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Abstract: Breast cancer resistance protein (BCRP) is a protein belonging to the
ATP-binding cassette (ABC) transporter superfamily that has clinical relevance due to its
multi-drug resistance properties in cancer. BCRP can be associated with clinical cancer
drug resistance, in particular acute myelogenous or acute lymphocytic leukemias. The
overexpression of BCRP contributes to the resistance of several chemotherapeutic drugs,
such as topotecan, methotrexate, mitoxantrone, doxorubicin and daunorubicin. The Food
and Drugs Administration has already recognized that BCRP is clinically one of the most
important drug transporters, mainly because it leads to a reduction of clinical efficacy of
various anticancer drugs through its ATP-dependent drug efflux pump function as well as
its apparent participation in drug resistance. This review article aims to summarize the
different research findings on marine natural products with BCRP inhibiting activity. In
this sense, the potential modulation of physiological targets of BCRP by natural or
synthetic compounds offers a great possibility for the discovery of new drugs and valuable
research tools to recognize the function of the complex ABC-transporters.
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1. Introduction
1.1. Breast Cancer Resistance Protein

Breast cancer resistance protein (BCRP/ABCG2/MXR/ABCP) is an ATP-dependent efflux transporter,
which belongs to the large ATP-binding cassette (ABC) transporter family present on cell membranes,
and it is classified into the G subfamily of these transporters [1-6]. BCRP, which is a transmembrane
protein encoded by the ABCG2 gene, was originally isolated from adriamycin-resistant breast cancer
cell lines (MCF-7/AdrVp) [7]. Almost simultaneously, BCRP cDNA sequences were also cloned from
mitoxantrone-resistant human cancer cell lines (MXR) [8] and human placenta (ABCP) [9]. BCRP is
composed of 655 amino acids (72-kDa) and organized into six transmembrane a-helices, containing
only one nucleotide-binding domain (NBD) near its N-terminal and one membrane-spanning domain
(MSD) (Figure 1) [1-6]. It is one of the smallest human ABC proteins reported so far, which per se is
a half transporter that becomes a functional efflux pump when a disulfide bridge at Cys 603 of two
proteins is homodimerized. It is important to note that although the minimal functional unit of this
transporter is a dimer, higher oligomeric forms (up to homododecamers) have also been reported [1-6].
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Figure 1. Structure of breast cancer resistance protein (BCRP).
1.2. Functions of BCRP

BCRP works as an efflux transporter for unwanted substances at the plasma membrane of many
cells in normal tissues such as placenta, brain, prostate, small intestine, testes, ovaries, liver, adrenal
gland, uterus and the central nervous system [1-6]. BCRP is expressed all over the body, but it
expresses at a higher frequency in the placenta, which suggests that BCRP plays a role in protecting
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the fetus by preventing potentially harmful substances from entering the uterus [10]. BCRP is found in
the apical membrane of epithelial cells, intestines, kidneys, placenta and the blood-brain barrier. It is
well know that BCRP restricts drug accumulation in the central nervous system [1,11]. In summary,
physiological distribution, including the presence of BCRP on cell barriers, reveals its important role
in cellular protection against toxic substances [1-6,10].

1.3. Importance in Therapy

BCRP may actively pump substances out of the cells affecting the absorption, distribution and
secretion of several drugs and endogenous substrates such as estrogens, folic acid and protoporphyrin.
Among the therapeutic drugs, which are substrates of BCRP are antibiotics, antivirals, chemotherapeutic
agents, HMG-CoA reductase inhibitors, steroids and phytoestrogens [1-5]. The Food and Drugs
Administration (FDA) has already recognized that BCRP is clinically one of the most important drug
transporters, mainly because it is well known that this protein plays an important role in drug-drug
interactions in humans as well that it participates in drug resistance [12]. ABC transporter proteins are
fundamental molecules in the multidrug-resistant phenotype of cancer cells, in particular acute
myelogenus or acute lymphocytic leukemias [1-4]. The overexpression of BCRP is involved in the
resistance to several chemotherapeutic drugs, such as topotecan, methotrexate, mitoxantrone, doxorubicin
and daunorubicin [1-5]. This indeed shows that BCRP could reduce clinical efficacy of several
anticancer drugs, and this will be an important tool to success in cancer treatment [9].

1.4. BCRP Inhibitors

It has been shown that the number of compounds described as inhibitors of BCRP as well as their
structural diversity is large (Table 1). Recently it has been established that some of BCRP substrates
are also substrates for P glycoprotein (P-gp). This information has been used to develop specific and
non-competitive inhibitors for BCRP. [1,13].

Table 1. Selected examples of classical BCRP inhibitors.

Inhibitor Substrate Cell Line ATPase Activity  Photoaffinity Labeling  Specificity
FTC [14,15] MX S1-M1-3.2 Inhibited XX Yes
Novobiocin [16] TPT PC6/SN2-5H2 XX XX Yes
Elacridar [17-19] MX MCF-7 MX Inhibited Unaffected No
Reserpine [20,21] H33342 SP XX Inhibited No
Cyclosporin A [22-24]  PhA, MX HEK/482R Inhibited Unaffected No
Tariquidar [25] MX H460/MX20 Stimulated XX No
Ortataxel [26] MX 8226/MR20 Decreased XX No
Gefitinib [27] H33342 PLB-ABCG2 Inhibited @ XX No

MX: Mitoxantrone; PhA: Pheophorbide A; TPT: Topotecan; H33342: Hoechst 33342 dye; 2 At high concentration;
XX: Not yet reported.
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1.5. In Silico Studies with BCRP Inhibitors

Based on the clinical importance of BCRP in drug resistance, its use as a target for the development
of new effective molecules, which may possess improved pharmacokinetics parameters, better levels
of efficacy and be safer, is unquestionable. Therefore, application of in silico models could be an
alternative for obtaining valuable information that allows the development of more specific BCRP
inhibitors based on the marine inhibitors so far described.

From its assessment in drug discovery, in silico prediction models have allowed the detection and
selection of promising molecules from libraries or databases [28,29]. Moreover, these models also
provide information regarding the possible mechanisms of protein-ligand interactions [30].

A useful tool for in silico prediction is the existence of a high-resolution structures of proteins
because it allows to predict the structures and physicochemical characteristics of the complex formed
between a specific protein and its ligands. Unfortunately, the high-resolution structure of BCRP is still
not available. Currently, there are only models of the BCRP structure, based on the crystalline structures
of related proteins such as the transporter Sav1866 from Staphylococcus aureus [31-33] and the lipid
flippase MsbA from Vibrio cholerae (VC-MsbA) [33,34]. These models predict the BCRP topology
based on theoretical computer calculations and they are consistent with several experimental features,
for instance, the presence of multidrug sites in a large central cavity binding [31,32,34]. Predicted
structures can be used to perform docking analysis and/or the interpretation of some biochemical
parameter. However, it is important to highlight that the obtained results may be unreliable for drug
design and screening.

On the other hand, there are methods based on structural similarity of ligands for known substrates,
which usually give more accurate comparisons than those based on the protein structure. One example
is the structure-activity relationship analysis, SAR and QSAR, focused on establishing a correlation
between descriptors that represent information of molecular structures of ligands and their biological
activities [35-37]. With these models it is possible to detect the specific substituents or the parts of a
molecule (pharmacophore) that are essential or not for a previously recognized biological function [35-37].
For instance, the SAR analysis of 54 chalcones with different degrees of substitution and their evaluation
in BCRP-transfected HEK?293 cells resulted in the identification of a flavonoid-specific inhibitory site,
which seems to be polyspecific because when the original phenyl A-ring was replaced by long-chain
substituents, its biological effect was not affected. From all evaluated substituents, 2'-naphthyl and 3’,
4" methylene-dioxy-phenyl were the most effective (Figure 2). Also, the substitution at position 4 of
ring B is critical; in this position an O-benzyl residue is the most effective substituent for the inhibition
and cytotoxicity [38]. Many other studies have demonstrated that chalcones are promising selective
BCRP inhibitors [4,39-41], such as Compounds 1 and 2 (Figure 3), which have now become good
candidates for preclinical experiments [4].
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Figure 2. Structure-activity relationship of chalcones for BCRP inhibition.

OCH, H5CO

OCH O
H 3
3CO O OCH3

OH O CH,
1) )

Figure 3. Structure of the most promising chalcone derivatives as BCRP inhibitors.

Another study displayed the potential of the 4,6-dimethoxy aurones derivatives as BCRP inhibitors.
Aurones were found to re-sensitize BCRP expressing cancer cells to mitoxantrone and showed low
antiproliferative activity against cell lines. Structure-activity analysis showed that substitution of
ring B had the best P-gp inhibition, with a preference for position 3’ (Figure 4). In contrast, substitution
of the benzylidene portion of ring B was less important for the BCRP inhibition, showing a low
variation of activity. In conclusion, aurones derivatives with good BCRP inhibitory activity are poor
P-gp inhibitors and vice versa [42].

As a final example, we have the chromone type compounds, which have proved to be selective and
potent BCRP inhibitors. Boudmendjel, et al. synthesized several benzopyrones derivatives in order to
perform a SAR study with this type of compounds [43]. His work demonstrated the impact of the
hydrophobic chains, the steric hindrance by bulky groups and the role of methoxy groups (lipophilicity)
in the inhibition of BCRP function. Furthermore, a QSAR study with 34 chromones showed that
hydrophobicity and shape are key physicochemical parameters to improve the BCRP inhibition, while
hydrogen bond donor capacity is an unfavorable feature for this activity [44]. The most potent
chromones as BCRP inhibitors resulted from coupling 6-substituted-4-oxo-4H-chromene-2-carboxylic
acid with tryptamine, leading to MBL-I11-141 (3) and N-(2-(1H-Indol-3-yl)ethyl)-6-bromo-4-oxo-4H-
chromene-2-carboxamide (4), (Figure 5) [45,46]. MBL-11-141 led a potent sensitization of ABCG2
positive xenografts to irinotecan through an in vivo ABCG2 inhibition [47]. Compound 4 showed
potency, selectivity and very low toxicity in vitro. Therefore this compound is being considered for in
vivo evaluation.
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Figure 4. Structure-activity relationship of dimethoxyaurones for BCRP inhibition.
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Figure 5. Structure of the most promising chromone derivatives as BCRP inhibitors.
2. BCRP Inhibitors from Marine Sources

Oceans are a vast reservoir of bioactive natural products, some of which exhibit important and
unique biological properties. Thus, many compounds isolated from marine sources are currently used
in clinical trials or as prototypes for the design and synthesis of new therapeutic agents [48-50].

In the past 30 years, at least seven marine compounds or their derivatives have been approved for
clinical use, mainly in cancer therapy, which is the fourth leading cause of death in middle- and
high-income countries. Cancer is responsible for more than 8.2 million deaths per year worldwide, and
its incidence is increasing, giving an estimate that for the next two decades there will be an annual
average of 22 million of new cancer cases [48,51]. Undoubtedly, compounds derived from marine
sources have marked a milestone in cancer treatment. However, there are still many obstacles for
overcoming this disease, in particular the fact that many types of cancer develop resistance to several
important drugs, as well as the devastating side effects that result from their use. For these reasons, it is
necessary to continue with the search of novel drugs with more efficacy and safety [52,53].

As part of a series of reviews focused on the description of marine natural products with inhibitory
properties on transporters belonging to the ATP-binding cassette (ABC) superfamily [54], in this paper
we describe a review of marine natural products and derivatives as BCRP inhibitors. As mentioned
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earlier, BCRP plays an important role in the drug resistance of cancer treatments, therefore the
potential modulation of physiological targets of BCRP by natural or synthetic compounds offers great
possibilities for the discovery of new anticancer drugs and valuable research tools for the study of
ATP-binding cassette (ABC) transporters complex.

2.1. Fumitremorgin C

Fumitremorgin C (FTC, 5) is a prenylated indole alkaloid derived from the amino acids
L-tryptophan and L-proline, and it was isolated from several strains of both marine and terrestrial
fungi [55-58]. FTC (Figure 6) is the first strong and specific BCRP inhibitor, and its value as a
research tool is widely reported. Several studies have proved that 5 reverts resistance to topotecan,
mitoxantrone and doxorubicin, on S1-M1-3.2 cells that over express BCRP [59-61]. However, FTC
induces some severe side effects such as tremors or convulsions in mice and other animals, which are
associated with toxicity in the central nervous system [62]. Such results led to the exclusion of this
compound from further clinical studies. Its strong specificity and potency was the basis for the design
of less toxic related compounds. One of the earliest efforts to detect 5 analogues with BCRP inhibitor
properties was the evaluation of a combinatorial panel of 42 indolyl diketopiperazine FTC derivatives,
with Ko132 (6), Kol134 (7) and Ko143 (8) [63-65] being the most promising leads.
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Figure 6. Structure of fumitremorgin (FTC) and related compounds.
2.2. Tryprostatin A

Tryprostatin A (9) is a natural analog of FTC isolated from the marine fungus Aspergillus fumigatus
BM939 along with tryprostatin B [66—68]. Both molecules are formed by the condensation of a proline
unit and an isoprenyl tryptophan residue, leading to a diketopiperazine unit. Both compounds stop cell
cycle progression of tsFT210 cancer cells in the G2/M phase [67]. In the experiments to reverse a
mitoxantrone-resistant phenotype and inhibit the cellular BCRP-dependent mitoxantrone accumulation
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using the displayed BCRP-mediated MDR cells EPG85-257RNOV (human gastric carcinoma cell
line) and MCF-7/AdrVp (human breast cancer cells), only tryprostatin A (Figure 7) showed activity in
a concentration range of 10-50 M and did not exhibit cytotoxicity at evaluated concentrations [69].

2.3. Harmine

Harmine (10) is a beta-carboline alkaloid with an extensive distribution in nature [37], which is
isolated from marine brown alga, some cyanobacteria and marine animals [70-72]. Harmine (Figure 7)
possesses some biological properties including antimicrobial, antiplasmodial, antifungal, antioxidant,
antitumoral, antimutagenic, cytotoxic and hallucinogenic activity [70-72].

A study employing MDA-MB-231 cells, a breast cancer cell line that overexpresses BCRP, showed
that this alkaloid inhibits BCRP. Harmine significantly decreases resistance to the anticancer drugs
such as mitoxantrone and camptothecin mediated by BCRP. The effect of 10 against MDR cells
appears to be specific against BCRP because this compound does not show inhibition of P-gp
overexpressing cells [73].

Although 10 was efficient as a reversal MDR agent, its neurotoxicity and cytotoxicity have
hindered its clinical development, although it constitutes a good lead for the development of BCRP
reversal agents [73].
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Figure 7. Structure of Tryprostatin A and Harmine.
2.4. Botryllamides

Botryllamides (11-19) compose a large group of compounds isolated from several species of
Ascidian genus Botryllus [74-76]. These metabolites belong to the first class of marine molecules
containing a dehydrotyrosine residue. Botryllus extracts showed interesting activity in a screening
performed by the National Cancer Institute (NCI) against the most common transporters (BCRP, P-gp
and MDR-1) in MDR cells. From these extracts, botryllamides (Figure 8) were identified as the active
constituents, and they were shown to be selective BCRP inhibitors. The effect of botryllamides against
BCRP was evaluated as their capacity for inhibiting the BCRP-mediated BODIPY -prazosin efflux in
BCRP transfected HEK293 cells, competition of [*?°I]-iodoarylazidoprazosin labeling of BCRP and
promoting BCRP-associated ATPase activity [77].
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Figure 8. Structure of Botryllamides.

Because of their relatively low cytotoxicity, these compounds could be useful clinically. In addition,
a series of botryllamide derivatives, including botryllamide F and G, were achieved in order to
establish a possible structural basis for their activity. The BCRP inhibitory activity suggests that the
presence of a 2-methoxy-p-coumaric acid moiety conjugated with a double bound is essential; but
extended conjugation at C10-C17 (variations in the substituents on the aryl groups) is not crucial
(Figure 9). Finally, this SAR study proposed two binding interactions between botryllamides
and BCRP [78].

2.5. Lamellarin O

Lamellarins are natural compounds isolated from several marine invertebrates (mainly ascidians
and sponges) and are made up of an unusual heterocyclic ring system [79-87]. Many of these natural
products exhibit some biological activities including antitumoral and anti-HIV activity [79-87].
According to the substituted pyrrole, these marine alkaloids are classified into three
subgroups: Lamellarins characterized by the presence of the pyrrole ring fused with adjacent aromatic
rings (forming a pentacyclic core), a central pyrrole ring unfused to adjacent aromatic rings and a
quinoline ring instead of pyrrole [87].

Lamellarin O (20) isolated from the southern Australian marine sponge lanthella sp. displayed a
potent and selective BCRP inhibition. A mitoxantrone efflux assay based on flow cytometry and
NCI-H460/ MX20 cells (mitoxantrone resistant human lung cancer) was used to evaluate the
inhibitory properties of 20 (Figure 10). Furthermore, SAR analysis and in silico studies have
established that the pharmacophoric group of 20 is composed of a methoxy-acetophenone, carboxylic
ester and phenolic moieties [88].
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Figure 9. Structure-activity relationship of Botryllamides for BCRP inhibition.
2.6. Indolocarbazole Alkaloids

Indolocarbazole alkaloids are a class of natural compounds, which possess a wide range of
biological properties, especially anticancer activity [89-91]. From the EtOAc extract of a
marine-derived actinomycete strain Z039-2 collected on the coast of Qingdao, China, two
indolocarbazole alkaloids (Figure 10) with anticancer properties, K252c (staurosporine aglycon, 21)
and arcyriaflavin A (22), were obtained [92]. A group of indolocarbazoles (including 21 and 22) were
evaluated, using a wild-type of BCRP-transfected HEK-293 cells, in order to detect BCRP inhibition.
Several of the tested compounds showed important inhibitory activity against the BCRP-mediated
efflux of pheophorbide A, 21 and 22 were the most potent. In photoaffinity labeling experiments,
K252c and arcyriaflavin A were able to prevent the [*?°I]-iodoarylazidoprazosin labeling of BCRP
with 1Cso values of 0.37 and 0.23 mmoL/L, respectively. K252c and arcyriaflavin A showed low
cytotoxicity on BCRP-transfected cells in a sulforhodamine B assay, and reduced the relative
resistance to SN-38 (7-ethyl-10-hydroxycamptothecin) [93].
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Figure 10. Structure of lamellarin O, K252C and arcyriaflavin A.
2.7. Terrein

Terrein (23) is a metabolite isolated from some marine strains of Aspergillus terreus (mainly PF-26
and PT06-2) and Emericella variecolor [94-96]. Terrein (Figure 11) exhibited interesting properties
including antibacterial and antiinflammatory activities, as well as melanogenesis, angiogenin secretion
and proteasome inhibition properties [95-102]. Regarding its anticancer properties, 23 displayed
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strong cytotoxicity (100-fold more potent than paclitaxel) against breast (MCF-7), pancreatic (PANC-1)
and liver (HepG2) cancer cells. Terrein also showed a significant reduction in BCRP-expressing cells
through the activation of the caspase-7 pathway and the inhibition of the Akt signaling pathway [102].

2.8. Secalonic Acid D

Secalonic acid D (SAD) is a mycotoxin produced by Penicillium oxalicum, which also has been
obtained from a lichen marine-derived fungus and other mangrove endophytic fungus [103-107].
SAD (24) has been widely investigated for its anticancer properties and it is well known that 24 acts as
a DNA topoisomerase | inhibitor. SAD (Figure 11) also displayed significant cytotoxic activity and
provoked apoptosis in K562 and HL60 myeloid leukemia cell lines by blocking the G1 phase of the
cell cycle in the GSK-3p/B-catenin/c-Myc pathway. Furthermore, 24 is an inhibitor of murine pituitary
adenoma GH3 cells in a dose-dependent manner promoting apoptosis [106,107]. Regarding cancer
resistance, 24 showed potent cytotoxicity on MDR cells (P-gp-, MRP1- and BCRP-overexpressing
multidrug resistance cells) and their parental cells through an MTT assay. In these cells, 24 could
down-regulate the expression of BCRP protein by activation of calpain 1. SAD could down-regulate
the expression of BCRP and decrease the percentage of side population cells in lung cancer cells.
All these findings have proved that 24 is an interesting molecule that possesses a potent cytotoxic
activity by a mechanism of inducing BCRP degradation of the activation of calpain 1 [108].
Unfortunately, 24 has a high toxicity, making clinical usage difficult, but it could be considered as a
leading compound for the development of new BCRP inhibitors.

(23) (24)
Figure 11. Structure of Terrein and Secalonic acid D (SAD).
2.9. Naphthopyrones

Some organic extracts prepared from marine crinoids Capillaster multiradiatus, Comanthus
parvicirrus and a unidentified crinoid of the Comasteridae family, showed activity in a high
throughput assay measuring accumulation of the BCRP specific substrate pheophorbide A in
BCRP-overexpressing NCI-H460 MX20 cells [109]. Bioassay-guided fractionation of the extracts led
to the isolation of five new naphthopyrones along with six known compounds. The isolates were
divided into two groups: Linear and angular. This difference in structure was important for the activity
against BCRP since only the angular naphthopyrones (25-29) showed significant activity (ranging
from 27% to 59%) [109]. Although active naphthopyrones (Figure 12) showed moderate activity
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against BCRP- overexpressing cells, it is an example for the role of marine natural products as a
reservoir of molecules with inhibitory activity of the MDR transporters.
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(26) R1 = CH2CH2CHs3, R2 = OCH3, Rs3=H
(27) R1=CH3, R2=0H,R3=H

(28) R1 = CH2CH2CH3, R2=0H, Rs = H

(29) R1 = CH2CH2CHs, R2 = OCHs, Rs = OCHs

Figure 12. Structure of naphthopyrones actives against BCRP.
3. Conclusions

BCRP can expel a broad range of structurally different metabolites out of cells. In this context, a
very active BCRP transporter could potentially diminish drug delivery to the target organ and lead to
treatment resistance, despite peripheral drug concentrations being within their therapeutic range. The
development of compounds with BCRP inhibitory properties from marine sources is one of the most
important approaches in drug discovery due to the fact that the marine ecosystem has shown a unique
chemical diversity. In recent years, several marine compounds with BCRP inhibitor properties have
been isolated, most of them belonging to a group of alkaloids. These types of molecules (alkaloids)
have shown potent and selective MDR activity against certain cancer cells, but unfortunately they have
some toxicity, which has limited their pharmaceutical development. All these agents represent new
research tools for the discovery and development of efficient BCRP inhibitors, which may have
potential use, per se or in combination, for the treatment of cancer and for the design of rational
analogues with higher activity, less toxicity and fewer pharmacokinetic interactions.
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