theoreticallyy stabilize the charged intermediate formed after ring closure (see resonance 
structuress in Scheme 7.2), enhanced reactivity could be expected. Indeed, only a sub-
stoichiometricc amount of TFA was needed to achieve fast and complete conversion to the 
correspondingg cis and trans tetrahydro-p-carbolines (12) and (13). Though use of an excess of 
TFAA has previously been reported successful in this case,1271 in our hands it merely caused 
productt decomposition. For the same reason, workup of the reaction mixture proved to be 
critical. . 

a a 
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OJ J OMee 85%H3P04 Ac20 
33 H N ^ O M e  — - — 
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Schem ee 7.1: Synthesis of 6-methoxy-L-Trp-OMe via pyrrolo-indole intermediates. 

M e O ^ ^ N N 

OMe e O O 

NH2 2 

11 1 

-H 20 0 

O O 

Ö ^ S ^ N H V N H H 

HH H X 
MeO O 

OMe e 

HH H I 

MeO O 

OMe e 

ciscis (12) + trans (13) 

Schem ee 7.2: Enhanced reactivity of 6-methoxy-L-Trp-OMe in the Pictet-Spengier reaction. 

Extractionn with saturated NaHCO, appeared not sufficient to completely convert the TFA salt 

off  the product into the free base. Consequently, during solvent evaporation the TFA 

concentrationn in the mixture increased, still causing product decomposition. Quenching the 
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reactionn mixture with an excess of triethylamine prior to extraction, to completely liberate the 
freee base and neutralize the TFA, proved to be an efficient way of preventing this 
decompositionn process. 

Disappointingly,, the cisltrans ratio (12):(13) obtained when performing the reaction 
onn a 1 gram scale at 0°C was about 2:8, so far less favorable than in the demethoxy case under 
thee same conditions (Chapter 6). Fortunately, we were able to epimerize the unwanted trans 
compoundd (13) -obtained after silica column chromatography of the mixture- into a 3:7 
mixturee of cis and trans by stirring it in dichloromethane containing 3 equivalents of TFA at 
roomm temperature (Scheme 7.3). 

11 1 

O O 
0.55 equiv. TFA 

*--
CH2CI2,, T 

DiPEA A 
MeO O 

OMe e 

silica a 

column n 

33 equiv. TFA, CH2CI2 

transtrans + 
13 3 

CIS CIS 

12 2 

Schem ee 7.3: Synthesis and isolation of the anticipated cis tetrahydro-p-carboline. 

AA plausible mechanism1291 for this process is depicted in Scheme 7.4. Protonation results in 
scissionn across the C-N bond, leading to a carbocationic intermediate (14A) that is stabilized 
byy the 6-methoxy group via an oxonium ion contributor (14B) as well as an iminium ion form 
(14C).. Bond rotation to give intermediate (14A') and subsequent ring reclosure leads to 
formationn of the epimeric product, equilibrating to a stable cisltrans ratio after several hours. 

M e 0XXX^ 0 M ' ' OMe e 

HH R 
13 3 14A A 

OMe e 

'S'S H 
MeO-Oi i 

OMe e 

HH R HH R 

bond d 

rotation n 

14B B 14C C 

MeO O 

OMe e 
+ + 

H+ + 

RR H 
HH ' 

14A''  12 

Schem ee 7.4: A C-N scission pathway leads to epimerization of the product. 
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Duringg this process -in spite of the excess TFA- only a littl e decomposition is seen, which 
mayy be attributable to the absence of free aldehydes in the reaction mixture. A repetitive 
seriess of epimerization cycles (Scheme 7.3) yielded a satisfying amount of the desired cis 
compoundd (12). 

Ass turned out to be beneficial in the solution phase synthesis of Kol25 and Kol27 
(seee Chapter 6), in the following amino acid coupling step a Cbz-protected building block was 
employed.. To suppress racemization of the activated amino acid building block prior to 
coupling,, the amount of DiPEA was brought down to only a slight excess (as compared to a 
two-foldd excess in previous experiments) relative to the building block and the activating 
agent.. Consequently, the ratio of the anticipated diastereoisomer (15) over the unwanted (16) 
inn the product mixture improved to 97:3. Though the majority of (16) could be removed by 
columnn chromatography, (15) could not be isolated in completely pure form. Subsequent Cbz 
deprotectionn using a balloon filled with hydrogen gas in the presence of 10 weight% of 10% 
palladiumm on carbon in EtOH, with concomitant cyclization, led to clean formation of Kol43 
(5),, contaminated with traces of its C-6 epimer (17) (Scheme 7.5). Cooling of a solution in 
MTBE/PEE gave pure Kol43 (5) as a white solid, in an overall yield of 33% starting from (11). 

2.00 equiv. 
Cbz-Glu(OBut)-OH H 

"OMee 2.0 equiv. CIP .-; -jf " Y " "OMe 
2.22 equiv. DiPEA 

MeO'' ^ " " N ' Y " " *  MeO 
CH2CI2,, RT 

O O 

AA N<V\ \ 

122 (S,S,S) (15) :(S,S,fl) (16) = 97: 3 

silicaa H2, Pd/C (S,S,S) (5) crystallization MeO 
»» » + trace 

columnn EtOH, RT (S,S,R) (17) MTBE/PE 

O O 
Ko143(5) ) 

Schem ee 7.5: Amino acid coupling and cyclization. 

7.2.22 FTC analogs increase intracellular drug accumulation 

Thee three selected FTC analogs, Kol32 (3), Kol34 (4) and Kol43 (5), were found to 
bee potent inhibitors of both mouse Bcrpl and human BCRP. We made initial comparisons of 
potencyy on the basis of inhibition of Bcrpl-mediated drug efflux, as manifested by increased 
cellularr mitoxantrone accumulation in the mouse MEF3.8/T6400 fibroblast cell line. This line 
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lackss P-gp and Mrpl (having an Mdrlci/lb'Mrpl''  genotype) and has been selected for 
resistancee to topotecan, resulting in high levels of Berpl expression that also render it highly 
resistantt to mitoxantrone.'91 Figure 7.3A depicts the effects of various concentrations of the 
FTCC analogs on mitoxantrone accumulation in the T6400 cells, as measured by flow 
cytometry.. Intracellular mitoxantrone could be increased at least 20 fold, i.e. readily restored 
too levels similar to or greater than those obtained in the parent cell line, MEF3.8. In contrast, 
Kol433 (5) -for example- had only a small effect on mitoxantrone levels in the parent line, 
wheree Bcrpl expression is very low.1'1,1301 Very similar results (Figure 7.3B) were obtained 
withh human T8 cells, a topotecan resistant subline of the IGROV1 ovarian carcinoma line that 
hass elevated BCRP expression.1"1 Hence, there does not appear to be a marked difference in 
eitherr the absolute or relative potencies of the FTC analogs for inhibition of human BCRP vs. 

mousee Bcrpl. 

Byy considering the mid-points of the accumulation curves in Figure 7.3, the Kol32 
(3)) and Kol34 (4) compounds are seen to be 15 to 30 fold more potent than demethoxy FTC 
(2b),, and Kol43 (5), the 18-methoxy variant of Kol34 (4), was 4 fold more potent still. 
Althoughh native FTC (2a) was not available for direct comparison, a previous study1231 

indicatedd that it is approximately 10 fold more potent than demethoxy FTC (2b) for reversing 
drugg resistance in cells over-expressing human BCRP. This would mean that the three analogs 
consideredd here are more potent than native FTC. Kol43 (5) is also approximately twice as 
potentt as GF120918 (1) in this context. It should be noted that the cell lines used in the 
accumulationn assays have very high rates of mitoxantrone efflux,15113'1 and that achieving even 
50%% maximal drug accumulation requires inhibition of nearly all Bcrpl/BCRP activity. 

A:: Mouse T6400 cells 

K0132 2 

K0134 4 

Ko143 3 

GF120918 8 

demethoxy-FTC C 

MEF3.8 8 

MEF3.88 t 1 UM K0143 

0.11 1 10 

inhibitorr concentration [uMl 
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B: : Huma nn T8 cell s 

- * - - K o 1 3 2 2 

4 4 

3 3 

-X- - -GF120918 8 

C C 

K3ROV1 1 

IGROV11  3 uM GF120918 

inhibito rr  concentratio n [uM] 

Figur ee 7.3: Increase of drug accumulation due to BCRP/Bcrp1 inhibition. 

FTCC analogs increase mitoxantrone accumulation in drug-resistant mouse MEF3.8/T6400 cells (A), that 

havee elevated Bcrpl, and in human IGROV1/T8 cells (B), that have elevated BCRP. Cells were exposed 

too 20 uM mitoxantrone in complete medium at 37BC for 80 minutes in the presence of different 

concentrationss of the analogs. Mitoxantrone fluorescence is in arbitrary units, determined by flow 

cytometryy with 633 nm excitation and emission detected through a 661 nm bandpass filter. Neither 

thee FTC analogs nor GF120918 exhibited detectable fluorescence under these conditions. Data points 

showw means of triplicate repeats and error bars show standard deviations. Horizontal dashed lines 

indicatee the levels of mitoxantrone fluorescence in the drug-sensitive parent line MEF3.8 (A), in the 

presencee or absence of 1 \M Ko143, and likewise in IGROV1 (B), with or without 3 \M GF120918. 

7.2.33 Reversal of Bcrp-mediated drug resistance 

Thee effects of the FTC analogs on mitoxantrone accumulation were reflected in their 
performancee as reversal agents for Bcrpl/BCRP-mediated drug resistance. A convenient 
indexx of potency in this role is the effective concentration for 90% reversal of Bcrp 1-mediated 
drugg resistance (EC90). That is, the concentration of an inhibitor which renders a cell line 10 
timess as sensitive to a Bcrpl substrate drug. This represents a degree of Bcrpl/BCRP 
inhibitionn that would be highly attractive in practical applications (but is still considerably 
milderr inhibition than that needed for 50% maximal mitoxantrone accumulation, as discussed 
above).. EC90's can be determined by modified cytotoxicity assays (for explanation see 
Experimental,, § 7.6.3) and BcrpZ-transduced MEF3.8 cells were employed for the purpose. 
Thesee cells have an Mdrla/lb'', Mrpl'' genotype and very low endogenous Bcrpl levels, 
whilee expression of Mrp2 and Mrp3 is undetectable,132' making them highly sensitive to both 
mitoxantronee and topotecan,191™ whereas the BcrpZ-transduced clone A2 is >50 fold resistant 
too mitoxantrone and >30 fold resistant to topotecan (Table 7.1). EC90 determinations for 
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reversall  of resistance to mitoxantrone and topotecan by the FTC analogs and GF120918 are 
comparedd in Table 7.1. The analogs are all highly active at sub-micromolar concentrations 
andd their relative potencies for reversal of drug resistance agree well with the relative effects 
onn mitoxantrone accumulation mentioned above: Kol43 (5) is easily the most potent analog, 
withh an EC90 of -25 nM, about 4 fold lower than Kol34 (4) and 2 fold lower than GF120918 
(1). . 

Tablee 7.1: Potency of FTC analogs for reversal of Bcrpl-mediated drug resistance. 
Valuess shown are EC90s, here the concentration reversing 90% of Bcrpl-mediated drug resistance in 
MEF3.8/Bcrp11 clone A2 cells, for which the IC50 for mitoxantrone = 42  4 nM, resistance factor (RF) 
== 58 compared to parent MEF3.8 cells and the IC50 for topotecan = 1750  50 nM, RF= 36. The 
meanss are derived from 8 repeats. All differences in potency between compounds were statistically 
significantt by simple t-tests (p< 0.001). 

meann EC90 [nM]  s.d. 

Compoundd mitoxantrone Topotecan 

Kot322 (3) 5 270 0 

Kol34(4)) 85 0 110 0 

Kol43(5)) 23  2 26  5 

GF120918(1)) 51  7 61  8 

Thee EC90 concentration of Kol43 (5) was equally effective at reversing 
Bcrpl/BCRPP mediated resistance in the drug-selected mouse MEF3.8/T6400 and human 
IGROV1/T88 cell lines, resulting in the expected 10-fold sensitization to topotecan and 
mitoxantronee (Table 7.2). Similar results (not shown) were obtained for EC90 concentrations 
off  Kol34 (4) or Kol32 (3) (100 nM and 200 nM respectively). At higher doses, Kol43 (5) 
reversedd essentially all resistance to mitoxantrone in these cell lines and nearly all topotecan 
resistancee (Table 7.2). In the latter case, the small residual resistances may be attributable to 
otherr cellular responses specific to the selecting drug. No significant effects were seen on 
drugg resistance in the parental cell lines where the Bcrpl/BCRP level is low. Also, as 
expected,, the FTC analogs' actions were restricted to Bcrpl/BCRP substrate drugs 
(mitoxantronee and topotecan), having no effect on resistance to (for example) vincristine 
(Tablee 7.2). 

7.2.44 Cytotoxicity 

Itt was important to establish whether concentrations of the FTC analogs useful for 
inhibitingg Bcrpl/BCRP in vitro are cytotoxic. Accordingly, IC50s were determined for a 
panell  of human cell lines (Table 7.3) derived from tumor types typically treated with BCRP-
substratee drugs (ovarian, lung, breast and colon carcinomas and a T-lymphoblastic leukemia -
seee Experimental, § 7.6.2) and a set of mouse embryo fibroblast lines whose drug resistance 
propertiess have been characterized by the NKI group elsewhere1911301 or herein. The IC50s 
observedd for the FTC analogs were all in the range 9 to 34 p.M, i.e. from 50 to 1000 times 
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higherr than the corresponding EC90 values for reversal of Bcrpl/BCRP-mediated drug 
resistancee noted above. 

Thee cytotoxicity of the compounds was not strongly influenced by cell type, as the 
rangee of the IC50 values obtained was relatively narrow, given the diverse origins and 
propertiess of the cell lines tested. In contrast, some cell lines were comparatively sensitive to 
GF1209188 (1), as has been observed previously.'161 As well as being derived from diverse 
tissues,, the cell lines tested differ widely in the levels of P-gp, Mrpl/MRPl and Bcrpl/BCRP. 
Theyy include lines lacking P-gp entirely (77.1 )[30) or both P-gp and Mrpl (MEF3.8, which 
alsoo has extremely low Bcrpl levels),1301 as well as lines transduced with expression constructs 
forr these proteins (77.1/MDR1 and 2008/MRP1)114' and lines expressing high levels of human 
BCRPP aGROVl/r8)1311 or mouse Bcrpl (MEF3.8/r6400).f91 That the cellular toxicity of the 
FTCC analogs (or GF 120918) was not influenced to any substantial degree by such differences 
inn MDR transporter expression suggests that the compounds are not effectively transported by 
thesee proteins. This inference, however, remains tentative. 

7.2.55 Activity  on other  drug  transporters 

Thee activity of the FTC analogs on P-gp was assessed in MDR 1 -transduced 77.1 
cellss (see Experimental, § 7.6.2), which are more than 100 fold resistant to the P-gp substrate 
paclitaxell  (Table 7.4), compared to the parent cell line 77.1 (that lacks endogenous P-gp). 
EC500 and EC90 values for reversal of P-gp-mediated paclitaxel resistance in this system are 
shownn in Table 7.4. Kol32 (3) and Kol34 (4) were 25-30 fold less active against P-gp than 
Bcrpl,, while Kol43 (5) was at least 200 fold less active (compare EC90 values with those in 
Tablee 7.1). Comparison with GF120918 (1), a model P-gp inhibitor, is instructive - the FTC 
analogss are three orders of magnitude less active against P-gp. 

Inhibitionn of MRP 1-mediated drug resistance by the FTC analogs was also weak, as 
assessedd in MRP J -transfected 2008 cells.1"11341 The latter are more than 20 fold resistant to the 
MRP11 substrate etoposide, compared to the parent cell line, when confounding P-gp activity 
iss suppressed by 0.1 \iM PSC833. EC50 values for reversal of the MRP 1-mediated 
etoposideresistancee by the FTC analogs (Table 7.4) were again much higher than 
concentrationss effective for reversal of Bcrpl-mediated drug resistance. EC90s could not be 
determinedd in this case as the required concentrations of FTC analogs are well into the 
cytotoxicc range. Overall, all three FTC analogs examined had low activity against P-gp and 
MRP1,, and Kol43 (5) the least. Given that it is a more potent Bcrpl/BCRP inhibitor than the 
otherr two analogs, it is also easily the most specific of the three. This emphasizes the 
importancee of the methoxy group on carbon 18 (Figure 7.2) for specificity as well as potency. 

Somee other members of the multispecific organic anion transporter family (ABCC), 
i.e.. MRP2, 3, 4 and 5, also transport cytotoxic drugs,1"1 although their clinical significance in 
thiss respect is undetermined. Given that the FTC analogs all had littl e effect on MRP1, we 
simplyy tested the effect of Kol43 (5) on drug resistance mediated by the other MRP 
transporterss in transfected cell line models. As shown above, 0.5 \iM Kol43 (5) is a higher 
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Tablee 7.4: Effect of FTC analogs on P-gp- and MRP 1-mediated drug resistance. 
Shownn are the effective concentrations of inhibitor compounds for reversal of 50% (EC50) or 90% 
(EC90)) of the resistance for the cytotoxic drug and cell line specified. Values are means  s.d. of 
quadruplicatee repeats; 95% confidence intervals may be obtained by multiplying the s.d.'s by 1.84. 
Independentt repetition of the experiments gave similar results, not differing by more than 15% from 
thee means shown. 

Kol322 Kol34 Kol43 GF120918 BSOc 

P-gpp mediated paclitaxel resistance" 

EC500 [uM] 2.3 4 0.61 7 1.0 3 0.0030  0.0004 n.d.J 

EC900 [^M] 5.0 4 2.8 4 5.5 5 0.0045  0.0004 n.d. 

MRP1-mediatedd etoposide resistance6 

EC500 [JIM] 1.6 4 1.8 5 2.0 4 n.d. 0.65 5 

EC900 [uM] >8 >j5 >8 rui. >8 

 Assessed in MDR1-transduced 77.1 cells (see Experimental and Table 7.3 for properties): IC50 for 
paclitaxell = 2.4  0.2 nM (n=3), RF (resistance factor) = 200, compared to the parent 77.1 cell line. 
bb Assessed in MRP1-transfected 2008 cells (see Experimental and Table 7.3 for properties): IC50 for 
etoposidee = 5.2  0.4 \M (n=4), RF = 22 compared to the parent 2008 cell line. 
cc L-buthionine sulfoximine depletes glutathione and is thus an indirect inhibitor of MRP1. 
dd not determined. 

concentrationn than needed to completely reverse BCRP-mediated drug resistance. However, it 
hadd little, if any, effect on the resistance of MDCKII/MRP2 cells1"1 to vincristine (IC50 = 
13.55  1.3 nM, RF= 17, IC50 + Kol43 = 12.8  0.3 nMf p - 0.55), the resistance of 
2008/MRP33 cells1341 to etoposide (IC50 = 530  90 nM, RF= 3.1, IC50 + Kol43 = 510  110 
nM,, p = 0.20), or resistance to the nucleoside analog pro-drug bis-POM-PMEA in 
HEK293/MRP44 cells™ (IC50 = 11.3  0.5 uM, RF= 8.5, IC50 + Kol43 = 11.6  0.2 \sM,p = 
0.30),, or HEK293/MRP5 cells1371 (IC50 = 6.8  0.6 HM, RF= 5.1, IC50 + Kol43 = 7.1  0.8 
UM,, p = 0.39). Each of these results represents the mean  standard deviation of three 
cytotoxicityy assays, resistance factors (RF) were computed in comparison with IC50's of the 
untransfectedd parent cell lines determined in parallel and p-values are the results of paired 
samplee t-tests. 

7.2.66 Toxicity in mice 

Alkaloidss of the fumitremorgin/verruculogen/tryprostatin class are typically 
neurotoxic,, producing sustained tremors and tetanic convulsions in mice or other animals 
withinn minutes of administration. Verruculogen TR-1 and fumitremorgins A, B and C, for 
example,, induce tremors at oral doses of 25 mg/kg, or a much lower dosis of 1 mg/kg given 
jj  p uu.!::] j n e p0tential neurotoxicity of FTC analogs is thus a concern for their application as 
BCRPP inhibitors in vivo. However, neither Kol32 (3) (n=2), Kol34 (4) (n=6), nor Kol43 (5) 
(n=4)) showed any evidence of acute or delayed toxicity in mice at oral doses of 50 mg/kg or 
higherr (for details see Experimental, § 7.6.5). Specifically, no signs of tremors or convulsions 
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weree seen and the mice showed normal breathing, activity, gait, posture, drinking, eating, 
sleepingg and nest-making behaviors compared to vehicle-treated littermate controls. 
Intraperitoneall  doses of 10 mg/kg Kol32 (3), Kol34 (4) or Kol43 (5) also had no obvious 
adversee effects (n=4). Subsequent blind histological examination showed no evidence of 
tissuee pathology in any of the major organs or structures (see Experimental, § 7.6.5) other 
thann minor granulomatous processes present in the peritoneum of all the mice, attributable to 
thee corn oil vehicle. Of course, the toxicity of the compounds may depend on their 
formulationn and at present it is unknown whether higher or repeated doses could produce 
subtle,, long-term or cumulative effects. However, the results above indicated that the 
compoundss are sufficiently well tolerated in mice to allow evaluation of their efficacy as 
Bcrpp 1 inhibitors in vivo. 

7.2.77 Inhibition of intestinal Bcrpl 

Thee intestinal epithelium is a major site of BcrpllBCRP expression1'31 and it was 
recentlyy shown"41 that inhibition of intestinal Bcrpl with 50 mg/kg oral GF120918 (1) 
increasedd the oral availability of topotecan 6 fold in Mdrla/lb'' mice, evidently by reduction 
off  its back-transport to the intestinal lumen. Mdrla/lb''' mice"81 were used to exclude 
confoundingg effects from simultaneous inhibition of P-gp by GF120918 (1). It is desirable to 
comparee the FTC analogs in the same role, as they are of similar or greater potency to 
GF1209188 (1) in vitro. Indeed, administration of a comparatively low oral dose of Kol43 (5), 
100 mg/kg, increased plasma topotecan concentrations in Mdrla/lb'' mice 4-6 fold, at 30 and 
600 minutes after oral administration of the drug (Figure 7.4). 

300 60 
timee after topotecan administration [min] 

Figur ee 7.4: Ko143 increases the oral availability of topotecan. 

Vehiclee + 1 0 mg/kg Ko143 or GF120918 was administered to Mdrta/tb1' mice by oral gavage 30 

minutess prior to 1 mg/kg oral topotecan. Plasma topotecan concentrations 30 or 60 minutes later are 

shownn as the mean  s.d. of 4 mice (except the 30' time point for GF120918, where n=3). At each 

timee point, results for Ko143 and GF120918 were significantly different from vehicle controls and also 

fromm each other (for every comparison, p < 0.025 by heteroscedastic t-test). 
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Thesee time points bracket the peak of the plasma topotecan curve seen in the earlier study 
usingg GF120918 (l)"41 and corroborate the finding that intestinal Bcrpl limits the oral 
availabilityy of topotecan. In the present study, GF120918 (1) was somewhat less effective 
thann Kol43 (5), with this dose and formulation. Pilot studies (not shown) indicated that 
Kol344 (4) can also increase the oral availability of topotecan, although higher doses may be 
requiredd to achieve quantitatively similar effects. 

7.33 Discussio n 

BCRPP emerged recently as an effective transporter of several major antineoplastic 
drugs.. It is expressed widely in the body at locations where it can affect the pharmacokinetics 
off  substrate drugs:"11114' in the placenta where it reduces penetration of drugs to the fetus, in 
thee intestinal epithelium and biliary canaliculi of the liver where it affects drug uptake and 
elimination,, and also in endothelial cells of veins and capillaries, where it may contribute to 
somee blood-tissue barriers. Although very few clinical data are available yet, the widespread 
expressionn of BCRP suggests it could also contribute to either innate or acquired resistance of 
tumorss to antineoplastic drugs in a manner analogous to P-gp. Thus, there are several 
importantt avenues for clinical application of BCRP inhibitors to modify drug resistance or 
drugg pharmacokinetics, as well as for analysis of drug resistance mechanisms relevant to 
tailoringg chemotherapy, and in the research laboratory. 

Wee have developed and characterized tetracyclic analogs of fumitremorgin C that are 
potentt inhibitors of both mouse Bcrpl and human BCRP. The most potent of these, Kol43 
(5),, is also the most specific, having little effect on the activity of P-gp or MRPs 1 through 5. 
Thee possibility remains that the FTC analogs may have significant activity against other ABC 
transporters,, particularly other members the ABCG class. However, none of these has been 
shownn to transport cytotoxic drugs. The analogs are not noticeably toxic in vitro or in mice at 
dosess effective for inhibition of Bcrpl activity. Kol43 (5) or Kol34 (4) can markedly 
improvee the oral availability of the substrate drug topotecan in mice. These promising initial 
resultss were obtained in spite of present ignorance of the analogs' pharmacokinetics, optimal 
formulationss or dose-response relationships. Further work to address such issues is necessary. 
Itt will then be interesting to see how potent the compounds ultimately prove to be for 
increasingg the oral availability of topotecan or other substrate drugs, for increasing their 
penetrationn to the fetus, and for reversing BCRP-mediated drug resistance in mouse tumor 
models. . 

Previously,, analyses of the biological effects of fumitremorgin-type alkaloids have 
focusedd on their inhibition of the cell cycle in vitro (e.g. [W|) and neurotoxicity in 
animals.'201'21112211 The cytotoxic effects of such compounds are typically seen at concentrations 
inn the range 10-100 (iM, as is also true for the FTC analogs examined herein. As noted in the 
Resultss (see § 0), such concentrations are orders of magnitude higher than those effective for 
inhibitionn of Bcrpl/BCRP. We conclude that cytotoxicity is unlikely to be a problem in 
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realisticc applications of these compounds as Bcrpl/BCRP inhibitors. This view is supported 
byy the observation that GF120918 (1), despite being considerably more cytotoxic to some cell 
liness than the FTC analogs, is extremely well tolerated in mice[l4M'61 and humans.'401 Low 
cytotoxicityy appears to be a general property of this class of FTC analogs, as the results for 
thee pure diastereoisomers Kol32 (3) and Kol34 (4) are similar to those from earlier tests of 
thee corresponding diastereoisomeric mixtures and 18 others from the original combinatorial 
libraryy of 42 analogs, on the NIH/NCI standard tumor panel (see Chapter 6 andt25]). 

Unlikee native FTC (2a), our analogs are not obviously toxic to mice at useful doses, 
althoughh the question of subtle, chronic or cumulative toxicity at high doses remains open. 
Thee precise neural targets of fumitremorgin-type alkaloids are presently unknown but there is 
somee evidence that their neurotoxicity arises from constraints on the configuration and 
conformationn of the diketopiperazine D ringt201 (Figure 7.1). The replacement of the proline 
moietyy (E ring) by an acyclic substituent might thus allow the adjacent diketopiperazine D 
ringg to assume a different conformation that renders the analogs less neurotoxic than native 
FTCC or related alkaloids. 

BCRPP and P-gp share a number of clinically relevant antineoplastic drug substrates, 
includingg the camptothecine analog topotecan (Hycamtin®), the anthracenedione 
mitoxantronee (Novantrone*) and the anthracyclines doxorubicin (Adriamycin®) and 
daunorubicinn (Daunomycin*). The expression of the two transporters also overlaps, in the 
intestinall  epithelium, placental trophoblasts, liver parenchymal cells forming the biliary 
canaliculi,, the capillaries that form the blood-brain barrier, and other sites'11JJ,21tl3][4l] as well 
ass numerous tumor cell lines. It has rightly been pointed out"71 that dual inhibitors of both 
BCRPP and P-gp, like GF120918 (1), could therefore be advantageous for reversing resistance 
too drugs that are substrates of both transporters. However, we caution that it is also possible to 
foreseee situations where such dual specificity could represent an undesirable complication. P-
gpp is known to be important for protection of the brain and bone marrow against toxic side 
effectss of several antineoplastic and other drugs (e.g. i4*"43"4*!) . It may thus be that inhibiting 
P-gpp as well as BCRP will expose these or other tissues to unacceptable toxicity. The 
likelihoodd of such unfavorable interactions would clearly be increased in multidrug treatment 
regimens. . 

7.44 Concludin g Remarks 

If,, indeed, there is a place in the clinic for specific inhibitors of BCRP, FTC analogs 
likee those examined here are candidates for this application. We have focused on only two of 
thee better compounds from the original combinatorial panel of 42: Kol32 (3) and Kol34 (4), 
andd on a newly developed derivative of one of those: Kol43 (5). Yet several other compounds 
inn that modest panel exhibited similar potency for inhibition of Bcrpl/BCRP1"1 and might be 
similarlyy enhanced by restoration of the methoxy group on carbon 18. Alternative adaptations 
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att this or other sites provide clear avenues for further modifications of their biological 
properties. . 
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7.66 Experimenta l 

7.6.11 FTC analogs 

Generall  information 
Forr experimental details see Chapter 3, § 3.6. The solution phase synthesis of the single (S,S,S)-diastereoisomers 
off  FTC analogs Kol32 (3) and Kol34 (5) (Figure 7.2) from L-tryptophan methyl ester has been described 
elsewheree (see Chapter 6 and ,25'). The new analog Kol43 (5) (Figure 7.2) was prepared via the same route with 
modifications,, starting with 6-methoxy-L-tryptophan methyl ester prepared from commercially available Na-
methoxycarbonyl-L-tryptophann methyl ester (6) based on literature procedures.'2*112" 

8-Acetyl-3,3a,8,8a-tetrahydro-2Af-pyrrolo[2,3-*]indole-l,2-dicarboxylicc acid dimethyl ester  (7). Na-
methoxycarbonyl-L-tryptophann methyl ester (6) (lO.OOg, 36.2 mmol) was suspended in 
85%% H3PO4 (125 mL, - 5.66 mol H*) and the mixture was stirred for 4 h. at RT, during 
whichh the solid slowly dissolved. The solution was slowly poured into an ice-cooled, 
vigorouslyy stirred suspension of Na2CO,10H2O (830 g, 2.90 mol CO,2) in 1500 mL H20. 

Afterr the evolution of gas had stopped, the mixture was extracted with CH2C1, (2 x 200 mL, 3 x 100 mL). The 
organicc layer was extracted with sat. NaCl (250 mL), dried (Na,S04) and evaporated The crude yield (10.24 g) 
wass dissolved in 200 mL pyridine, acetic anhydride (55.0 mL, 50.8 g, 498 mmol) was added, and the mixture 
wass stirred at RT for 16 h. The reaction mixture was evaporated, and the residue was dissolved in CH2C12 (400 
mL).. Extraction with 5% HC1 (2 x 200 mL), sat. NaHCO, (2 x 200 mL) and sat. NaCl (200 mL), followed by 
dryingg (Na2SO„) and evaporation, yielded 10.83 g of a light-yellow solid. Crystallization from acetone/PE gave 
8.922 g (28.0 mmol, 77%) of the major (3-H as-fused pyrrolo-indole (7) as a white solid. The mother liquor was 
evaporatedd (1.90 g) and purified by flash chromatography (EA), to give 0.28 g (0.88 mmol, 2%) of the pure 
minorr a-H as-fused isomer from the reaction (Rf 0.46), 0.14 g of a mix fraction, and a further 0.33 g (1.07 
mmol,, 3%) of the pure major isomer (7) (Rr0.37). 

p-HH ci's-fused isomer (7, major): 'H-NMR (400 MHz, CDC13; main peaks (broadened) from rotameric mixture), 
88 [ppm]: 7.96 (br s, 1H), 7.23 (t, J = 7.8 Hz, 1H), 7.13 (d, J = 7.4 Hz, 1H), 7.04 (t, J = 7.4 Hz. 1H), 6.24 (br s, 
1H),, 4.59 (br s, 1H), 4.05 (t, J = 6.4 Hz, 1H), 3.72 (br s, 3H), 3.11 (s, 3H), 2.74-2.51 (br s + m, 5H). 
a-HH c('j-fused isomer (minor): 'H-NMR (400 MHz, CDCI3; main peaks (broadened) from rotameric mixture), 8 
[ppm]:: 7.95 (br s, 1H), 7.28 (t, J = 7.7 Hz, 1H), 7.21 (d, J = 7.4 Hz, 1H), 7.12 (t, J = 7.4 Hz. 1H), 6.16 (d, J = 5.3 
Hz,, 1H), 4.05-4.01 (m, 2H), 3.74 (s, 3H), 3.63 (br s, 3H), 2.67 (dd, J = 12.8 Hz, J = 6.9 Hz. 1 H), 2.58 (br s, 3H), 
2.333 (ddd), 7=12.8 Hz,./= 7.0 Hz,7 = 2.8 Hz, 1H). 

8-Acetyl-6-methoxy-3,3a,8,8a-tetrahydro-2/f-pyrrolo[2,3-fr]indole-l,2-dicarboxylicc acid dimethyl ester  (9). 
Thee P-H ris-fused pyrrolo-indole (7) (8.00 g, 25.04 mmol) was dissolved in TFA (200 
mL)) and cooled in an ice/salt bath. Over a period of 30 min., a suspension of Pb(OAc)4 

(13.366 g, 27.12 mmol) in TFA (40 mL) was added, and subsequently the mixture was 
Acc u stirred for 2.5 h. at 0°C before pouring it into 1.5 L of ice-water. The mixture was 

extractedd with 1:1 CH2C12/CHC1, (1 x 500 mL, 3 x 200 mL), and the organic phase was washed with sat. 
NaHCO,, (1 x 400 mL, 2 x 200 mL), sat. NaCl (300 mL), dried (Na2S04) and evaporated to give 7.74 g of a 
brownn foam. The crude residue was dissolved in acetone (200 mL), and anhydrous K,CO, (17.36 g, 125.61 
mmol)) and methyl iodide (17.84 g, 125.61 mmol, 7.82 mL) were added. The mixture was stirred at RT for 16 h., 
followedd by addition of an extra portion of methyl iodide (8.92 g, 62.81 mmol, 3.91 mL) and a further 2 h. 
stirring.. The mixture was filtered, and the filtrate was evaporated. The residue was stirred with CH2C12 (300 
mL),, and the solid was filtered off. The filtrate was evaporated to give 7.78 g crude product, which was purified 
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byy flash chromatography (EA -> EA + 5% EtOH) to give the 6-methoxy isomer (9) (3.99 g, 11.45 mmol, 46 %), 
RRff (EA) 0.40, and the 5-methoxy isomer (1.54 g, 4.43 mmol, 18%), Rf (EA) 0.35. 

6-methoxyy isomer (9): 'H-NMR (400 MHz, CDC13; main peaks (broadened) from rotameric mixture), 5 [ppm]: 
7.644 (br s, 1H), 6.98 (d, J = 8.3 Hz, 1H), 6.59 (dd, 7 = 8.3 Hz, 7 = 2.3 Hz, 1H), 6.22 (br s, 1H), 4.59 (br s, 1H), 
3.999 (t, 7 = 6.3 Hz, 1H), 3.80-3.72 (br s, 3H), 3.79 (s, 3H), 3.17 (s, 3H), 2.70-2.46 (br s + m, 5H). 
5-methoxy-isomer:: 'H-NMR (400 MHz, CDC1,; main peaks (broadened) from rotameric mixture), 6 [ppm]: 7.89 
(brs,, 1H), 6.77 (dd, 7 =8.8 Hz, 7 = 2.5 Hz, 1H), 6.67 (d, 7 = 2.1 Hz, 1H), 6.20 (br s, 1H),4.6I (br s, 1H), 4.02 (t, 
JJ =6.3 Hz, 1H), 3.79-3.66 (br s, 3H), 3.76 (s, 3H), 3.18 (s, 3H), 2.71-2.50 (br s + m, 5H). 

2-Methoxycarbonylamino-3-(6-methoxy-l//-indol-3-yI)-propionicc acid methyl ester  (10). The 6-methoxy 
oo pyrrolo-indole (9) (3.83 g, 11.00 mmol) was dissolved in 50 ml MeOH, and 50 ml 

^ \\ j t^ vY'^ 0 M e °f  a 20% solution of H2S04 in MeOH was added portionwise. The mixture was 

M e c r ^ ^NN HN^OMe slinê  at R-T for 35 (, an(j p0ure tj j n t 0 400 mL ice-water. The mixture was 
00 extracted with CH2C12 (1 x 200 mL, 3 x 100 mL), and the organic layer was washed 

withh sat. NaHC03 (1 x 200 mL, 2 x 100 mL), sat NaCl (200 mL), dried (Na,S04) and evaporated. Flash 
chromatographyy (EA) afforded (10) (2.65 g, 8.64 mmol, 79%), Rr(EA) 0.41. 
'H-NMRR (400 MHz, CDClj), 8 [ppm]: 7.97 (br s, 1H), 7.40 (d, 7 = 8.6 Hz, 1 H), 6.88 (d, 7 = 2.2 Hz, 1H), 6.83 
(d,77 = 2.1 Hz, 1H), 6.79 (dd, 7=8.6 Hz, 7 = 2.2 Hz, 1H), 5.22 (d, 7 = 7.4 Hz, 1H), 4.68 (d, 7 = 7.8 Hz, 1H),3.83 
(s,, 3H), 3.68 (s, 3H), 3.66 (s, 3H), 3.26 (d, J = 5.3 Hz, 2H). 

2-Amino-3-(6-methoxy-lff-indol-3-yl)-propionicc acid methyl ester  (11). A mixture of hexamethyldisilane 
OO (1.061 g, 7.25 mmol, 1.485 mL) and I2 (1.787 g, 7.04 mmol) in dry, ethanol-free 

,11 ,] I^NDMB CHC1, (40 mL) was refluxed for approximately 2 h., until the purple color of the 

iodinee had disappeared. Subsequently, a solution of (10) (2.289 g, 8.29 mmol) in 
dry,, ethanol-free CHC1, (20 mL) was added, and the reaction mixture was refluxed 

forr 1.5 h. After cooling to RT, MeOH (7 mL) was added, stirring was continued for 45 min., and the solvent was 
evaporated.. Et,0 (200 mL) was added to the residue, and the mixture was extracted with 5% HC1 (1 x 100 mL, 2 
xx 50 mL). The aqueous phase was made basic with 25% ammonia, and extracted with EtOAc (2 x 100 mL, 2 x 
500 mL). The organic phase was dried (Na,S04) and evaporated, to give sufficiently pure 6-methoxy-L-
tryptophann methyl ester (11) (1.615 g, 6.51 mmol, 78%). 
'H-NMRR (400 MHz, CDC1,), 8 [ppm]: 8.15 (br s, 1H), 7.47 (d, 7 = 8.6 Hz, 1H), 6.93 (d, 7 = 2.2 Hz, 1H), 6.83 (d, 
77 = 2.2 Hz, 1H), 6.79 (dd, 7 = 8.6 Hz, 7 = 2.2 Hz, 1H), 3.86-3.80 (m, 1H), 3.83 (s, 3H), 3.71 (s, 3H), 3.23 (dd, 7 
== 15.0 Hz, 7 = 4.9 Hz, 1H), 3.02 (dd, 7= 14.4 Hz,7 = 7.6 Hz, 1H), 1.55 (brs, 2H). 

l-Isobutyl-7-methoxy-2,3,4,9-tetrahydro-l#-p-carboline-3-carboxylicc acid methyl ester  (12,13). 
Underr N2-atmosphere, a solution of 6-methoxy-L-tryptophan methyl ester (11) 
(1.5300 g, 6.16 mmol) and isovaleraldehyde (0.663 g, 7.70 mmol, 0.803 mL) in 
CH2C122 (50 mL) was cooled in an ice-bath, and TFA (3.08 mmol, 0.351 g, 0.237 
mL)) was added. The mixture was stirred for 30 min. at 0°C and another 30 min. 
whilee slowly warming to RT. DiPEA (1.293 g, 10.00 mmol, 1.742 mL) was added, 

andd stirring was continued for 30 min. The mixture was diluted with CH,C12 (50 mL), extracted with sat. 
NaHCO,, (3 x 100 mL), sat NaCl (100 mL), dried (Na,S04) and evaporated, to give 1.90 g of a crude mixture 
containingg cis (12) and trans (13) in a 2:8 ratio (HPLC). Flash chromatography (PE/EA 2:3) afforded pure cis 
(12)) (0.172 g, 0.544 mmol, 9%), Rf (PE/EA 2:3) 0.37, a mix fraction of (12) and (13) (0.263 g, 0.831 mmol, 13 
%),, and pure trans (13) (1.128 g, 3.565 mmol, 58 %), Rf (PE/EA 2:3) 0.31. 

ciscis (12): 'H-NMR (400 MHz, CDCI,). 5 [ppm]: 7.65 (br s, 1H), 7.34 (d, 7 = 8.6 Hz, 1H), 6.83 (d, 7 = 2.1 Hz, 
1H),, 6.77 (dd, 7 = 8.6 Hz, 7 = 2.1 Hz, 1H), 4.21-4.18 (m, 1H), 3.83 (s, 3H), 3.82 (s, 3H), 3.77 (dd, 7 = 11.1 Hz,7 
== 4.3 Hz, 1H), 3.08 (ddd, 7= 15.1 Hz, 7 = 4.2 Hz, 7 = 1.9 Hz, 1H), 2.78 (ddd, 7 = 14.9 Hz, 7= 11.2 Hz, 7 = 2.6 
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Hz,, 1H), 2.04-1.99 (m, 1H), 1.90-1.60 (br s + m, 3H), 1.03 (d, J = 6.5 Hz, 3H), 1.00 (d, J = 6.6 Hz, 3H). MQE 
(4000 MHz, CDC1,): irradiation of H-3 (4.20 ppm) showed 11% NOE on H-12 (3.77 ppm). 
transtrans (13): 'H-NMR. (400 MHz, CDC13), 8 [ppm]: 7.60 (br s, 1H), 7.34 (d, J = 8.8 Hz, 1H), 6.82 (d, J = 2.1 Hz, 
1H),, 6.76 (dd, 7 = 8.5 Hz, J = 2.2 Hz, 1H), 4.30-4.27 (m, 1H), 3.96 (dd, J = 7.4 Hz, J = 5.3 Hz, 1H), 3.83 (s, 3H), 
3.755 (s, 3H), 3.07 (ddd, J = 15.3 Hz, J = 5.2 Hz, J = 0.9 Hz, 1H), 2.94 (ddd, J = 15.3 Hz, J = 7.4 Hz, J = 1.4 Hz, 
1H),, 2.04-1.91 (br s + m, 2H), 1.74-1.67 (m, 1H), 1.54-1.47 (m, 1H), 1.03 (d, J = 6.6 Hz, 3H), 1.01 (d, J = 6.6 
Hz,, 3H). NOE (400 MHz, CDC13): irradiation of H-3 (4.29 ppm) showed negligible NOE on H-12 (3.96 ppm). 

Conversionn of trans (13) into cis (12). The pure trans isomer (13) and the mix fraction of (12) and (13) were 
dissolvedd in CH2C12 (- 10 mL/mmol), TFA (3 equivalents) was added, and the 

ee mixture was stirred at RT under N2 atmosphere until the (12):(13) ratio (HPLC) 
stabilizedd to - 3:7 (generally overnight). After addition of DiPEA (4 equivalents), 
thee reaction mixture was worked up and purified as described above for the 
synthesiss of (12) and (13). Per cycle, approximately 5% (HPLC) of the material was 

lostt due to decomposition. 

MeO' ' 

2-(2-Benzyloxycarbonylamino-4-/err-butoxycarbonyl-butyryl)-l-isobutyl-7-niethoxy-2,3,4,9-tetrahydro--
lff-P-carboline-3-carboxylicc acid methyl ester (15). The cis tetrahydro-p-
carbolinee (12) (1.050 g, 3.319 mmol) was dissolved in peptide-grade CH2CI2 

(500 mL), and Cbz-Glu(OBut)-OH (2.239 g, 6.637 mmol) and DiPEA (0.945 
g,, 7.301 mmol, 1.272 mL) were added. After addition of CIP (1.849 g, 6.637 
mmol),, the mixture was stirred for 16 h. at RT under N2 atmosphere. The 
mixturee was diluted with CH2C12 (100 mL), extracted with 5% KHS04 (3 x 

500 mL), sat. NaHC03 (3 x 50 mL), sat NaCl (50 mL), dried (Na2S04) and evaporated. The residue (cis:trans 
ratioo at C-6 97:3, HPLC) was purified by flash chromatography (PE/EA 1:1), to yield the desired all-5 
compoundd (IS) contaminated with traces of the 6R isomer (16) (1.603 g, 2.521 mmol, 76%), R, 0.39 (PE/EA 
1:1). . 

Majorr isomer (15): 'H-NMR (400 MHz, CDC13; distinguishable signals from rotameric mixture only), 5 [ppm]: 
7.955 & 7.64 (br s, 1H: indole NH), 7.40-7.31 (m, 6H: 1 x indole Ar. + 5 x Cbz Ar.), 6.84 (d, J = 2.1 Hz, 1H: 
indolee Ar.), 6.79 (dd, J = 5.4 Hz, J = 2.2 Hz, 1H: indole Ar.), 5.80-5.78 & 5.61-5.58 (m, 2H: benzylic CH2), 3.83 
(s,, 3H: Ar-OMe), 3.74 & 3.65 (s, 3H: -C02Me), 1.46 & 1.43 (s, 9H: -C02rBu), 1.21 & 1.09 (d, J = 6.6 Hz, 3H: 
isobutyll  CH3), 1.02 & 0.95 (d, J= 6.4 Hz, 3H: isobutyl CH3). 

3-(6-Isobutyl-9-methoxy-l,4-dioxo-l,2,3,4,6,7,12,12a-octahydro-pyrazino[l',2':l,6]pyrido[3,4-6]indol-3--
yl)-propionicc acid tert-butyl ester (5). In a round-bottomed flask equipped 
withh a septum, the Cbz-protected cyclization precursor [(15) contaminated 
withh traces (16)] (1.603 g, 2.521 mmol) was dissolved in EtOH (50 mL), 
andd 10% palladium on carbon (0.160 g, 10 w%) was added. The air was 
removedd from the flask, and the vigorously stirred mixture was 

hydrogenatedd using a balloon filled with hydrogen gas for 3 h. at RT (progress of the reaction checked by 
HPLC).. After removal of the hydrogen gas and replacement with nitrogen gas, the mixture was filtered over 
HyFlo.. The HyFlo was extensively washed with EtOH, and the filtrate was evaporated. Flash chromatography of 
thee residue (PE/EA 1:2) afforded Kol43 (5) contaminated with traces of the 6R isomer (17), Rf (PE/EA 1:2) 
0.27.. Crystallization from MTBE/PE gave pure Kol43 (5) as a white solid (0.928g, 1.977 mmol, 78%). Semi-
preparativee HPLC purification of the mother liquor (CH3CN/H20 50:50 -> 95:5 + 0.04% HC02H) afforded 
anotherr 0.025 g (0.053 mmol, 2%) of pure (5). 

Kol433 (5): 'H-NMR (400 MHz, CDCI3), 6 [ppm]: 7.85 (br s, 1H), 7.44 (d, J = 8.6 Hz, 1H), 6.89 (d, J = 2.1 Hz, 
1H),, 6.83 (dd, J = 8.6 Hz, J = 2.2 Hz, 1H), 6.75 (br s, 1H), 5.45 (dd, J = 9.2 Hz, J = 4.0 Hz, 1H), 3.99-4.05 (m. 
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2H),, 3.85 (s, 3H), 3.53 (dd, / = 15.8 Hz, J = 4.9 Hz, 1H), 3.03 (dd, J = = 15.7 Hz, J = 11.7 Hz. 1H), 2.50 (t-like, 
2H),, 2.33-2.41 (m, 1H), 2.18-2.25 (m, 1H), 1.72-1.78 (m, 1H), 1.50-1.62 (m, 2H). 1.47 (s, 9H), 1.06 (d, J = = 6.5 
Hz,, 3H), 0.84 (d, J = 6.4 Hz, 3H). '3C-NMR (APT, 100 MHz, CDC13), 8 [ppm]: 173.07, 169.82, 168.33, 156.29, 
136.46,, 132.95. 120.55, 118.61, 109.45, 106.48. 95.12, 81.22, 55.78, 55.64, 54.00, 51.05, 45.74, 31.18, 27.99, 
25.02,, 24.70, 23.75, 21.73, 21.65. HR-MS (FAB): observed mass 470.2652; calculated mass for  C26HwN305 

(M+H)) 470.2655. Optical rotation: [a]D = -99.8° (c = 0.6, MeOH). AnaL (C„H 3JN30j) Found: C, 66.34; H, 7.42; 
N.. 8.78 %. Calculated: C, 66.50; H, 7.51; N, 8.95 %. 

Stabilityy assays of Kol32 (3), Kol34 (4) and Kol43 (5). 
Solutionss of 1 mg/ml Kol32 (3), Kol34 (4) or  Kol43 (5) in dimethyl sulfoxide (DMSO) or  in 20% (v/v) 
tetrahydrofuran ,, 80% (v/v) 0.2 M HC1 buffer, pH 1.0, were stable at room temperature in a capped vial for  at 
leastt  16 hr, as determined by HPLC with detection at X = 225 and 254 nm (Inertsil ODS 3, 50 x 4.6 mm, 3 u,m; 
CHJCN/HJ OO 5:95 -» 95:5 + 0.04% HC02H). 

Thee biological experiments described below were performed by Dr. John D. Allen from the Division of 
Experimentall  Therapy at The Netherlands Cancer  Institute. 

7.6.22 CelHines 

Thee mouse fibroblast cell lines (except NIH3T3) were previously derived by us and characterized for 
theirr  drug resistance properties.'9M:H"  The mouse MEF3.8/Bcrpl A2 sub-line was made by transduction of 
MEF3.88 cells with a Bcrpl Bcrpl expression construct"41 containing a full coding sequence1*1 and green fluorescent 
proteinn (GFP) marker. Clones were obtained by flow cytometry, sorting single cells positive for  GFP and, after 
expansion,, screening for  low mitoxantrone accumulation. The 77.1/MDR1 clone 5 was obtained by transduction 
off  77.1 cells lacking functional Mdrla and Mdrlb P-gp genes'30'  with pHaMDRAl virus,'451 containing a full -
lengthh wild-type human MDR1 cDNA, and selecting clones resistant to 0.8 u,M vincristine. The human cell lines 
expressingg transfected drug transporters are described elsewhere: 2008/MRP1 clone 4 and 2008/MRP3 clone 

8j33i.iJ4|| MDCKÜ/MRP 2 clone 17,'351 HEK293/MRP4 clone 4.1l3fi'  and HEK293/MRP5 clone 5I.1" 1 The IGROVI 
humann ovarian carcinoma line and its topotecan-resistant T8 subline have also been described previously.tJ" 
NIH3T3,, MCF7, CCRF-CEM, WiDr  and A549 cells were obtained from the American Type Culture Collection. 
Celll  lines were grown in complete medium, i.e. Dulbecco's modified Eagle medium (DMEM ) or  RPMI-1640, 
supplementedd with 10% fetal calf serum (FCS), penicillin G and streptomycin. 

7.6.33 Drug accumulation, cytotoxicity and inhibitor potency assays 

Concentratedd stocks of the FTC analogs (20 or  50 mg/ml) were prepared in dimethyl sulfoxide 
(DMSO)) and stored at -20°C. The compounds are soluble in complete medium up to at least 32 U.M, well above 
thee highest working concentrations used herein. 

Sourcess of drugs and the drug accumulation assays have been described previously,mM>i Cytotoxicity 
assayss were also performed as described therein, with modifications. Briefly , cells were plated at 400 or 
1000/welll  in 96-well plates the night before addition of drugs. A concentration series of drug was applied along 
onee plate axis, and left for  the duration of the assay. Plates were harvested after  4-5 days while untreated wells 
weree still subconfluent. Relative cell proliferatio n was quantified with CyQuant™ or  Sybr  Green I fluorescent 
nucleicc acid stains (Molecular  Probes, Eugene, OR). Assays with human cell lines were performed in the 
presencee of 0.1 nM PSC833 to inhibit confounding P-gp activity. 

Ass an index of the potency of BCRP inhibitors, the EC90 was defined as the effective concentration 
off  inhibitor  that reduces drug resistance (i.e. the IC50) by 90%. EC90 values were thus determined by modified 
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cytotoxicityy assays in which a concentration series of inhibitor  was applied in the presence of the cytotoxic drug 
att  10% of its ICSO concentration, where the IC50 had been determined immediately beforehand. The 
concentrationn of inhibitor  that results in a 50% reduction in cell growth under  these conditions has thus reduced 
thee IC50 by 90%. In the absence of cytotoxic drug, the maximum applied concentration of inhibitor  did not itself 
affectt  the growth of the cells. The ECSO was defined and determined in an analogous manner. 

7.6.44 Mice 

Micee were housed and handled and experiments conducted according to Netherlands Cancer  Institut e 
(NKI )) ethical guidelines complying with Dutch legislation. The mice used were FVB strain wild-type or 
Mdrla/lbMdrla/lb knockouts,'3*1 between 9 and 14 weeks of age. Only males were used in topotecan oral availability 
experiments.. Where possible, comparisons were made between littermates. 

7.6.55 Oral and intraperitoneal administration of FTC analogs 

Orall  toxicity of FTC analogs in mice was tested by mixing 50 mg/ml stocks in DMSO 1:1 with 
Tween-S00 (polyoxyethylene sorbitan mono-oleate), and dilutin g with 5% w/v glucose such that the final volume 
administeredd by oral gavage was 10 |il per  gram body weight. Pairs of mice were administered oral doses of 50 
mg/kgg Kol32 (3), Kot34 (4), Kol43 (5) or  vehicle under  light methoxyflurane anaesthesia. Final tests of 50 
mg/kgg Kol34 (4) or  Kol43 (5) were performed on additional pairs of unanaesthetized animals in order  to 
observee any behavioral effects. Further, another  pair  of mice received the higher  dose of 100 mg/kg Kol34 (4). 
Forr  intraperitoneal toxicity tests, the FTC analog stocks in DMSO were dispersed in at least 10 volumes of 
sterilee corn oil, such that the injected volume was 5 \i\ per  gram body weight. After  pilot tests at lower  doses 
showedd no adverse effects, mice (4 per  group) were administered vehicle or  10 mg/kg i.p. of Kol32 (3), Kol34 
(4)) or  Kol43 (5). The mice were observed continuously during the first hour  following administration and then 
att  increasing intervals for  two weeks, after  which they were sacrificed for  histological examination of major 
organss and structures including brain, salivary glands, heart, lungs, liver, adrenal glands, kidneys, urinary tract, 
spleen,, thymus, bone marrow, pancreas, stomach, intestines, caecum, colon, testes, epididymus, skin, head, trunk 
andd limbs. 

7.6.66 Modulation of topotecan oral availability with FTC analogs 

Kol433 (5) stock in DMSO was diluted to 2 mg/ml with aqueous hydroxypropylmethyl cellulose (10 
mg/ml)) + 5% v/v Tween-80, producing a micellar  suspension. This was diluted 1:1 with 5% glucose, so that 
dosingg with 10 |il per  gram body weight was equivalent to 10 mg/kg of the suspended compound. For 
comparison,, GF120918 (1) was formulated in the same vehicle. Mice were given oral vehicle with or  without 
inhibito rr  30 minutes prior  to 1 mg/kg oral topotecan (Hycamtin, SmithKlin e Beecham, Welwyn Garden City, 
UK).. The latter  was administered as 5 u.1 per  gram body weight of a 0.2 mg/ml solution in 5% glucose, spiked 
withh l4C-topotecan (SmithKlin e Beecham, King of Prussia, PA) to 0.008 (J.Ci/u.1, equivalent to -1 u.Ci/mouse. 
Micee were sacrificed 30 or  60 minutes later  and heparinized blood was collected by axillary bleeding under 
methoxyfluranee anaesthesia. Plasma topotecan concentrations were inferred by comparison of scintillation 
countss of plasma vs. the oral formulation, since topotecan is hardly metabolized in vivo14*1 and subsequently 
verifiedd by HPLC analysis. The latter  method yielded plasma concentrations that were 80  7% of those 
determinedd by radioactivity measurements. The difference had no effect on the results of statistical tests or  the 
conclusionss drawn. 
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