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Figure 1. FD-838 (1), pseuratin A, synerazol, and azaspirene.

derivatives is required for such biological studies, Because we had
established a synthetic method for the latter three natural prod-
ucts, we began to investigate the total synthesis of FD-838. In this
communication we report the first total synthesis of FD-838 along
with the determination of its absolute configuration.

Because we have already established the. synthesis of the
azaspirocyclic framework, the same  synthetic strategy would
be applicable to the synthesis of FD-838. The aldol reaction
between S5-ethyl-2-formylfuran and the functionalized benzyli-
dene lactam 2, which was a key intermediate for other azaspiro
compounds prepared from methyl pentencate via Sharpless
dihydroxylation as a key" step, was examinéd.®® The lithium
enolate of 2 reacted with 5-ethyl-2-formylfuran, affording the
desired " aldol product 3 (mixture of four diastereomers,
1:1:3:3.5) in 40% yield with recovery of the lactam 2 in 49%
yield (78% yield based on the recovered starting material (br
sm)). Oxidation of the alcohol 3 with Dess-Martin periodinane

(DMP)" in CH,Cl, in the presence of NaHCO; afforded the 1,3-
diketone 5. When 1,3-diketone 5 was treated with silica gel on
TLC, cyclization followed by dehydration proceeded because of
the acidity of the silica gel to produce azaspiro derivative 4 in
20% vyield with recovery of 1,3-diketone 5. in 37%. yield over
two steps. Recovered 13-diketone 5 was: further: transformed
into azaspiro derivative 4 in 27% yield (54% br sm) by the same
reaction conditions. Oxidation of the benzylidene moiety with
dimethyldioxirane (DMD)" in MeOH afforded a mixture of
methoxy derivative 6 and hydroxy derivative 7 in 56% yield (sin-
gle diastereomers at the benzylic alcohol position), the mixture
of which was treated with DMP in CHyCl, to provide benzoylat-
ed methoxy 8 and hydroxy 9 derivatives in 49% and 16% yields,
respectively, which can be separated by TLC. Removal of the TIPS
group with NH4F in MeOH afforded FD-838 (1) in 62% yield
(89%, br sm). Synthetic FD-838 exhibited identical properties to
those of the natural substance ('H NMR, '3C NMR, IR).
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Scheme 1. The synthesis of FD-838.
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Because the optical rotation of natural FD-838 was reported
to be zero using MeOH as a solvent,'! the optical rotation was
measured in other solvents, such as CHCl;. The optical rotations
of natural FD-838 and synthetic FD-838 show large negative val-
ues (synthetic FD-838: [#]2° —41.9 (c 0.4, CHCl3), natural FD-838:
(4}3° ~32.4 (c 0.7, CHCl3)), indicating that both compounds have
the same absolute configuration.!* Thus, the absolute configura-
tion is determined, as shown in Scheme 1.

In summary, we have accomplished the first asymmetric total
synthesis of FD-838 along with the determination of its absolute
configuration,
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Identification of Cytochrome P450s Required for
Fumitremorgin Biosynthesis in Aspergillus fumigatus

Naoki Kato,™ Hirokazu Suzuki,™ 9 Hiroshi Takagi,’”! Yukihiro Asami,® ¢ Hideaki Kakeya,* "
Masakazu Uramoto,” Takeo Usui™ Shunji Takahashi,® Yoshikazu Sugimoto,'! and

Hiroyuki Osada*®

Fumitremorgin C, a diketopiperazine mycotoxin produced by
Aspergillus fumigatus, is a potent and specific inhibitor of
breast cancer resistance prdtein (BCRP). Elucidation of the
fumitremorgin C biosynthetic pathway provides a strategy for
new drug design. A structure-activity relationship study based
on metabolites related to the ftm gene cluster revealed that
the process most crucial for inhibitory activity against BCRP
was cyclization to form fumitremorgin C. To determine the
gene involved in the cyclization reaction, targeted gene inacti-

Introduction

Breast cancer resistance protein (BCRP) is a member of the
multidrug transporters of the ATP-binding cassette family,
which can actively extrude a wide range of structurally diverse
drugs, toxins, endogenous compounds, and their metabolites
across the plasma membranes of cells.# Although these ATP-
dependent efflux pumps were once thought to be of relevance
only to multidrug resistance in cancer cells, it is now clear that
they have a pronounced role in the pharmacokinetics of a
broad range of drugs and toxins. It is noteworthy that recent
findings have revealed intriguing roles: for BCRP. in:stem
cells. 2% Specific inhibitors are therefore required for further un-
derstanding of the pharmacological and physiological roles of
this interesting transporter in normal and malignant stem cells,
as well as of clinical applications of BCRP inhibition in cancer
chemotherapy. Two- BCRP inhibitors——GF120918: and- fumitre-
morgin C {6)—have been well characterized.: GF120918 is a
synthetic product: originally: developed: as-a: P-glycoprotein in-
hibitor*%:In contrast, compound 6, a diketopiperazine myco-
toxin' produced by Aspergillus fumigatus'® is: capable of com-
pletely reversing mitoxantrone, doxorubicin, and topotecan re-
sistance in: BCRP-overexpressing cells but does not reverse re-
sistance to cells that overexpress other multidrug transporters
such as P-glycoprotein or multidrug-resistant protein 1.7-% Sev-
eral synthetic'analogues of 6 have been investigated and one
such, Ko143, showed more potent inhibitory.effects as well as
lower in vivo toxicity”'® This indicates that 6 may serve as a
lead compound for more potent and specific BCRP inhibitors.
Elucidation of -the fumitremorgin biosynthetic pathway. pro-
vides:a strategy for new drug design.

The A. fumigatus genome harbors more than 20 biosynthetic
gene clusters for secondary: metabolites."" Their gene organi-
zation“allows us to:predict: biosynthetic products that arise
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vation was performed with candidate genes in the ftm cluster.
Analysis of the gene disruptants allowed us to identify fimk,
one of the cytochrome P450 genes in the cluster, as the gene
responsible for the key step in fumitremorgin biosynthesis.
Additionally, we demonstrated that the other two cytochrome
P450 genes, ftmC and ftmG, were involved in hydroxylation of
the indole ring and successive hydroxyiaﬁon of fumitremor-
gin C, respectively.

from the corresponding gene clusters. it has been suggested
that some of the gene clusters are involved in the biosynthesis
of known fungal metabolites">'¥ The ftm gene cluster has
also been investigated as the most probable candidate for the
biosynthesis of 6 and its related compounds."*"""! It apparently
consists of nine genes (Figure 1A). A genetic study has indicat-
ed that the dimodular nonribosomal peptide synthetase
(NRPS) gene ftmA encodes brevianamide F synthetase.l'”! Func-
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Figure 1. The production of metabolites associated with the ftm cluster in

A. fumigatus. A) Gene organization of the ftm cluster. The three cytachro-
me P450 genes are indicated in black. The genes shown in gray—ftmA/
ftmPS, fimB/ftmPT1, and ftmH/ftmPT2—encode a dimodular NRPS"" and pre-
nyltransferases."'*! B) HPLC chromatograms of culture extracts of the wild-
type and the fimA~ strains derived from A, fumigatus BM939, UV detection
was carried out at 220 nm. Retention times of authentic standards of fumi-
tremorgins are denoted by Arabic numerals. MS analysis confirmed that the
peak at a retention time of 14.5 min in the chromatograms of extracts of
the ftmA~ strains contained no compound 4.

tional analyses of FtmB and FtmH (also termed FtmPT1 and
FtmPT2, respectively) have been performed to characterize
their enzymatic activities."'® These results have suggested
that this gene cluster directs the biosynthesis of fumitremor-
gin B (8), with ftmA, ftmB, and ftmH involved in the first,
second, and: last steps, respectively, in the biosynthetic path-
way to 8. However, the functions. of the other ftm:genes
remain to be elucidated. Lack of fumitremorgin production in
the genome reference strain: Af293""! makes a full understand-
ing of the cluster difficult, so in exploring the fumitremorgin
pathway we utilized the strain BM939, which is a high produc-
er of 6 and its related compounds.'®

In the work reported here we carried out a structure-activity
relationship (SAR) study, revealing that the most crucial event
for exertion of inhibitory activity against BCRP was the C—N
bond formation in the synthesis of 6. To identify the gene
responsible for the key step to form 6, targeted gene inactiva-
tion for candidate genes in the ftm cluster-was performed.
Analysis of the knockout mutants allowed us to identify the cy-
tochrome P450 gene ftmE as involved in the C—N bond forma-
tion. In addition, we demonstrated the role of the other two
cytochrome P450 genes—ftmC and ftmG—in the fumitremor-
gin pathway.

Results and Discussion

Structure-activity relationship study based on metabolites
related to the ftm cluster

To examine the biological activities of 6 and its related com-
pounds, we isolated metabolites associated with the ftm clus-

ChemBioChem 2009, 10, 920-928
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ter from BM939, a fumitremorgin-producing strain of A. fumi-
gatus. Eight diketopiperazine compounds—brevianamide F (1),

brevianamide F (1, R'=H, R?=H)

tryprostatin B (2, R'=H, R¥&=dimethylallyl)
desmethyitryprastatin A (4, R'=0H, R2=dimethylailyl)
tryprostatin A (5, R'=OMe, RZ=dimethylallyl)

demethoxyfumitremorgin C (3, R=H)
fumitremorgin C (6, R=OMe)

120, 13a-dihydroxyfumitremorgin C (7, R=H)
fumitremorgin B (8, R=dimethylailyl)

tryprostatin B (2), demethoxyfumitremorgin C (3), desmethyl-
tryprostatin A . (4), tryprostatin A. (5), fumitremorgin C. (6),
12a,13a-dihydroxyfumitremorgin C (7), - and fumitremorgin B
(8)~~were prepared, and their structures were determined by
mass spectrometry. and. NMR.: analysis. Compound 4, a des-
methy! analogue of 5, is a new compound. Disruption of ftmA
in the BM939. strain: caused: a deficiency in the production of
1-8 (Figure 1B); indicating that these metabolites are products
of the ftm cluster

These metabolites: share. a: diketopiperazine scaffold but are
structurally diverse and thereby:useful- for SAR studies of their
bioactivities. In fact;: evaluation of 1-8 with regard to BCRP
inhibitory: activity. (Figure 2A- and: B).revealed: that 6. was the
most-potent inhibitor out of all of the derivatives tested. The
SAR- study - also indicates that- the following: three moieties
were important. for. the. inhibitory: activity. of 6 against BCRP
(Figure 2C).: 1) The most crucial moiety:involved in the activity
of 6 is the covalent bond between C-3 and N-4, because com-
pounds 3 and 6-8 all showed détectable activities in assays in
vivo: and-in: vitro, whereas the activities of 1, 2, 4, and 5 were
negligible. Although. compound- 5-has been reported as a
BCRP inhibitor,l" its activity was much lower than that of 6
under the conditions used: in this study. 2) Dihydroxylation at
C-12 and C-13 of 6 impaired inhibitory activity at the cellular
level. Reversal effects of 1-6; but not of 7 or 8, on drug resist-
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Figure 2, Evaluation of BCRP inhibitory effects of fumitremorgins. A} Inhibition of drug
efflux in K562/BCRP cells by fumitremorgins 1-8. ICg, values of growth inhibition of
K562/BCRP cells by SN-38 in the presence of fumitremorgins (3 pm) were determined.
ICs, values in K562/BCRP and K562 cells (parental cells) without fumitremorgins were de-
fined as 0 and 100% inhibition, respectively. B) Inhibition of BCRP-dependent ATPase ac-
tivity by fumitremorgins 1-8. The vanadate-sensitive ATPase activities in the presence of
fumitremorgins (50 um) were measured in vitro with use of BCRP membranes (BD Bio-
sciences). C) SAR of fumitremorgins. Of the moieties shown in gray, the covalent bond
between C-3 and N-4 and the methoxy group at C-18 are important for the inhibitory ac-
tivity of 6 against BCRP, whereas dihydroxylation at C-12 and C-13 of 6 affects the activity
at the cellular level,

ance in BCRP-overexpressing K562 cells was in good agree-
ment with their inhibitory activities against BCRP-dependent
ATPase activities. A possible explanation for the weaker effects
of 7 and 8 in the in vivo assay is a change in membrane
permeability due to further: modifications. 3) Compound 6

H. Osada et al,

showed clear inhibitory activities even at submicro-
molar concentrations, whereas its demethoxy form 3
did not (data not shown), which suggests that the
methoxy group at C-18 is important, in agreement
with previous suggestions,

Although fumitremorgins are harmful tremorgenic
mycotoxins produced by A. fumigatus and related
fungi® some of the biosynthetic intermediates be-
sides the BCRP inhibitor 6 have been shown to have
interesting biological and pharmacological activi-
ties."82” Recently, Jain et al. reported that 5, which
has inhibitory effects on the cell cycle™® and micro-
tubule assembly,?"! and its synthetic derivatives
showed insignificant bioactivities,*¥ Consistently
with this, such inhibitory effects were not detectable
in the compounds isolated in this study.

Identification of the key enzymes for fumitremor-
gin biosynthesis

The SAR study of fumitremorgins 1-8 revealed the
important moieties involved in exertion of the BCRP
inhibitory activity of 6. From this information we
tried to identify the genes involved in the formation
of such important moieties. None of the enzymes
catalyzing the cyclization to form 6, the subsequent
hydroxylation at C-12 and C-13 of 6, or the hydroxyl-
ation at C-6 of the indole ring had been previously
identified. To identify the genes responsible for
these reactions, we first cloned the ftm cluster from

the strain BM939. A 27 kb DNA fragment that covered the ftm
cluster of strain BM939 was sequenced, revealing that the clus-
ter is extremely similar to that of Af293 and consists of nine
genes (see Table 1 for features of the ftm gene products).
There were six uncharacterized genes in the ftm cluster. FtmC,

Table 1. Features of the ftm gene products of A. fumigatus BM939,
Protein Size exon Function® Relatives®™ (identity/similarity {%6]) Accession
bp/aa number

FtmA 6636/2211 1-6636 dimodular NRPS nonribosomal peptide synthetase XyNRPSA ABF29402
from Xylaria sp. BCC 1067 (37/55)

FtmC 1955/559 1-969, 1033-1154, 1227-1525, cytochrome P450 isotrichodermin C-15 hydroxylase TRi11 from 013317

1597-1698, 1768-1955 Fusarium sporotrichioides (31/46)

FtmD 1114/342 1-528, 6141114 methyltransferase cercosporin toxin biosynthesis protein CTB3 ABC79591
from Cercospora nicotianae (31/51)

FtmB 1464/464 1-1262, 1332-1464 prenyltransferase dimethylallyltryptophan synthase DmaW from AAPB1210
Claviceps purpurea (34/56)

FtmE 1581/526 1-1581 cytochrome P450 cytochrome P450 ELN2 from Coprinopsis cinerea BAA33717
(26/44)

FtmF 876/291 1-876 o-KG dioxygenase fumonisin C-5 hydroxylase Fum3p/FUM9 from AAG27131
Gibberella moniliformis (29/48)

FtmG 1813/504 1-207, 273-389, 451-550, cytochrome P450 GA14-synthase P450-1 from G. fujikuroi (37/56) CAA75565

604-672, 723-1313, 1383-1813

FtmH 1349/427 1-1181, 1247-1349 prenyltransferase tryptophan dimethylallyltransferase FgaPT2 from AAX08549
A. fumigatus (37/56)

Ftml 2043/680 1-2043 protein-protein ankyrin 1 isoform 2 from Homo sapiens (35/53) NP_065210

interaction
{a] Functions of FtmD, FtmF, and Ftm! were predicted on the basis of sequence similarities to known proteins. a-KG: o-ketoglutarate. {b] The listed homol-
ogous proteins exclude putative proteins derived from genomic projects,
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FtmE, and FtmG show similarity to cytochrome P450s of fila-
mentous fungi, while FtmF has similarity to proteins that
belong to the o-ketoglutarate dioxygenase family.?® These
enzymes could have roles in the cyclization as well as in the
hydroxylations, Besides the oxygenases, FtmD is predicted to
function as an O-methyltransferase and is thus implicated in
the methylation of the new intermediate 4 to give 5. The ftm/
gene encodes an ankyrin-repeat protein.”"

To assign the roles of the oxygenase genes in fumitremorgin
biosynthesis, we generated gene disruptants by replacing the
entire coding region of each gene with the hygromycin B-
resistance gene cassette (Aftm:hph; Figure 3). The akuA™ strain
(TAFK1.39), derived from BM939, was used as a host strain for
the knockout experiments, and correct disruption events oc-
curred in almost all hygromycin-resistant transformants (data
not shown). Two to four transformants of each ftm disruption
were cultivated for analysis of fumitremorgin production. The
metabolite profiles of the disruptants—ftmC-, ftmE~, ftmF~,
and fimG —were determined by HPLC and LC/ESI-MS (see
Table S1 in the Supporting Information for productivity of
fumitremorgins in the disruptants).

The disruption of ftimC led to substantial accumulation of 2
and its cyclization product 3 (Figure 4A). Compound 4 (the

product hydroxylated at C-6 of the indole ring of 2) and its
downstream methoxy-group-containing metabolites 5-8 were
not detected in the culture extracts of the ftimC™ strain. The
ftmE disruptants produced 2 and 5 but not their cyclization
products 3 and 6 (Figure 4B). The disruption of fimG resulted
in the loss of production of 7 and 8 (Figure 4C). The produc-
tion of 6 was observed in the ftmG™ strain, indicating that hy-
droxylation of the indole ring and cyclization proceeded nor-
mally in this strain. These results clearly suggest the roles of
the three cytochrome P450 genes in the fumitremorgin path-
way: hydroxylation at C-6 of the indole ring, C-N bond forma-
tion to form 6, and the subsequent dihydroxylation are medi-
ated by ftimC, ftmE, and ftmG, respectively. On the other hand,
the disruption of ftimF had no significant effect on the produc-
tion of 1-8, suggesting that fimf should not be involved in
their biosynthesis {data not shown).

On the basis of the phenotypes of the ftm disruptants, the
functions of the three cytochrome P450 genes were demon-
strated by use of a yeast expression system. The cytochro-
me P450 genes ftmC, ftmE, and ftmG were expressed in Sac-
charomyces cerevisiae with a P450 reduction partner gene of
A. fumigatus, AFUA_2g07940. Microsomes that were prepared
from ftmC-expressing yeast catalyzed the hydroxylation of 2 to
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Figure 3. Construction of the ftm disruptants. DNA fragments (5.9kb) containing 1 kb upstream and 1 kb downstream regions of the ftm genes and the
hygromycin B-resistance cassette (hph) were used for the transformation of the wild-type strain (WT, TAFK1.39) and as probes for Southern hybridization,

A) ftmA disruption: total DNA (10 jig) isolated from the hygromycin B-resistant transformants was digested with a) Miul, or b) Apal. The WT strain shows

a) 16.1, and b) 10.3 and 5.4 kb bands, whereas the ftmA™ mutant shows a) 9.7 and 3.5, and b) 12.8 kb bands. B) imC disruption: total DNA was digested with
a) Ndel, or b} Aor51HI. WT shows a) 8.8, and b) 6.0 and 2.9 kb bands, whereas the mutant shows a) 5.9 and 4.7, and b) 10.7 kb bands. C) ftmE disruption: total
DNA was digested with a) Nhel+4-Xbal, or b) Kpnl, WT shows a) 5.3, and b) 3.5 and 3.4 kb bands, whereas the mutant shows a) 4.2 and 3.3, and b) 9.1 kb
bands. D} ftmF disruption: total DNA was digested with a) Ndel, or b) Nrul, WT shows a} 12.9, and b} 5.2 and 3.7 kb bands, whereas the mutant shows a} 10.3
and 5.5, and b) 1.8 kb bands. E) fimG disruption: total DNA was digested with a) Sacll, or b) Smal. WT shows a) 11.1, and b} 4.3 and 1.9 kb bands, whereas the

mutant shows a) 7.3 and 5.5, and b) 8.2 kb bands.
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Figure 4. The metabolite profiles of the ftm disruptants derived from A. fumigatus BM939. HPLC chromatograms of culture extracts of the knockout mutants
of A) fimC, B) fimE, and C) ftmG. The fungal strains were cultivated at 28°C for 48 h. Fumitremorgins 1-8 in the culture extracts were determined by HPLC
and LC/ESI-MS with reference to authentic standards. The production was analyzed independently in two to four clones of each strain. UV detection was car-

ried out at 220 nm. D) Proposed biosynthetic pathway of fumitremorgins 3-7.

yield 4 in the presence of NADPH (Figure 5A); even though' its
expression level was not high enough for the CO spectrum to
be detectable. The functions of FtmE and FtmG were evaluat-
ed by bioconversion experiments: ftmE-expressing yeast cells
converted 5 into 6 effectively (13 nmh™'), whereas they also
converted 2 into. the shunt product-3 (6.5 nmh™!; Figure 5B).
Presumably . these- cyclizations  proceeded through hydroxyl-
ation- at C-18 or N-10-by FtmE,. followed. by. dehydration to
form the C—N:bond. To the best of our. knowledge, this is the
first fungal cytochrome P450 that catalyzes C—N bond. forma-
tion.. Other than this, there. is.only one bacterial- cytochro-
me P450, StaN, that catalyzes- C~N bond. formation between
aglycon and deoxysugar moieties during staurosporine biosyn-
thesis in Streptomyces sp. TP-A0274.% The conversion of 6 into
7 by ftmG-expressing. yeast was observed, though the conver-
sion rate-was very low (4.6 nmday™"; Figure 5C).
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Proposed biosynthetic pathway for fumitremorgins

Previous studies have already pointed out that three genes in
the ftm cluster—ftmA, ftmB, and ftmH—are involved in the
first, second, and last steps, respectively, in the biosynthetic
pathway of 8.5 The first committed. step of the fumitremor-
gin pathway is the formation of 1—diketopiperazine formation
from two amino acids, L-tryptophan and L-proline.. This was
further: supported by. the lack of production of 1-8 that was
observed. in- the ftmA disruptants. derived: from. BM939 (Fig-
ure 1B). Heterologous expression of ftmA conferred the ability
to-produce 1 both to S. cerevisiae (data not shown) and to
A:nidulans!'" so 1 was obviously. the. biosynthetic . product
attributable to ftmA and.was. the precursor of 2-8. The sub-
sequent step is the prenylation: of 1.to form 2. by FtmB/
FtmPT1.%% The other prenyltransferase, FtmH/FtmPT2, catalyz-
es the prenylation of the indole ring at N-1 of 7 to yield 8"

ChemBioChem 2009, 10, 920-928
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Figure 5. Reconstitution of the cytochrome P450-mediated reactions with a yeast expression system. A) HPLC chromatogram of reaction products of FtmC.
Microsomes that were prepared from the yeast cells expressing ftmC and AFUA_2g07940 were incubated with 2 (50 pm) in the presence of NADPH (1 mm) at
30°C for 60:min. UV detection was carried out at 300 nm: B) HPLC chromatograms of culture extracts of the yeast cells expressing ftm£ and AFUA_2g07940.
The cells were incubated with substrates 5 {upper panels) and 2 {lower panels; each 2.5 um) at 30°C for two days. UV detection was carried out at 280 and
300 nm for reaction products of 2 and 5, respectively, C) HPLC chromatograms of culture extracts of yeast cells expressing ftmG and AFUA_2g07940. The cells
were incubated with substrate 6 (2.5 jim) at 30°C for two days. UV detection was carried out at 300 nm.

Our results ‘elucidated the missing link in the fumitremorgin
pathway, which'is composed of four processes (Figure 4D): the
hydroxylation of the indole ring of 2 at C-6 by FtmC; followed
by methylation to form 5, the C-~N bond formation for the syn-
thesis of 6 by FtmE, and the subsequent hydroxylation of 6 at
C-12 and’ C-13 by FtmG. There are three genes—ftmD; ftmF,
and ftmi=in the cluster that remain to be characterized. Be-
cause the predicted function of FtmD is that of a methyltrans-
ferase, FtmD is @ plausible candidate for the enzyme that cata-
lyzes the methylation of 4 to form'5.

There - are 'several: fumitremorgin-related -compounds: that
could not be accounted for by the ftm gene functions. One

ChemBioChem 2009, 10, 920-928
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such compound is verruculogen, which contains a unique epi-
dioxy (C-0-0-C) bridge in-its: structure.® To date, there is no
report-of enzymes that catalyze epidioxy formation except for
prostaglandin-endoperoxide H synthase.?® Because the func-
tions of ‘three out of four oxygenase genes in-the cluster—
ftmC, ftmE and ftmG—were determined, the last-uncharacter-
ized oxygenase gene, ftmF, might be a candidate for this inter-
esting reaction. FtmF-dependent peroxidation is now under in-
vestigation. The disruption of ftm! had no significant effect on
the production of 1-8 (data not shown), indicating that ftm/
was unlikely to be involved in the biosynthesis of 1-8,
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Conclusions

Our SAR study on metabolites associated with the ftm cluster
demonstrated that fumitremorgin C (6) was the most potent
inhibitor against BCRP of all of the metabolites that were
tested. A crucial moiety for exertion of the inhibitory activity of
6 was the covalent bond between C-3 and N-4. Methoxylation
of the indole ring at C-6 and the dihydroxylation at C-12 and
C-13 also modulated inhibitory activity. Targeted gene inacti-
vation with a fumitremorgin producer strain, BM939, revealed
that the three cytochrome P450 genes—ftmC, ftmE, and
ftmG—are involved in these biosynthetic processes. We con-
firmed their enzymatic activities with a yeast expression
system, In particular, the FtmE-mediated oxidative ring-closure
step is noteworthy. To the best of our knowledge, this enzyme
is the first fungal cytochrome P450 that catalyzes C—N bond
formation. This study has elucidated the missing links in the fu-
mitremorgin pathway, which are also crucial processes for ex-
ertion of the inhibitory activity of 6 against BCRP, not only pro-
viding insights into mycotoxin biosynthesis but also opening
the way to improved biosynthesis of intermediates that have
interesting pharmacological activities.

Experimental Section

Microbial strains and plasmids: A. fumigatus BM939 was isolated
previously!® The cosmid AN26, which contains the hygromycin B-
resistant cassette,*” was obtained from the Fungal Genetics Stock
Center. E. coli strains TOP10 and DHS5a and plasmids pCR2.1-TOPO,
pCR4Blunt-TOPO, pDONR P4-P1R/P2R-P3/221, and pDEST R4-R3 (in-
vitrogen) were used for DNA manipulation. S. cerevisiae YPH500
and pESC-URA (Stratagene) were used for heterologous expression
of the ftm genes,

Preparation of fumitremorgins: A. fumigatus BM939 was cultivat-
ed at-28°C for:3-5 days in complete medium [malt extract (2%),
Bacto peptone (1 %), glucose (2%)]. The fungal culture was cleared
by-filtration and: extracted with ethyl acetate. From the dried ex-
tract, fumitremorgins were isolated by normal-phase chrematogra-
phy: on silica 60N (Kanto chemicals) followed by preparative HPLC.
Their structures were determined from the following spectroscopic
parameters;

Brevianamide F (1). "M NMR (500 MHz, CDCl,): 6=8.24 (brs, 1H),
7.57 (d, J=7.8Hz, 1H), 738 (d, J=8.1Hz, 1H), 7.21 (td, J=7.3,
09Hz 1H), 7.12 (td, J=7.3, 0.9Hz, 1H), 7.09 (d, /=18Hz 1H),
5.73 (brs, TH), 4.36 (dd, J=11.0, 2.8 Hz, 1H), 4.05 (t, /=73 Hz, 1H),
3.74 (ddd, J=15.1, 3.7, 0.9 Hz, 1H), 3.60 (m, 2H), 2.95 (dd, J=15.1,
11.0 Hz, TH), 2.30 (m, 1H), 1.99 (m, 2H), 1.89 ppm (m, 1H); ESI-MS;
m/z: 284.1 [M-+H]*. The NMR spectra were identical to the report-
ed data.l'!

Tryprostatin B (2): 'H NMR (500 MHz, CDCl,): 6=7.94 (brs, 1H), 7.46
(d, J=78Hz, 1H),7.29:(d,- J=83 Hz, 1H); 7.14 (ddd; J=7.6, 7.1,
1.3 Hz, 1H), 7.08 (ddd,; J=10.6, 7.8, 1.0 Hz, 1H), 5.59 (brs, 1H), 5.30
(t; J=7.0Hz, TH), 435 (brdd, J=11.5, 28 Hz, 1H), 404 (t, J=
7.8 Hz, TH), 3.64 (m, 2H); 3.57 (ddd, J=11.8, 94, 3.2 Hz, 1H), 3.49
(dd, J=17.6, 7.8 Hz, TH);"3.44 (dd; J=16.5, 6.9 Hz; 1H), 2.93 (dd,
J=151,11.5 Hz, 1H); 231 (m, 1H), 2.05-2.00 (m, 2H), 1.95-1.85 (m,
1H), 1.77 (s, 3H), 1.74 ppm (s, 3H); ESI-MS: m/z: 352.1 [M+H] . The
NMR spectra were identical to the reported data,”®
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Demethoxyfumitremorgin C (3): '"HNMR (500 MHz, CDCL): 6=7.79
(brs, 1H), 7.56 (d, /=73 Hz, 1H), 7.33 (d, J=8.1 Hz, 1H), 7.17 (brt,
J=63Hz, TH), 7.13 (brt, J=69Hz, 1H), 601 (d, J=9.6 Hz, 1H),
490 (brd, J=9.1 Hz, 1H), 4.17 (dd, J=11.7, 5.0 Hz, 1H), 4.10 (brt,
J=8.2Hz, 1H), 3.63 (m, 2H), 3.55 (dd, /=16.0, 5.0Hz, 1H), 3.11
(dd, J=15.8, 11.5 Hz, 1H), 2.40 (m, 1H), 2.23 (m, T1H), 2.05 (m, TH),
200 (s, 3H), 1.94 (m, 1H), 1.63 ppm (s, 3H); ESI-MS: m/z: 3503
[M+H]'. The NMR spectra were identical to the reported data.”®

Desmethyltryprostatin A (4): Pale yellow powder; [al}'= -25.5 (c
0.25, in methano!); 'H NMR (500 MHz, [D4]DMSO): 6 =10.30 (s, 1H),
8.73 (s, 1H), 7.19 (d, J=8.6 Hz, 1H), 7.03 (s, 1H), 6.62 (d, J=23 Hz,
1H), 6.42 (dd, 1=2.3,86Hz, 1H), 527 (t, J=7.0Hz, 1H), 419 (t, J=
5.1Hz, 1H), 3.98 (brdd, J=73, 93Hz, 1H), 345 (dd, J=70,
15.5 Hz, 1H), 3.39 (m, 1H), 3.28 (dd, J=7.0, 155Hz, 1H), 3.17 (d,
J=45Hz, 1H), 3.14 (dd, J=5.1, 145Hz, 1H), 290 (dd, J=6.5,
14,5 Hz, 1H), 1.89 (m, 1H), 1.69 (s, 3H), 1.68 (5, 3H), 1.61 (m, 1H),
1.42 (m, 1H), 1.15 ppm (m, TH); *CNMR (125 MHz, [Dg]DMSO): 6 =
168.3 (s), 165.4 (s), 152.4 (s), 1364 (s), 134.7 (s), 131.7 (s), 121.9 (d),
121.3 {s), 118.4 (d), 108.4 (d), 103.8 (s}, 96.1 (d), 58.4 (d), 55.2 (d),
445 (1), 27.5 (), 26.2 (1), 25.5 (q), 24.8 (1), 21.6 (1), 17.7 ppm (q); UV/
Vis: Apax=222, 273, 299 nm; HR-FAB-MS: m/z: calcd for Cy;HyeN;05:
368.1974 (M +H]'; found: 368.1980; ESI-MS: m/z: 368.3 (M+H]'.

Tryprostatin A (5): "H NMR (500 MHz, CDCl,): 6=7.79 (brs, 1H), 7.32
(d, J=8.7 Hz, 1H), 6.81 (d, J=23 Hz, 1H), 6.74 (dd, /=87, 23 Hz,
1H), 5.61 (brs, 1H), 528 (t, J=7.3 Hz, 1H), 431 (brdd, J=11.2,
2.7 Hz, 1H), 4.04 (t, J=78Hz, 1H), 3.81 (s, 3H), 3.63 (ddd, J=10.2,
8.0, 3.7 Hz, 1H), 3.62 (dd, J=15.1, 4.1 Hz, 1H), 3.57 (ddd, J=11.9,
8.9, 2.8 Hz, 1H), 343 (dd, /=174, 6.8 Hz, 1H), 3.39 (dd, /=165,
7.3 Hz, 1H), 2.89 (dd, /=15.1 11.5 Hz, 1H), 2.31 {m, 1H), 2.05-1.98
{m, 2H), 1.89 (m, 1H), 1.76 (d, J= 1.0 Hz, 3H), 1.73 ppm (s, 3H); ESI-
MS: m/z: 382.3 [M+H]". The NMR spectra were identical to the re-
ported data.®®

Fumitremorgin C (6): 'H NMR (500 MHz, CDCl;): 6=7.65 (brs, 1H),
742 (d, J=83Hz, 1H), 6.84 (d, /=23 Hz, 1H), 6.79 (dd, J=87,
23 Hz, 1H),:5.96 (d, /=9.6Hz, 1H), 4.89 (dt, J=9.6,. 14 Hz, 1H),
4,17 (dd, J=11.9, 46 Hz, TH), 4.09 (t, J=7.8 Hz, 1H), 3.82 (5, 3H),
3.62 (m, 2H), 3.50 (dd, J=16.0, 5.0 Hz, 1H), 3.08 (ddd, /=158, 11.5,
0.9 Hz, 1H), 238 (m, 1H),. 2.22 (m, 1H), 2.02 (m, 1H), 198 (d, J=
0.7 Hz, 3H), 1.94 (m, 1H), 1.63 ppm (d, J=1.4 Hz, 3H); ESI-MS: m/z:
380.2 [M+4H]*. The NMR spectra. were identical to_the reported
data?®

12a,13a-Dihydroxyfumitremorgin C (7): 'HNMR' (500 MHz, CDCl,):
6=7.78 (d, J=8.7 Hz, 1H), 7.64 (brs, 1H), 6.83 (d, J=23 Hz, 1H),
6.78 (dd, J=8.7, 2.3 Hz, 1H), 5.85 (dd, /=94, 0.9 Hz, 1H), 5.73 (dd,
J==2.8, 0.9 Hz, 1H), 478 (dt, J=9.6, 1.4 Hz, 1H), 4.64 (d, J=2.8 Hz,
1H), 441 {dd, /=10.1, 6.9 Hz, 1H), 4.09 (brs, 1H), 3.82(s, 3H), 3.62
(m, 2H), 2.47 (m, 1H), 2.08 (m, TH), 202 (m, TH), 1.99 (d, J=1.4 Hz,
3H), 195 (m, TH), 1.65 (d, /=09 Hz, 3H); ESI-MS: m/z: 394.2
[M4+H-—H,01*. The NMR spectra were identical to the reported
data.?!

Fumitremorgin B (8): "H NMR (500 MHz, CDCl;): =783 (d, J=
8.7 Hz, 1H), 6.78 (dd, /=87, 2.3 Hz, 1H), 667 (d, J=18Hz, 1H),
5.97 (d, J=10.1 Hz, TH), 575 (s, TH), 5.02 (brt, /=6.9 Hz, 1H), 4.68
(brd, J=10.1 Hz, TH), 4.52 (brs, 2H), 443 (dd, /=99, 73 Hz, 1H),
3.82 (s, 3H), 3.62 (dd, /=8.9, 4.6 Hz, 2H), 2.46 (m, 1H), 2.20-1.90
{m, 3H), 1.97 (d, J=14Hz, 3H), 1.83 (5, 3H), 1.68 (d, J=1.0Hz, 3H),
1,61 (d, J=1.4 Hz, 3H); ESI-MS: m/z: 462.1 [M+H—H,01*. The NMR
spectra were identical to the reported data.®™

BCRP inhibitory assay: The BCRP inhibitory. activities of fumitre-
morgins 1-8 were assessed by growth inhibition of K562 cells that
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overexpressed the BCRP gene (K562/BCRP) by the anticancer drug
SN-38, as described previously.®" Briefly, K562/BCRP cells were
grown in RPMI 1640 medium that was supplemented with fetal
bovine serum (7%, v/v) at 37°C in CO, (5%, v/v). The sensitivity of
the K562/BCRP cells to SN-38 in the presence of fumitremorgins
(3 pm) was evaluated by cell growth inhibition after incubation at
37°C for 4 days. Cell numbers were determined with a Coulter
counter. The ICy, values (drug dose that caused 50% inhibition of
cell growth) were determined from the growth inhibition curves.

The inhibitory effects of fumitremorgins 1-8 on BCRP activity were
also evaluated in vitro by measuring BCRP-dependent ATPase
activity, as described previously,®® with minor modifications. BCRP
membranes (BD Biosciences) were incubated at 37°C in medium
(95 pL) consisting of Tris-MES (50 mMm, pH 6.8), EGTA (2 mm), DTT
(2 mm), KCI (50 mm), sodium azide (5mm), and fumitremorgins
(50 pM). The ATPase reaction was started by the addition of MgATP
(100 mm, 5 pl). To measure BCRP-independent ATPase activity, an
identical reaction mixture that contained sodium orthovanadate
(400 pm) was assayed in parallel, After incubation for 30 min, re-
actions were terminated by addition of perchloric acid (0.6m,
100 pL). The amount of inorganic phosphate was determined as
described previously.*

Cloning of the ftm cluster of A.fumigatus BM939: An Aflil site
was introduced into. the cloning site of a cosmid vector (Super-
Cos1, Stratagene), The resulting vector was used: for construction
of a genomic library of A.fumigatus BM939 with Aflll-digested
chromosomal DNA of the strain. On screening of the library, a
27 kb cosmid clone that covered the ftm genes was isolated.

Disruption of the ftm genes: We first prepared the akuA-disrupted
strain derived from A. fumigatus BM939. The akuA gene encodes
the Ku70 component that causes low efficiency of homologous
recombination in filamentous fungi®**® For construction of the
akuA knockout plasmids; 1 kb DNA' fragments upstream of the
start codon and downstream of the ‘stop  codon of ‘akuA were
amplified by PCR- with use of chromosomal DNA of A.fumigatus
BM939 as template. The primer pairs akuA-UF(—1023)/akuA-UR-
(—=16) and akuA-DF(2269)/akuA-DR(3265) were used: for amplifica-
tion of the upstream and downstream regions, respectively. The
pyrithiamine-resistant gene ptrA®® was used as a selection marker
for the akuA knockout. These DNA fragments were combined in
the original orientation in pDEST by use of the MultiSite:Gateway
System (Invitrogen) in the following order: the upstream region,
ptrA, followed by the downstream region. From this plasmid, a
DNA fragment (4.0 kb) was excised by Kpnl digestion and used for
transformation of A. fumigatus BM939, Pyrithiamine-resistant trans-
formants (AakuA:ptrA) that resulted from double-crossover be-
tween the disrupted akuA sequence and the intact chromosomal
akuA sequence were isolated. Correct disruption was checked by
Southern hybridization (data not shown), The resulting. akuA”
strain TAFK1.39 was used as a recipient strain for further transfor-
mations.

Knockout mutants of the ftim genes were prepared from TAFK1.39,
in a procedure similar to that described for the akuA disruption.
The 1 kb DNA fragments upstream and downstream of the ftm
genes were amplified. by PCR with use of chromosomal DNA of
BM939 as template, The primer. pairs fim-UF and -UR and ftm-DF
and -DR were used for amplification of the upstream and down-
stream regions, .respectively, The hygromycin B-resistant cassette
(hph) was used as a selection marker. These DNA fragments were
combined -in. the original orientation in. pDEST in. the following
order: the upstrearn regions, hph; followed by the downstream re-
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gions. From these plasmids, 5.9 kb DNA fragments were excised by
restriction enzyme digestion and used for fungal transformation.
The restriction enzymes that were used are indicated in Table S2.
Hygromycin B-resistant transformants (Aftm:hph) were verified by
genomic Southern analysis to contain the ftm gene replacements
(Figure 3). Note that the parent akuA strain TAFK1.39 is described
as the “wild-type"” strain in this study. All of the DNA fragments am-
plified by PCR were verified by sequencing. The oligonudeotides
that were used for PCR are summarized in Table S2.

Determination of fumitremorgins produced by the ftm disrup-
tants: Freshly harvested spore suspensions of an A. fumigatus
strain were inoculated in fermentation medium [KHPO, (0.5%),
MgSO,7H,0 (0.05%), soybean meal {2%), glucose (3%), soluble
starch (2%), pH 6.5]. The culture was cultivated at 28°C for 48 h
and cleared by filtration. The culture filtrate was extracted with
ethyl acetate. The dried extracts were dissolved in methanol and
analyzed by HPLC and LC/ESI-MS.

HPLC analysis was carried out with a Waters 600 HPLC system with
a photodiode array detector (2996 PDA detector). The HPLC condi-
tions were as follows: column, Senshu Pak Docosil-B 3 (4.6x
250 mm); flow rate, 1.0 mbimin '; solvent A, water containing
formic acid (0.05%, v/v); solvent B, acetonitrile. After injection of
the sample into a column equilibrated with solvent B (25%), the
column was developed with a linear gradient from 25% to 65%
over 20 min, followed by isocratic elution of solventB (65%) for
20 min, LC/ESI-MS analysis was carried out with a Waters Alliance
HPLC system fitted with a mass spectrometer (Q-TRAP, Applied Bio-
systems). The HPLC conditions were as follows: column, Senshu
Pak Docosil-B 3 (20x250 mm, Senshu Scientific); flow rate,
0.2 mLmin . After injection of the sample into a column’ equili-
brated with solvent B (10%), the column was developed with a
linear gradient from 10% to 100% solvent B over 90 min. Mass
spectra were collected in an ESI-positive mode.

Construction of plasmids for heterologous expression of the ftm
genes: The ORFs of AFUA_2g07940 and ftmE were amplified by
PCR with. chromosomal DNA of A, fumigatus BM939: as. template,
The ORFs. of ftimC and ftmG were amplified: by two-step RT-PCR
with total RNA extracted from A. fumigatus BM939 as. template. All
DNA fragments amplified by PCR were cloned into: pCR4Biunt-
TOPO- and . verified. by - sequencing: The  AFUA_2g07940  ORF in
pCR4Blunt-TOPO ‘was: excised: by Sall-Xhol: digestion and. cloned
into the Sall-Xho! site of pESC-URA; resulting in- pEUR07940. The
ORFs of ftmC, ftmE, and ftmG were cloned in the Notl-Spel:site of
pEUR079490, resulting in pEUR07940-ftmC, -ftmE, and -ftmG, re-
spectively. These plasmids contained AFUA_2g07940 and the ftm
gene under the GALT and GAL10 promoters, respectively. The oli-
gonucleotides that were used for PCR are summarized in Table S3.

In vitro assay of FtmC: S cerevisiaer YPH500 containing
pEUR0O7940-ftmC was cultivated at 30°C for three days in SGI
medium’ [yeast nitrogen base (0.7%), galactose (2%), casamino
acids (0.1%), with L-tryptophan and L-histidine (20 mgL™"), leu-
cine (30 mgL™"), and adenine {200 mgL ")1. From the harvested
cells, microsomes were prepared as described previously.”” The CO
spectrum was undetectable. The reaction mixture (500 ul) consist-
ed of Tris-HCl (50 mwm, pH 7.5), glycerol (20%, v/v), 2-mercaptoetha-
nol (15 mwm), fumitremorgin. substrate (50 pm), NADPH (1 mm), and
microsomes. After the reaction mixtures had been incubated at
30°C for 60 min, the reactions were terminated by addition of HCI
(a final concentration of 0.1 m). Reaction. products were extracted
with ethyl acetate and analyzed by HPLC and LC/ESI-MS.
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Bioconversion assay of FtmE and FtmG: S, cerevisiae YPH500 car-
rying pEUR07940-ftmE or -ftmG was cultivated at 30°C for 1 day in
SGI medium. After fumitremorgin substrates had been added to
the cultures (final concentrations of 2.5 pm), the cultures were fur-
ther incubated for two days. The compounds in the broths were
extracted with ethyl acetate and analyzed by HPLC and LC/ESI-MS.

The following conditions were used for HPLC analysis of the reac-
tion products of in vitro and bioconversion assays: column, Senshu
Pak Docosil-B (4.6x250 mm); flow rate, 1.0 mLmin . After injec-
tion of the sample into a column equilibrated with 20% solvent B,
the column was initially developed isocratically for 3 min. The
column was successively developed with a linear gradient 20% to
100% over 15 min, isocratic elution for 1 min, a linear gradient
100% to 20% over 1 min, followed by isocratic elution of solvent B
(20%) over 10 min.

Accession numbers: The nucleotide sequence reported in this
paper has been deposited to the GenBank/DDBJ/EMBL database
under accession number AB436628,
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The ATP-binding cassette (ABC) transporters (ABC-T) actively efflux
structurally and mechanistically unrelated anticancer drugs from
cells. As a consequence, they can confer multidrug resistance (MDR)
to cancer cells, ABC-T are also reported to be phenotypic markers
and functional regulators of cancer stem/initiating cells (CSC) and
believed to be associated with tumor initiation, progression, and
relapse. Dofequidar fumarate, an orally active quinoline compound,
has been reported to overcome MDR by inhibiting ABCB1/P-gp,
ABCC1/MDR-associated protein 1, or both. Phase llI clinical trials
suggested that dofequidar had efficacy in patients who had not
received prior therapy. Here we show that dofequidar inhibits the
efflux of chemotherapeutic drugs and increases the sensitivity to
anticancer drugs in CSC-like side population (SP) cells isolated from
various cancer cell lines. Dofequidar treatment greatly reduced the
cell number in the SP fraction. Estimation of ABC-T expression
revealed that ABCG2/breast cancer resistance protein (BCRP) mRNA
level, but not the ABCB1/P-gp or ABCC1/MDR-associated protein 1
mRNA fevel, in all the tested SP cells was higher than that in non-SP
cells. The in vitro vesicle transporter assay clarified that dofequi-
dar had the ability to suppress ABCG2/BCRP function. Dofequidar
treatment sensitized SP cells to anticancer. agents in vitro. We
compared the antitumor efficacy of irinotecan (CPT-11) alone with
that of CPT-11 plus dofequidar in xenografted SP cells. Although
xenografted SP tumors showed resistance to CPT-11, treatment
with CPT-11 plus dofequidar greatly reduced the SP-derived
tumor growth in vivo, Our results suggest the possibility of selec-
tive eradication of CSC by inhibiting ABCG2/BCRP. (Cancer Sci 2009;
100: 2060-2068)

A lthough conventional chemotherapy kills most tumor cells,
it is believed to leave some cells behind; which might be
the: source - of - recurrence. The cells: that tend to:remain are
thought to be cancer stem cells (CSC).""? CSC are likely to share
many: properties of normal stem cells, such-as a resistance to
drugs and toxins through the expression of several ATP-binding
cassette (ABC) transporters (ABC-T). Therefore, tumors might
have: a built-in population of drug-resistant pluripotent cells that
can survive after chemotherapy and-can repopulate the tumor.

The drug-transporting properties of some ABC-T are impor:
tant markers for isolation and ‘analysis of stem cells. Most differ-
entiated cells accumulate the fluorescent dye Hoechst33342, but
stem cells cannot accumulate the'dye bécause of its active efflux
via ABC-T. Thus; stem cells can be concentrated by collecting a
population that contains only a low level of Hoechst33342 fluo-
rescence,®3 These cells are referred to as side population (SP)
cells."A large fraction of hematopoietic stem cells are found in
the SP fraction.®” SP cells can be isolated from many normal tis-
sues,®>9) which were enriched in lineage-specific stem cell. SP
cells can be also identified in some rieuroblastoma, hepatocellu=
lar ‘carcinoma; “gastrointestinal cancer, and glioblastoma: cells,
and-in several cell-lines that have been maintained in- culture
over long periods of time.!

Cancer Sci | November 2009 | vol. 100 | no. 11 | 2060-2068

By inhibiting the major transporters, tumor elimination could
be achieved by reversing drug resistance. Therefore, many
efforts have been devoted to developing inhibitors against ABC-
T. Since the discovery of verapamil as a multidrug resistance
(MDR)-reversing agent, ' many compounds have been investi-
gated as MDR inhibitors."® Most of the compounds, however,
do not exhibit positive results in animal studies because of their
dose-limiting toxicity.('”

We previously reported a series of quinoline derivatives that
show MDR-reversing activitics in K562 cells that are resistant to
doxorubicin (K562/ADM).'* K562/ADM is a huiman leukemia
cell line that endogenously overexpresses ABCB1/P-gp. Among
these derivatives, dofequidar fumnarate (dofequidar) was identi-
fied as a novel, orally active, quinoline-derivative inhibitor of
ABCB1/P-gp. In preclinical studies, dofequidar reversed MDR
in ’ABCB1/P-gp-expressing and ABCC1/MDR-associated pro-
tein (MRP) 1-expressing cancer cells iin vitro. In addition, oral
administration of dofequidar enhanced the antitumor activit‘}l of
doxorubicin (ADM), vincristinie, ‘and” docetaxel in vivo.!*19
Thus, dofequidar is a promising” MDR-reversing agent. The
results of phase III clinical evaluations of dofequidar for breast
cancer patients showed a relative improvement ‘and absolute
increase in response rate for patients who received dofequidar
plus cyclophosphamide, doxorubicin, and fluorouracit (CAF), but
the findings did not reach statistical significance. However, sub-
group analysis suggested that dofequidar plus CAF therapy dis-
played significantly improved, progression-free survival and
overall survival in patients who had not received prior therapy.<!?

Irinotecan’ (CPT-11) is one of the most widely prescribed
drugs for many cancers.!® It is reported that CPT-11 is
exported from  the cells by ABCBI1/P-gp and ABCCl/
MRP1.9%2 1n addition, SN-38, the active metabolite of pro-
drug CPT-11, is exported from the cells by ABCG2/breast can-
cer resistance protein (BCRP),®" and the therapeutic efficacy of
CPT-11 is strongly correlated with BCRP expression. Therefore,
in the present study, we tried to evaluate the antitumor activity
of dofequidar combined with CPT-11,

In the present study, we found that SP cells from various can-
cer cell lines exhibited MDR properties. Treatment of SP celis
with dofequidar reversed the MDR. phenotype by inhibiting
ABCG2/BCRP. Dofequidar also reversed the drug resistance of
xenografted SP cells in vivo. These results suggest that dofequi-
dar may show clinical efficacy and may improve progression-
free survival by inhibiting ABCG2/BCRP that is overexpressed
specifically in CSC.

Material and Methods

Reagents and cell cuiture conditions. Fumitremorgin C (FTC)
and “reserpine were purchased from Alexis Corp. (Lausen,

3To whom correspondence should be addressed. E-mail: naoya.fujita@jfcr.or.jp

doi: 10.1111/j.1349-7006.2009.01288.x
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Switzerland) and Daiichi Pharmaceutical (Tokyo, Japan),
respectively. Mitoxantrone (MXR) and methotrexate (MTX)
were purchased from Sigma (St. Louis, MO, USA) and Biomol
International L.P. (Exeter, UK), respectively. Dofequidar and
CPT-11 were kindly provided by Bayer Schering Pharma
(Osaka, Japan) and Yakult Honsha Co. (Tokyo, Japan), respec-
tively. Human cervix carcinoma HeLa cells, human epidermoid
carcinoma KB-3-1 cells, and the stable transfectants of KB-3-1
cells were cultured in DMEM supplemented with 10% FBS
(DMEM growth medium). Human chronic myeloid -leukemia
K562 and the stable transfectants, human breast cancer BSY-1,
HBC-4, and HBC-5, human glioma U251, human pancreatic
cancer Capan-1, human colon cancer KM12, and human stom-
ach cancer MKN74 were cultured in RPMI-1640 medium sup-
plemented with 10% FBS. To assess the cell viability, cells were
incubated with 3-(4,5-dimethylthiazol-2-y1)-5-(3-carboxymetho-
xyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) (Promega,
Madison, WI, USA) for 1 h and the optical density was mea-
sured using a microplate spectrophotometer (Benchmark-Plus;
Bio-Rad, Richmond, CA, USA).

Analysis and SP cell sorting from various cancer cell lines using
FACS Vantage, Cells were trypsinized and resuspended in ice-
cold HBSS supplemented with 2% FBS at a concentration of
1 % 10° cells/mL. For SP analysis, cells were treated with
2.5-15 pg/mL Hoechst33342 dye (Invitrogen, Carlsbad, CA,
USA) for 60 min at 37°C with or without ABC-T inhibitors
(reserpine, FTC, or dofequidar). After washing with PBS,
3 x 10* cells were analyzed using a FACS Vantage SE flow cy-
tometer (BD Bioscience, San Jose, CA, USA). Analysis was
done using Flow Jo software (Treestar, San Carlos, CA, USA).

RNA preparation and real-time PCR. Total RNA from Hela
SP and non-SP (NSP) cells were extracted using an RNeasy
Mini Kit (Qiagen, Hiden, Germany). RNA (1 pg) was reverse
transcribed using SuperScript III (Invitrogen), according to the
manufacturer’s instructions. Then, the amount of ABCGZ,
ABCB1, and ABCCl mRNA was quantified with TagMan
probes using a PCR LightCycler 480 (Roche Diagnostics, Basel,
Switzerland) and normalized to the amount of GAPDH mRNA,
The sequences of the primers for ABC-T are. described in
Table S1.

In vivo tumorigenicity and treatment. Sorted HeLa SP and
NSP cells were collected and resuspended in DMEM growth
medium _at. concentrations ranging  from 100 to 10 000
cells/30 pL. Cells were then mixed with 30 pL of Matrigel (BD
Bioscience). This cell-Matrigel suspension was injected s.c. into
5-"to 6-week-old female BALB/c-nu/nu (nude) mice (Charles
River Laboratories, Yokohama, Japan). The mice were checked
twice weekly for palpable tumor formation, The mice were then
euthanized and tumors were resected and diced. A piece of
tumor was sequentially injected s.c. into another 5- to. 6-week-
old female BALB/c nude mouse. Tumor size was: measured
every second day with a caliper, and tumor volumes were
defined as (longest diameter) X (shortest diameter)/2.® When
tumor size was approximately.100 mm’; mice were sorted into
four equal groups. Then, the nude mice were administered orally
with dofequidar. (200 mg/kg) or water as a control,. 30 min
before intravenous administration of CPT-11 (67 mg/kg) on
days 0, 4, and 8. Bodyweight and tumor size were measured
every 3 days. All animal procedures were carried out using pro-
tocols approved by the Japanese Foundation for Cancer
Research Animal Care and Use Committee.

Transfection and immunoblotting. Negative control siRNA
(medium GC duplex), ABCG2-1 siRNA, and ABCG2-2 siRNA
were purchased from Invitrogen (Table S1). Hela cells were
transfected with various siRNA with LipofectAMINE 2000
reagent (Invitrogen), according to the manufacturer’s instruc-
tions. After 24 h of incubation, cells were harvested, and the
expression of ABCG2/BCRP. and. the cell number in the SP
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fraction was analyzed. For immunofluorescent staining, cells
were incubated in blocking buffer (5 ing/mL of BSA and 2 mM
EDTA in PBS) for 15 min. Then, 0.5 pg of biotin-conjugated
anti-ABCG2/BCRP antibody (5D3; eBioscicnce, San: Diego,
CA, USA) was added, After incubation for 30 min, cells were
washed and incubated with 0.1 pg of streptavidin-phycoerythrin
(PE) (BD Bioscience). After washing, cells were analyzed by
flow cytometry. For immunoblotting, cells were tysed in SDS
sample buffer (0.1 M Tris-HCl at pH 8.0, 10% glycerol, and [%
SDS) with sonication and cleared by centrifugation at 17 400g
for 10 min. Samples were electrophoresed and immunoblotted
with the indicated antibodies: ABCG2/BCRP polyclonal anti-
body,*® MDRI1 antibody (JSB-1; Monosan, Uden, the Nether-
lands), MRP! antibody (MRPmG, Monosan), and tubulin alpha
antibody (YL.1/2; Serotec, Oxford, UK).

in vitro vesicle transport assay. We assayed H-labeled MTX
(PHIMTX) transport using lipid vesicles containing ABCG2/
BCRP protein (Genomembrane, Yokohama, Japan), according
to the manufacturer’s instructions. [PHJMTX was purchased
from Moravek (Brea, CA, USA) (#MT701). The transport reac-
tion (50 mM MOPS-Tris [pH 7.0], 7.5 mM MgCl,, 70 mM
KCl, 160 uM cold MTX, with various inhibitors [dofequidar,
FTC, or verapamil], 1 mCi/mL (*HIMTX, and membrane vesi-
cles [25 pg protein]) in a 30-pL mixture was kept on ice for
5 min. Then, 20 pL of 10 mM ATP or AMP was added into
reaction mixtures and incubated at 37°C for 5 min. The reaction
was_terminated by adding an ice-cold stop solution (40 mM
MOPS-Tris [pH 7.0] and 70 mM KCI). The membrane vesicles
were trapped on a TOPCOUNT plate filter and washed with ice-
cold stop solution. The radioactivity was measured with a liquid
scintillation counter (Topcount; Perkin Elmer, Waltham, MA,
USA).

Intracellular drug.accumulation. The effect of dofequidar on
the intracellular accumulation of MXR was determined by flow
cytometry.. K562 ar. K562/BCRP cells (5 X 10° cells) were
incubated with 3 uM MXR for 30 min at 37°C with or without
dofequidar or FTC, washed in ice-cold PBS, and then subjected
to. fluorescence analysis using a Cytomics FC500. (Beckman
Coulter, Fullerton, CA, USA) with 630 nm excitation.

Statistical analysis. All data are shown as means + SD. Stu-
dent’s t-test was carried out. P-values <0.05. were considered
statistically significant. All statistical tests were two sided,

Results

tdentification. and. characterization of SP cells. Staining the
cells with Hoechst33342 dye followed by flow cytometric analy-
sis tevealed: the presence of a very small unstained population
(i.e. the SP) of cells in primiary tumors and several cell lines. SP
cells are known to show cancer stem cell-like properties, such as
high: timorigenicity and repopulating ability. To study: the char-
acteristics. of SP.cells and to develop new strategies: targeting
cancer stem: cells; we first investigated the presence of SP. cells
in established human cancer cell lines; Consistent with a previ-
ous report,'? the human cervical cancer HeLa cell line con-
tained SP cells at approximately. 0.5-1% of the total (Fig. LA,
left panels). The number of cells in the SP fraction derived from
HeLa and HBC-4 cells was drastically reduced by adding the
ABC-T  inhibitor-reserpine- (Fig: 1A; right panels).' Because
reserpine treatment did . not affect the fluorescence patterns of
Hoechst33342-stained: U251 glioma. cells; we concluded that
U251 glioma cells did not-contain. SP cells. However; the cell
lines that contain no SP cells; like. U251, might have CSC that
don’t overexpress ABC-T associated with Hoechst33342 effiux.
We further. examined the presence of SP cells in various cancer
cell lines, and as: shown in Figure: 1(B), most cancer. cell lines
contained SP cells, whereas the SP fractions varied from 0.2 to
10%.

Cancer S¢i | November 2009 | .vol. 100 | no. 11 | 2061
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(CPT-11) volume (n = 6). (P < 0.05; *P < 0.001).
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To examine the characteristics of SP cells, we sorted the
SP and NSP cells from HeLa using a cell sorter. After sort-
ing, SP and NSP cells were cultured in DMEM growth med-
ium for 30 days. The cells were restained with Hoechst33342
and analyzed by flow cytometry. As shown in Figure 2(A),
SP cells derived from Hel.a cells showed repopulating capacity.
Although NSP cells could proliferate in vitro, at approxi-
mately the same speed as the SP cells (Fig. 2B), the SP cell
number after 30-day culture of NSP cells was smaller than
that of post-culture SP cells. Thus, HeLa-derived NSP cells
had weak repopulating capacity. We checked several cell
lines and confirmed that the isolated SP cells could repopu-
late (data not shown).

We next tested the tumorigenic ability of the isolated SP cells
when grafted into nude mice. When HeLa-derived SP and NSP
cells were s.c. injected into nude mice, both fractions exhibited
similar tumor-forming abilities (Fig. 2C, left). Interestingly,
tumors derived from HeLa SP cells grew faster than those from
NSP cells (Fig. 2C, right). These results suggest that Hel.a SP
cells, which have the ability of self-renewal and repopulation,
form more aggressive tumors in nude mice than do Hel.a NSP
cells. To evaluate the chemoresistance of SP cells, we inoculated
SP and NSP cells derived from HeLa cells. To equalize the tumor
volume, the tumors that formed first were transplanted into other
nude mice. The secondary tumors derived from Hela SP cells
also grew faster than those from NSP cells (data not shown).
When the secondarily formed tumor volume reached 100 mimn”,

(A) Dofequidar fumarate

ocnzéHZCH;N‘ N~C—
./

HOOC

the mice were treated with CPT-11. In HeLa SP-bearing mice, 4-
day intervals (q4d) X 3 treatments of CPT-11 (67 mg/kg) alonc
arrested tumor growth without reducing the tamor volume. After
termination of CPT-11 treatment, the remaining tumor started to
regrow (Fig. 2D, left). However, treatment of HeLa NSP cells
with gd4d x 3 of 67 mg/kg of CPT-11 alonc drastically reduced
the tumor volume (Fig. 2D, right). These results suggest that
SP-derived tumor cells had robust chemoresistance.

Dofequidar reduced. the SP cell ratio.. Several reports suggest
that CSC show resistance to chemotherapy by explcssmg such
ABC-T as ABCBI1/P-gp and ABCG2/BCRP." SP cells also
have the a exporting ability of Hoechst33342, which is a sub-
strate of ABC-T (Fig. 1). Expression of ABC-T might be associ-
ated with drug resistance in SP cells (Fig. 2D). Dofequidar
(Fig. 3A) isa MDR—I‘CVC!SIH agent currently under clinical eval-
uation in phase 11} tiials.\'” Therefore, we tested the effects
of dofequidar on cancer stem-like SP cells. As shown in Fig-
ure 3(B), dofequidar treatment reduced the HeLa cell number in
the SP fraction dose dependently. We obtained. similar results
using BSY-1 and KM12 cells (Fig. 3C). These results indicate
that dofequidar suppressed Hoechst33342 export by inhibiting
transporters highly expressed on SP cell surfaces but not by
reducing the number of SP cells themselves.

Involvement of ABCG2/BCRP, ABCB1/MDR1, and ABCC1/MRP1
in Hoechst33342 efflux. Because SP cells were separated accord-
ing to the exporting activity of Hoechst33342 dye, we tried
to identify the ABC-T responsible for Hoechst33342 efflux.

o
(2]
—r

o}
{

_3/2 -COOH

Relative ratio of SP cells

o1 10 100
Dofequidar (uM)

(B) -

Control

Fig. 3. Dofequidar reduced the cell.number in the
side population (SP) fraction, (A) Chemical structure
of . dofequidar. (B) Hela cells were stained with
5 pg/mL- Hoechst33342. in . the . presence of the
indicated. concentrations - of dofequidar, and then
analyzed. (C) Cells were stained and analyzed as in
(B)... The relative. ratios. of SP cell. numbers in

Hoechst blue (450 nm)

dofequidar-treated samples is shown by comparing e

T * EaMMC Ty T e Y T

with them. with' SP cell numbers in dofequidar-
untreated samples.
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E 104 2 &2, cassette (ABC) G2/ABCG2/breast cancer resistance
£ & € protein (BCRP), ABCB1/P-gp/multidrug resistance
¢ 5l o 0.054 g, (MDR) 1, and ABCC1/MDR-associated protein (MRP)
& 3 2 E h 1. {(A) KB-3-1 and the" stable transfectants were
o s 3 stained with Hoechst33342 and: analyzed using FACS
LI E ©: o xo.11 Vantage (left). The cell lysates from KB-3-1 and the
SP NSP SP NSP SP NSP stable transfectants were: immunoblotted with the
indicated antibodies (right). (B) mRNA was extracted
(C) Control +FTC (D) si-ABCG2-1 ' si-ABCG2-2 from the sorted -Hela SP-and NSP cells (solid and
od : @ e " hatched columns, respectively). The graphs indicate
% % relative - mRNA-- expression levels of “each’ ABC-
- = transporter normalized  with GAPDH. The expression
5 5 level of ABCG2 mRNA' in side population (SP) cells
2 g versus- that- in non-SP (NSP) cells was significantly
T ks different (P < 0.001). The expression levels of ABCB1
- o > - and ABCC1 mRNA ‘were: not significantly - different
Hoechstred Hoechst red (NS). (C) Hela cells: were stained with -5 pg/mL
- 9, Hoechst33342 in the presence (+FTC) or absence
21 . (control) of-3 uM fumitremorgin C (FTC) and were
[ : Unstain analyzed. (D) Helta cells were" transfected with
=5 Control SIRNA control siRNA ‘or ABCG2 'siRNA® (si-ABCG2-1 and
3 sI-ABCG21 si-ABCG2-2). After transfection for 48 h; cells were
3] ) Ss-ABCG2:2 stained with Hoechst33342-and analyzed  (upper
e panels). The expression fevel of ABCG2/BCRP protein
ABCG2-FITC in the'same samples were analyzed (lower panel).

Hoechst33342 was reported to be exported by several ABC-T,
mainly ABCG2/BCRP; however, the targets of dofequidar were
reported to be ABCB1/P-gp'» and ABCC1/MRP1.%* Then,
we evaluated the Hoechst33342 export in ABCB1/P-gp-overex-
pressing. KB-3-1 _cells,  ABCB1/P-gp-overexpressing - KB-3-1
cells (KB/MDRI), ABCC1/MRPI-overexpressing KB-3-1 cells
(KB/MRP1), and ABCG2/BCRP-overexpressing: KB-3-1 cells
(KB/BCRP)®® As shown in Figure 4(A), overexpression of
ABCB1/P-gp, ABCC1/MRPI; or ABCG2/BCRP:in KB-3-1
cells. increased the cell number in the SP fraction (23.1, 8.12,
and 86.9%, respectively).  Overexpression: of ‘each- ABC-T did
not affect the expression level of other ABC-T. (Fig. 4A, right),
suggesting that all of these ABC-T. were. associated: with the
Hoechst33342 efflux.. We: also: observed that' ABCG2/BCRP
overexpression: in K562 cells decreased. Hoechst33342 blue
(450 nm) - fluorescence compared . with parental K562 cells
(Fig. S1A).. We. then: compared - the - ABCBI1,. ABCCI, and
ABCG2 mRNA- expression in SP and NSP cells using a quanti-
tative RT-PCR method.. Unexpectedly, the expression levels of
ABCB1 and ABCCI1: mRNA. werc not: significantly. different
between them. The' ABCG2 mRNA expression in'SP:cells was
significantly higher than.that in NSP cells (Fig. 4B). We also
observed elevated ABCG2/BCRP expression in SP cells derived
from other cancer cells (data not shown). We examined the

2064

change in Hoechst33342 staining after FTC, a specific inhibitor
of ABCG2/BCRP,*" treatment, which resulted in a reduction
of cell number in the SP fraction (Fig. 4C).

To: . further - confirm - the - role . of. ABCG2/BCRP in-. Hoe-
chst33342 dye: efflux, we carried out Hoechst33342 staining
after ABCG2. gene silencing using two different ABCG2 siRNA.
Both ABCG2 siRNA could almost completely downregulate the
ABCG2/BCRP: protein expression in HeLa cells (Fig: 4D, bot-
tom panel).Under: these conditions; we found. a- remarkable
decrease in the SP cell number (Fig. 4D). These results: strongly
indicate that.' ABCG2/BCRP: is: mainly: associated. with the
export of Hoechist33342 in HeLa SP cells.

Dofequidar. inhibits: ABCG2/BCRP.in addition to' ABCB1/P-gp
and. ABCC1/MRP1. Because dofequidar could reduce- the cell
number in:the SP fraction that highly expressed ABCG2/BCRP
(Figs 3,4), we hypothesized- that dofequidar had the: ability to
inhibit ‘ABCG2/BCRP in addition to: the previously reported
ABCB1/P-gp and ABCC1/MRP1.319 Parental K562 cells or
K562 stable transfectants were. stained. with: Hoechst33342 in
the presence or absence of ABC-T. inhibitors. Dofequidar but
not: verapamil could increase the. intracellular Hoechst33342
concentration . in.: K562/BCRP.. cells .- dose  dependently
(Fig. S1B). We obtained similar results in KB/BCRP cells (data
not shown).

doi: 10.1111/1.1349-7006.2009.01288.x
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Fig. 5. Dofequidar inhibits ATP-binding cassette
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(BCRP) in vitro. and in cells. (A) Membrane vesicles
from ABCG2/BCRP-overexpressing insect cells were
incubated with 3H-labeled methotrexate ([PHIMTX)

Cell number

5004

+ie

Pt
oM

o

o

~#t- Dofequidar
-+ FTC

~f Verapamil
~&- ATP only
~£3+ AMP only

“@~ ATP | control
B AMP vesicles

i "

A 10 : 100
Concentrations (uM)

Dofequidar FTC
& 200

102 40 ot e

and. ATP together with vehicle (ATP only) or
the indicated . concentrations = of . dofequidar,
fumitremorgin C (FTC), or verapamil at 37°C. In some
experiments, membrane vesicles were incubated with
PHIMTX and. AMP. (AMP only). Membrane vesicles
from control. insect cells. were also. incubated with
PHIMTX and ATP or AMP. (control vesicles). After
incubation for 5 min, the incorporated PHJMTX was ©
assayed by liquid scintillation. (B). K562/BCRP cells
were . incubated with: 3. pM. mitoxantrone.. (MXR)
together... with.. vehicle .. or the . indicated
concentrations of dofequidar (MXR+Dofequidar, left
panel). or FTC. (MXR+ETC,: right panel). In- some
experiments, . K562/BCRP.. cells ~were:. incubated
without drugs (control). After incubation for 30 min,
the. fluorescence. of MXR at 670 nm was:analyzed.
(C): KB-3-1. and:»KB/BCRP: cells were cultured in
medium: containing: the indicated concentration of
MXR. with or without dofequidar or-FTC for 3 days.
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Cell.:viability .- was  evaluated . using the.. 3-(4,5- 0
dimethylthiazol-2-yl)-5-(3-carboxymethoxypheny!)-2- 1
(4-sulfophenyl)-2H-tetrazolium (MTS) method.

To confirm the result, we carried out an in vitro vesicle trans-
port assay. Membrane vesicles from control or ABCG2/BCRP-
overexpressing insect cells were incubated with [3 HIMTX in the
presence of 'ATP or- AMP.- The ATP-dependent uptake of
[PHJMTX - was ~observed - in. - ABCG2/BCRP-overexpressing
membrane: vesicles but not in control vesicles: (Fig. 4A). FTC
and dofequidar, but not verapamil, inhibited [PHJMTX uptake
dose dependently (Fig: 5A). These results suggest that dofequi-
dar had the ability to inhibit ABCG2/BCRP: in addition to the
previously reported ABCB1/P-gp and ABCC1/MRP1.*9

ABCG2/BCRP is known to export various anticancer agents,
such-as MTX; MXR, topotecan, and SN-38; and cause chemore-
sistance.?> Accordingly, we examined ~whether  dofequidar
could" reverse- chemoresistance by inhibiting ABCG2/BCRP
function. First;” we ' tested  whether dofequidar - inhibited the
export of MXR in K562/7BCRP cells. K562/BCRP cells were
preincubated with dofequidar or FTC for-30 min, followed by
MXR - incubation in the presence of inhibitors. After 30 min of
incubation, MXR incorporation was: analyzed by flow' cytome-
try. ‘As a result-dofequidar inhibited MXR export;” like FIT'C
(Fig. 5B). Second, we tested whether dofequidar- induced cell
death in KB/BCRP cells; KB/BCRP cells showed 10-fold resis-
tance to MXR compared to parental KB-3-1 cells. Dofequidar

Katayama et al.

10 100
Mitoxantrone (nM)

could 'sensitize the” KB/BCRP in a dose-dependent fashion.
Treatment with 10 uM dofequidar reversed chemoresistance, to
the same level as 1'uM FTC (Fig. 5C).

Dofequidar sensitized SP cells to anticancer agents. To over-
conie the chemoresistance of cancer stem-like " SP cells, we
examined the  effects  of - dofequidar' on . chemosensitivity.
Although HeLa-derived SP cells showed resistance to MXR and
topotecan, compared with HeLa-derived NSP cells, adding dof-
equidar reversed the sensitivity to MXR and topotecan to a level
similar to NSP-cells (Fig: 6A). To confirm the results, SP and
NSP cells were separated from breast cancer BSY-1"and HBC-5
cell lines and examined for changes in chemosensitivity after
dofequidar treatment. SP cells'derived from BSY-1 and HBC-5
cells showed two- t6 four-fold resistance to chemotherapy com-
pared with NSP cells, and’ dofequidar effectively sensitized SP
cells and decreased the 50% growth inhibition (Glsg) values to a
level similat to NSP cells (Fig. 64, lower table).

FTC is not suitable for clinical studies because of its severe
toxicity, but' it strongly ~and " specifically " inhibits ABCG2/
BCRP.“9 On the other hand; dofequidar exhibits low toxicity
and has already been approved for clinical trials. To overcome
the ‘chemoresistarice” of “cancer stem-like SP- cells in vivo, we
evaluated the antitumor activity of CPT-11 plus dofequidar in a

Cancer Sci | November 2009 | vol. 100 | no.11 |’ 2065
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clinically relevant model. Hel.a-derived SP-and NSP cells were
transplanted into- nude ‘mice, and the xenografted tumors were
treated with CPT-11 with or without. dofequidar. Dofequidar
(200 mg/kg) was_orally administrated 30 min before. CPT-11
(67-mg/kg). injection.. Although  xenografted: HeLa - SP cells
showed resistance to CPT-11; co-treatment of the mice with dof-
equidar * drastically ~decreased the tumor - volume (Fig. 6B,
left panel), ‘like that seen in’ CPT-11-treated or CPT-11 plus
dofequidar-treated NSP-bearing mice (Fig. 6B, right panel).
Dofequidar alone had almost no effect on SP- or NSP-derived
tumor growth. in vivo. To assess the. toxicity; we measured the
bodyweight of the tumor-bearing mice. The mice: seemed to be
healthy (Fig. 6C), and the change in bodyweight was very small
(data not shown). Thus CPT-11" plus dofequidar - therapy
appeared to have good therapeutic efficacy in vivo by sensitizing
cancer stem-like cells to anticancer drugs.

Discussion

It is still difficult to cure advanced cancer with chemotherapy
becanse advanced cancer often shows resistance to many che-
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The lower panel gives a summary of 50% growth
inhibition (Glso) values in each experiment. (8) The
xenografted Hela-derived SP and non-SP (NSP)
secondary tumors were treated with 200 mg/kg
dofequidar, 67 mg/kg CPT-11, or both ondays 0, 4,
and 8 (arrows) (n = 6). Graphs show relative tumor
volume, The data of control and CPT-11-treated
groups were the same as in Figure 2(D). The
xenografted SP tumor size treated 'with CPT-11
versus ‘control (1) or that treated with CPT-11 plus
dofequidar~ versus ~‘control (*) was  significantly
different (P < 0.05 and P < 0.01, respectively). {C} The
mice bearing Hela 'SP (left) or NSP (right) tumors
were photographed at 14 days after first treatment.
a, Dofequidar-treated; b, CPT-11-treated; ¢, CPT-11
plus dofequidar-treated; d, control.

motherapeutic” agents. Although MDR - was™ thought to result
from treatment with chemotherapy,®” recent studies suggest
that the primary tumor already has chemotherapy- or radiation
therapy-resistant cells called CSC.¢"” Because CSC are able to
self-renew and regenerate the tumor; as likely as primary tumor,
CSC are thought to be associated with recurrence. Therefore, it
is important to-study the characteristics of CSC and to develop
new therapies targeting them.

In the present study, we used SP cells as a model of cancer
stem-like. cells.. Various. cancer. cell lines contain SP cells
(Fig. 1) that possess the repopulating ability (Fig. 2A). In the
breast cancer cell line BSY-1, SP cells have higher cancer-initi-
ating ‘ability than that of NSP- cells. Therefore; CSC'were con-
centrated in’' BSY-1 'SP cells' (data not shown). On the other
hand, both SP and NSP cells from the HeLa cell line could initi-
ate tumor formation after injection of a very few number of cells
(Fig. 2C).-SP:cells, but not NSP: cells; from HelLa, however,
showed resistance to' several ‘anticancer agents - (Figs 2D,6A).
Therefore; SP cells from cancer cell lines may not always corre-
spond to CSC, but they may, at least, contain more malignant
cells.

doi: 10.1111/j.1349-7006.2009.01288.x
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To address the targeting of CSC, various efforts have been
made, and several studies have reported the success of inducing
cell death or differentiation in CSC.?*-*? In the present study,
we showed that inhibition of ABC-T by dofequidar was one pos-
sible method to overcome anticancer drug resistance in cancer
stem-like SP cells in vitro and in vivo (Figs 5,6).

In human cancer, ABCBI1/P-gp, ABCCI/MRP1, and
ABCG2/BCRP are the most studied, but there are more ABC-T
that relate to cancer. Recently, ABCBS, originally reported to be
expressed on the surface of clinically malignant melanoma and
a major efflux mediator of doxorubicin in melanoma,®® marked
primitive cells (malignant melanoma-initiating cells) capable
of recapitulating melanomas in xenotransplantation models.
Further, targeting malignant melanoma-initiating cells with a
specific antibody against ABCBS inhibited tumor growth
by inducing antibody-dependent, cell-mediated cytotoxicity,®¥
Indeed, it has already been reported that some ABC-T are
overexpressed in CSC.""3%) Thus, it is important to understand
the characteristics of ABC-T, such as its endogenous substrate,
and the mechanisms of ABC-T overexpression in CSC.

From the results of phase III clinical trials of dofequidar for
breast cancer patients, dofequidar treatment showed great
advances in the patient group of no prior therapy.('” This result
indicates that CSC already existed in primary tumors, and
they tended to remain after treatment with anticancer agents
alone. Therefore, treating these patients with dofequidar plus
conventional chemotherapy might effectively kill the CSC,
resulting in good progression-free survival and overall survival
in the clinical study. If the CSC remained, they might cause
recurrence and might acquire resistance to therapy. Therefore
co-administration of a MDR-reversing agent such as dofequidar
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in primary chemotherapy could drastically reduce the rate of
recurrence.

[n the present study we used CPT-11 as an anticancer agent in
in vivo experiments (Figs 2D,6). CPT-11 is one of the most
widely prescribed drugs for various cancers, including lung,
stomach, colon, and cervical cancer.™ CPT-11 is a prodrug
converted into the active compound SN-38 in the liver. CPT-11
is exported from cells by ABCBI/P-gp and ABCCl/
MRP1,4%29 and the active metabolite SN-38 is exported by
ABCG2/BCRP.*1 As dofequidar could inhibit ABCB1/P-gp,
ABCCI/MRPI, and ABCG2/BCRP, we tried to treat xeno-
grafted tumors with CPT-11 together with dofequidar. From our
study, the combination of dofequidar and CPT-11 was shown to
be effective in killing of the SP cells in vivo without severe side
effects (Fig. 6). Dofequidar could have future use as a chemo-
therapy-sensitizing agent targeting CSC.
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Supporting Information

Additional supporting information may be found in the online version of this article:
Fig. S1. Dofequidar inhibits ABCG2/BCRP in addition to ABCBI.

Table S1. Sequence information of gRT-PCR primers and siRNA for ABCG2.
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