Novel microtubule-targeting agents, pyrrolo-1,5-benzoxazepines, induce apoptosis

in multi-drug resistant (MDR) cancer cells.

Seema-Maria Nathwani', Stephen Butler?, Darren Fayne3 , Naomi N. McGovern', Balazs
Sarkadi’, Mary J. Meegan®, David G. Lloyd’, Giuseppe Campiani’, Mark Lawler®, D.

Clive Williams' and Daniela M. Zisterer .

'School of Biochemistry and Immunology, Trinity College, Dublin 2, Ireland.

?School of Pharmacy and Pharmaceutical Sciences, Trinity College, Dublin 2, Ireland.
*Molecular Design Group, School of Biochemistry and Immunology, Trinity College,
Dublin 2, Ireland.

*Membrane Research Group of Hungarian Academy of Sciences, Semmelweis University
and National Blood Center, Budapest, Hungary.

’European Research Centre for Drug Discovery and Development, Banchi di Sotto 55
and Dipartimento Farmaco Chimico Tecnologico, Universita' di Siena, via Aldo Moro 2,
53100 Siena, Italy.

SInstitute of Molecular Medicine, St. James’s Hospital and Trinity College, Dublin 2,

Ireland.

Correspondence and reprint requests to: Seema M Nathwani, School of Biochemistry
and Immunology, Trinity College, Dublin 2, Ireland.

E-mail: nathwans@tcd.ie; Tel: 00 353 1 8961855; Fax: 00 353 1 6772400.



Abstract

PURPOSE: The development of multi-drug resistance (MDR) due to the expression of
members of the ATPase binding cassette (ABC) transporter family is a major obstacle in
cancer treatment. The broad range of substrate specificities associated with these
transporters leads to the efflux of many anti-cancer drugs from tumour cells. Therefore,
the development of new chemotherapeutic agents that are not substrates of these
transporters is important. We have recently demonstrated that some members of a novel
series of pyrrolo-1,5-benzoxazepine (PBOX) compounds are microtubule-depolymerising
agents that potently induce apoptosis in several cancer cell lines and impair growth of
mouse breast tumours. The aim of this current study was to establish if PBOXs were
capable of inducing apoptosis in cancer cells expressing either P-glycoprotein or breast
cancer resistance protein (BCRP), two of the main ABC transporters associated with
MDR.

METHODS: We performed in vitro studies to assess the effects of PBOXs on cell
proliferation, cell cycle and apoptosis in human cancer cell lines and their drug-resistant
substrains expressing either P-glycoprotein or BCRP. In addition, we performed a
preliminary molecular docking study to examine interactions between PBOXs and P-
glycoprotein.

RESULTS: We established that three representative PBOXs, PBOX-6, -15 and -16 were
capable of inducing apoptosis in drug-resistant HL60-MDRI1 cells (expressing P-
glycoprotein) and HL60-ABCG2 cells (expressing BCRP) with similar potencies as in
parental human promyelocytic leukaemia HL60 cells. Likewise, resistance to PBOX-6

and -16 was not evident in P-glycoprotein-expressing A2780-ADR cells in comparison to



parent human ovarian carcinoma A2780 cells. Finally we deduced by molecular docking
that PBOX-6 is not likely to form favourable interactions with the substrate binding site
of P-glycoprotein.

CONCLUSION: Our results suggest that pro-apoptotic PBOX compounds may be
potential candidates for the treatment of P-glycoprotein- or BCRP-associated MDR

cancers.
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glycoprotein; BCRP.



Introduction

Some pyrrolo-1,5-benzoxazepine (PBOX) compounds have been identified as novel
microtubule depolymerising agents [1] that possess the ability to potently induce
apoptosis in several cancerous cell lines including promyelocytic leukaemia HL60 cells,
Jurkat T-lymphoma cells, Hut-78 lymphoma cells, T cell leukaemia CEM cells, highly
resistant chronic myeloid leukaemia (CML) K562 cells and breast carcinoma MCF-7
cells [2-6] with minimal toxicity to normal peripheral blood mononuclear cells (PBMCs)
[6] or bone marrow cells [7]. We have also reported that PBOXs displayed anti-
angiogenic properties in vitro [8]. Furthermore, we have demonstrated impaired growth
of tumours in a mouse 4T1 breast carcinoma tumour model [9] and apoptosis in €X Vivo
patient samples [7]. Therefore, PBOX compounds may prove useful novel anti-cancer

agents.

A frequent problem in cancer chemotherapy is the development of multi-drug resistance
(MDR) which renders tumours unresponsive to a diverse array of compounds. There are a
number of mechanisms by which a cell can acquire MDR, such as a defective apoptotic
pathway [10], increasing the activity of detoxifying and DNA repair enzymes [11, 12]
and decreasing activity of topoisomerase II [13], however, one of the most predominant
causes is due to over-expression of members of the ATP-binding cassette (ABC)
transporter family. This is a group of plasma-membrane glycoproteins that actively
extrude a broad range of substrates from cells. They are predominantly found in areas
such as the epithelial cells of the intestine, proximal tubule cells of the kidney,

hepatocytes, capillary epithelial cells of the blood-brain barrier, the placenta and in



various stem cells where the physiological role of these ATPase efflux “pumps” is to
protect cells from damage by rapidly extruding xenobiotics [14-16]. Unfortunately, their
unwanted expression in tumour cells can lead to the extrusion of substrate cytotoxic anti-
cancer agents preventing their accumulation and hence leading to chemotherapy

resistance in these cells.

There are three main ABC transporters specifically associated with MDR, these are
multidrug resistance protein-1 (MDR1) also know as P-glycoprotein or ABCBI1 [17],
multi-drug resistance associated protein-1 (MRP1) [18] or ABCC1 and the half
transporter ABCG2 or breast cancer resistance protein (BCRP) [19, 20]. Some of the key
anti-cancer agents known to be substrates of these transporters include microtubule-
targeting agents (MTAs) such as paclitaxel and vincristine, anthracyclin antibiotics (e.g.
adriamycin), anthracenes (e.g. mitoxantrone), topoisomerase I inhibitors such as
topotecan, camptothecin and the active metabolite of irinotecan, SN-38, cyclin-dependent
kinase inhibitors (e.g. flavopiridol) and anti-folates (e.g. methotrexate) [14, 21-23]. In
addition, a number of other clinically important drugs such as HIV-protease inhibitors,
antibiotics, antidepressants, antiepileptics and analgesics are also substrates of the ABC
transporters [14]. Since the use of chemical inhibitors of P-glycoprotein or BCRP to
block drug efflux have proved unsuccessful clinically possibly due to the intrinsic
toxicity of the actual inhibitors and unwanted inhibition of transporters residing in
physiological regions such as the blood-brain barrier leading to altered distribution of the
simultaneous administered chemotherapeutic agents [24], the development of novel

chemotherapeutic agents that are not substrates of the MDR-ABC transporters has been



postulated as the best method to overcome ABC-transporter-associated MDR. Therefore,
the purpose of this study was to investigate if representative pro-apoptotic PBOX
compounds, PBOX-6, -15 and -16 (Fig. 1) are potential candidates for the treatment of

multidrug-resistant cancers caused by the expression of P-glycoprotein or BCRP.

Herein, we demonstrated that PBOXs were capable of inducing cell cycle arrest and
apoptosis in MDR leukaemia cells, HL60-MDRI1 (expressing P-glycoprotein) and HL60-
ABCG2 (expressing BCRP) with similar potencies as in the ABC-transporter-negative
parental human promyelocytic leukaemia HL60 cell line. Similarly, we determined that
P-glycoprotein-expressing A2780-ADR cells did not display resistance to PBOXs
compared to the parental human ovarian carcinoma A2780 cell line. Furthermore,
through a preliminary molecular docking study we deduced that PBOXs do not appear to
form favourable interactions with the P-glycoprotein substrate binding site. Together, our
findings suggested that whilst the efficacy of many common anti-cancer agents may be
reduced by the expression of P-glycoprotein or BCRP, the efficacy of PBOX-6, -15 and -
16 was not. This indicated that pro-apoptotic PBOX compounds have the potential to

treat P-glycoprotein- and BCRP-associated MDR cancers.



Materials and methods
Unless otherwise stated, chemicals were obtained from Sigma-Aldrich (Poole, Dorset,
UK) and tissue culture vessels were sourced from Greiner Bio-One GmbH

(Frickenhausen, Germany).

Cell Culture

Human promyelocytic leukaemia HL60 cells and their drug-resistant substrains HL60-
MDRI1 and HL60-ABCG2 were provided by Prof. Balazs Sarkadi’s research group. The
HL60-MDRI1 cells had been drug-selected by chronic exposure to adriamycin while the
HL60-ABCG2 cells had been retrovirally transduced then further selected by exposure to
mitoxantrone [25]. Human ovarian carcinoma A2780 cells and their adriamycin-resistant
substrain A2780-ADR were obtained from Prof. Robert Brown, University of Glasgow,
UK. All cells were maintained in Roswell Park Memorial Institute (RPMI)-1640 medium
enhanced with GlutaMAX-I and supplemented with 10% foetal bovine serum, 50
units/ml penicillin and 50 pg/ml streptomycin (all from Gibco, Invitrogen, Carlsbad, CA,
USA). Cells were maintained in a humidified incubator at 37°C in 5% CO,. A2780 cells

were subcultured by trypsinisation upon reaching ~80% confluency.

Reagents

The pyrrolo-1,5-benzoxazepine compounds, 7-[(N,N-dimethylcarbamoyl)oxy]-6-(naphth-
1-yl)pyrrolo[2,1-d][1,5]benzoxazepine (PBOX-6), 4-acetoxy-5-(1-(naphthyl)naphtho[2,3-
blpyrrolo[2,1-d][1,4]oxazepine (PBOX-15) and 4-[(N,N-dimethylcarbamoyl)oxy]-5-

(naphth-1-yl)naphtho[2,3-b]pyrrolo[1,2-d][1,4]oxazepine (PBOX-16) were synthesised



as described previously [26] and dissolved in ethanol. Their chemical structure is shown
in Figure 1. 7-Ethyl-10-Hydroxycamptothecin (SN-38) (kindly supplied by Prof. Patrick
Johnston, Queen’s University, Belfast, Northern Ireland) was dissolved in DMSO.
Paclitaxel and vincristine, were dissolved in DMSO or sterile water respectively. Once

dissolved in the relevant solvent, all compounds were stored at —20°C.

Cell proliferation

Cell proliferation was monitored using AlamarBlue™ dye (BioSource, Invitrogen,
Carlsbad, CA, USA) which changes to a fluorescent state in the reduced environment of
living cells. Cells (25,000 cells/well) were seeded on 96-well plates for 24 h, then treated
with a range of concentrations of PBOX-6, PBOX-15, PBOX-16, paclitaxel, vincristine
or SN-38 for 72 h. AlamarBlue™ (final concentration 10% (v/v)) was added and
incubated at 37°C. Fluorescence was measured at an excitation wavelength of 544nm and
an emission wavelength of 590nm using a SpectraMax Gemini spectrofluorometric plate
reader (Molecular Devices, Sunnyvale, CA). The results were expressed as the
percentage cell viability relative to vehicle-treated control cells (100%). Dose-response
curves were plotted and ICsy values (concentration of drug resulting in 50% reduction in

cell viability) were obtained using Prism GraphPad 4.

Analysis of protein expression and cleavage by Western blotting
Cells were harvested in whole cell lysis buffer containing 62.5 mM Tris (pH 6.8), 2%

(w/v) SDS, 10% (v/v) glycerol, 0.00125% (w/v) bromophenol blue and 50 mM DTT. The

samples were then sonicated briefly and denatured at 65°C for 10 min before separation



of proteins on a polyacrylamide gel and transfer to PVDF membrane. The PVDF
transfers were probed with primary monoclonal antibodies generated against P-
glycoprotein, BCRP, Bcl-2, pro-caspase-3, PARP or B-actin all purchased from Merck
Biosciences (Nottingham, UK), followed by incubation with a horseradish peroxidase-
conjugated anti-mouse antibody (Promega, Madison, WI, USA). Protein expression was

visualised by enhanced chemiluminescence.

Determination of DNA content

Following treatment, cells were harvested by centrifugation at 800 g for 10 min. Cell
pellets were resuspended in 200 ul PBS and fixed by a drop-wise addition of 2 ml of ice-
cold 70% (v/v) ethanol/PBS while gently vortexing. Following overnight fixation at -
20°C the cells were again centrifuged to remove the ethanol and resuspended in PBS
supplemented with 0.5 mg/ml RNase A and 0.15 mg/ml propidium iodide (PI). Cells
were incubated in the dark at 37°C for 30 min. The PI fluorescence was measured on a
linear scale using a FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA,
USA). Data collections (10,000 events per sample) were gated to exclude cell debris and
cell aggregates. PI fluorescence was proportional to the amount of DNA present in each
entity and therefore indicated the stage of the cell cycle. Cells in G¢/G; were diploid (2N
DNA content), cells in the S phase had DNA contents between 2N and 4N, cells in Go/M
were tetraploid (4N DNA content), while apoptotic cells were hypoploid and contained
<2N DNA. All data was recorded and analysed using the CellQuest software (Becton

Dickinson, San Jose, CA, USA).



Statistical Analysis

Results were presented as mean + S.E.M. The statistical analysis of experimental data
was performed using the computer program Prism GraphPad 4. P-values were determined
using a two-tailed Student’s paired t-test. A value of P < 0.05 was considered to be

significant.

Preliminary molecular docking study

A computational docking experiment was undertaken to predict the likelihood of PBOX-
6 interacting with the P-glycoprotein substrate binding site. Using the Penzotti study [27]
as starting point, a dataset of 176 compounds was assembled (76 non-substrates and 100
substrates of P-glycoprotein). The software system MOE (Molecular Operating
Environment) (Chemical Computing Group, Montreal, Canada) was used to process and
refine the initial P-glycoprotein X-ray structure (Protein Data Bank ID: 3G60) [28] and
Pipeline Pilot (Accelrys Software Inc., San Diego, CA, USA) processed the molecular
database and generated ROC (receiver operating characteristic) data. Utilising OMEGA
(Version: 2.3.2) (Openeye Scientific Software, Santa Fe, NM, USA), 200 conformers of
each of the drug molecules were generated and docked using version 2.2.3 of the docking
engine FRED (Fast Rigid Exhaustive Docking) (Openeye Scientific Software) into the
QZ59-RRR substrate binding site of the recently determined X-ray structure of
mammalian P-glycoprotein (3G60). The default values were used, except for the
generation of 5000 pose hit-list. The final stage of docking a ligand is to score the pose or
poses generated by the docking steps, therefore, the ability of the 8 structure-based
scoring functions available in FRED to discriminate between substrates and non-

substrates was determined.
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Results

Expression of MDR-ABC transporters in HL60 cells

HL60-MDR1 and HL60-ABCG2 cells were confirmed by Western blot to express the
multi-drug transporters, P-glycoprotein or BCRP respectively. The parental strain of
HL60 cells did not express either transporter (Fig. 2). Each cell line was screened
regularly during the course of this study to ensure expression of the transporters was

maintained.

PBOX compounds reduced MDR HL60 cell proliferation

HL60, HL60-MDR1 and HL60-ABCG2 cells were treated for 72 h with a range of
concentrations of PBOXSs, paclitaxel, vincristine or SN-38 and cell proliferation measured
by AlamarBlue assay (Table la). Our three representative PBOXs, PBOX-6, PBOX-15
and PBOX-16 reduced cell proliferation with similar efficacy in all three cell lines
regardless of transporter-expression status. ICso values were approximately 2 uM for
PBOX-6 and approximately 0.2 uM for PBOX-15 and PBOX-16. The HL60-MDRI1 cells
proved resistant to other MTAs paclitaxel and vincristine. In HL60 parental strain, the
ICsop value for paclitaxel was as low as 2.8 nM whilst in HL60-MDR1 cells even
concentrations as high as 10 uM failed to reduce cell proliferation. Higher concentrations
of paclitaxel could not be tested due to problems with solubility. Likewise, vincristine
displayed an ICsy value of 2.5 nM in parental HL60 cells whereas in HL60-MDRI1 a
concentration of 0.68 pM was required to reduce the cell proliferation by 50%, indicating
a resistance factor of 268 between the parental and the p-glycoprotein-expressing HL60-

MDRI1 cells. Topoisomerase I inhibitor SN-38 had an ICsy value of 5.7 nM in HL60s
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whereas in BCRP-expressing HL60-ABCG?2 cells the 1Csy was 0.11 uM, indicating that
these cells are 20 times more resistant to SN-38 than parental HL60 cells. The
concentrations of drugs used for the remaining experiments performed in HL60 cells

were chosen to reflect the ICsy values obtained by this cell proliferation assay.

PBOX compounds induced G2/M arrest and apoptosis in MDR HL60 cells

Microtubule-targeting agents PBOX-6 (10 uM), -15 (1 uM) and -16 (1 uM), paclitaxel
(500 nM) and vincristine (100nM) caused statistically significant increases in the
percentage of parental HL60 cells found in the G»/M phase (4N DNA content) of the cell
cycle (Fig. 3a) followed by an increase in the amount of hypoploid cells indicative of
apoptosis (Fig. 3c). In HL60-MDRI1 cells, although paclitaxel and vincristine failed to
induce G,/M arrest or apoptosis, the three PBOX compounds were capable of inducing
significant amounts (Fig. 3a and 3c). This suggested that while P-glycoprotein-expressing
HL60-MDRI1 cells are resistant to common MTAs such as paclitaxel and vincristine they
remain sensitive to the three PBOX compounds. Topoisomerase I inhibitor SN-38 (25
nM) induced an increase in the percentage of HL60 and HL60-MDRI1 cells found in the S
phase of the cell cycle (2N-4N DNA content) (Fig. 3b) followed by an increase in the
percentage of apoptotic cells (Fig. 3¢) but did not induce a significant response in HL60-
ABCG2 cells indicating that these BCRP-expressing cells were resistant to SN-38. The
PBOX compounds induced significant amounts of Go/M arrest (Fig. 3a) and apoptosis

(Fig. 3¢) in HL60-ABCGQG?2 cells.
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PBOX compounds induced cleavage of Bcl-2, pro-caspase-3 and PARP in MDR HL60
cells

To confirm that the hypoploid cells we observed during cell cycle analysis were actually
apoptotic, we assessed the cleavage of three proteins that are associated with the
apoptotic process, namely, anti-apoptotic protein Bcl-2, pro-caspase-3 and DNA repair
enzyme PARP (Fig. 4). In line with our DNA content analysis results, we found that all
six drugs induced cleavage of Bcl-2, pro-caspase-3 and PARP in parental HL60 cells
(Fig. 4a). However, treatment of HL60-MDRI1 cells with paclitaxel or vincristine failed
to induce cleavage of these same proteins (Fig. 4b) while HL60-ABCG?2 cells displayed
resistance to SN-38-induced cleavage (Fig. 4c). In contrast, both resistant cell lines
remained sensitive to the effects of the PBOX-induced cleavage of these apoptosis-
associated proteins. Expression of [(-actin was used as a loading control in all

experiments.

Verapamil, a P-glycoprotein inhibitor and fumitremorgan C, a BCRP inhibitor,
reversed resistance in HL60-MDR1 and HL60-ABCG2 cells respectively

We next wished to confirm that the resistance observed in HL60-MDRI1 cells to
paclitaxel and vincristine was caused by P-glycoprotein-mediated drug efflux. Therefore,
we treated these cells with paclitaxel or vincristine in the presence of verapamil (10 uM).
Verapamil is a high affinity substrate and ATPase stimulator of P-glycoprotein and hence
is a competitive inhibitor of other substrates. In the presence of this inhibitor, sensitivity
to paclitaxel and vincristine was restored leading to statistically significant levels of Go/M

arrest (Fig. 5a), hypoploid apoptotic cells (Fig. 5b) and cleavage of Bcl-2, pro-caspase-3
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and PARP (Fig. 5Se). Similarly we confirmed that resistance to SN-38 in HL60-ABCG2
was due to BCRP-mediated efflux, by treating cells with SN-38 in the presence of a
specific BCRP-inhibitor, fumitremorgan C (5 uM). In the presence of fumitremorgan C,
sensitivity to SN-38 was restored leading to statistically significant levels of S-phase
arrest (Fig. 5c) followed by apoptosis (Fig. 5d) and cleavage of Bcl-2, pro-caspase-3 and
PARP (Fig. 5f). These results were specific as fumitremorgan C failed to restore
sensitivity of HL60-MDR to paclitaxel and vincristine (Fig. 5e), whilst verapamil failed

to restore sensitivity of HL60-ABCG2 cells to SN-38 (Fig. 51).

Effect of PBOX compounds on A2780 and A2780-ADR cells

We also tested PBOX-6 and -16 in ovarian carcinoma A2780 parental cells and their
adriamycin-resistant sub-strain A2780-ADR. We confirmed regularly during the course
of these experiments that A2780-ADR cells expressed high levels of P-glycoprotein
while parental A2780 cells did not (Fig. 6a). We assessed the effect of PBOX-6 and -16,
paclitaxel and vincristine on A2780 cell proliferation. The ICsy values were
approximately 4 uM for PBOX-6 or between 0.2-0.7 uM for PBOX-16 in both parental
and resistant A2780 cells whereas A2780-ADR cells were more resistant to paclitaxel
(greater than 1946-fold) and vincristine (633-fold) than parental A2780 cells (Table 1b).
These results indicated that like HL60-MDRI1 cells, A2780-ADR displayed resistance to
paclitaxel and vincristine but not to PBOX-6 and PBOX-16. Similarly, while treatment of
parental A2780 cells with PBOXs, paclitaxel or vincristine lead to significant levels of
G2/M arrest (Fig. 6b), A2780-ADR cells appeared resistant to paclitaxel- and vincristine-

induced G,/M arrest (Fig. 6¢). However, PBOX-6 and -16 were capable of inducing
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significant levels of G,/M arrest in these cells (Fig. 6¢). Resistance to paclitaxel and
vincristine was reversed by the presence of verapamil (Fig. 6d) confirming that resistance

was due to the expression of P-glycoprotein rather than by other mechanisms of MDR.

Preliminary molecular docking of PBOX-6 in the P-glycoprotein substrate binding site
We performed a virtual molecular docking study to assess if based on its structure
PBOX-6 was likely to be a substrate or non-substrate of the P-glycoprotein substrate
binding site. Using molecular modelling software, conformers were generated and
docked into the QZ59-RRR substrate binding site of P-glycoprotein. Finally we scored
the pose or poses generated by the docking steps. Chemgauss2, one of the eight scoring
functions available in the docking engine FRED, uses smooth Gaussian functions to
represent the shape and chemistry of molecules. This scoring function was judged to have
the best performance with a ROC score of 0.704 and on examination of the hit-list
PBOX-6 was ranked at position 90 while paclitaxel and vincristine were ranked higher at

positions 10 and 38 respectively.
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Discussion

We have previously established that pro-apoptotic PBOX compounds may prove to be
useful in the treatment of cancer. These novel microtubule targeting agents induced G,/M
arrest followed by apoptosis in cancer cell lines derived from both haematological
malignancies and breast carcinoma [1-6] while in vivo PBOX-6 inhibited the growth of
an aggressive mouse mammary tumour model [9]. In addition, we have recently reported
that PBOX-6 in combination with tyrosine kinase inhibitor STI-571 can enhance
apoptosis in STI-resistant CML K562 cells [29]. However, it has not yet been established
if PBOX compounds can similarly induce apoptosis in drug-resistant cancers caused by
the expression of members of the ABC family of drug efflux transporters. Therefore, in
this study we investigated if PBOX compounds may be potential candidates for the
treatment of MDR cancers by comparing the efficacy of PBOX compounds in ABC
transporter-negative cancer cells to cancer cells specifically expressing either P-
glycoprotein or breast cancer resistance protein (BCRP), two of the main ABC

transporters involved in MDR.

Firstly, we examined the effects of three representative pro-apoptotic PBOX compounds
(PBOX-6, -15 and -16) on cell viability, cell cycle profiles and apoptosis in parental
human promyelocytic leukaemia HL60 cells and their drug-resistant substrains
expressing either P-glycoprotein (HL60-MDRI1 cells) or BCRP (HL60-ABCG2 cells).
We established that PBOX-6, -15 and -16 were capable of reducing cell viability by

inducing G,/M arrest followed by apoptosis in HL60 parental, HL60-MDR1 and HL60-
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ABCG?2 cells. This suggested that PBOXs were effective in the destruction of leukaemia

cells regardless of MDR-transporter expression.

Although we showed by Western blot that our cells highly expressed the desired
transporters, we also wished to confirm that the transporters present were fully functional.
Therefore we treated the HL60-MDRI1 cells with known p-glycoprotein substrates
paclitaxel and vincristine [30] and found that these cells were resistant to both drugs. To
eliminate the possibility that the resistance we observed to paclitaxel and vincristine may
have been caused by another mechanism of MDR, we also treated the cells with these
MTAs in the presence of a competitive inhibitor of p-glycoprotein, verapamil [31]. This
inhibitor successfully restored the sensitivity of the cells to paclitaxel and vincristine,
illustrating that the resistance we observed was due to drug efflux through the p-
glycoprotein transporter. Similarly, we treated HL60-ABCG2 cells with a known
substrate of BCRP, SN-38 [21] and found the cells displayed resistance to this drug
indicating that BCRP expressed in our cells appeared to be functional. Again to confirm
SN-38 resistance was not mediated by some other mechanism of MDR we treated the
HL60-ABCG2 cells in the presence of a specific high affinity inhibitor of BCRP, the
micotoxin fumitremorgin C [32, 33] which proved capable of restoring sensitivity to SN-
38. In combination, these results indicated that while the two MDR HL60 strains
displayed resistance to other anti-cancer agents compared to parental HL60s, PBOX
compounds were capable of producing similar responses in all three cell lines in spite of

ABC transporter expression.
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To support our findings in leukaemia cells, we also examined the effects of PBOX-6 and
-16 on tumour cells derived from a solid malignancy, human ovarian carcinoma A2780
cells and their adriamycin-resistant substrain A2780-ADR that expressed P-glycoprotein.
Similarly, while the A2780-ADR cells displayed resistance to paclitaxel and vincristine
compared to parental A2780 cells, they did not demonstrate resistance to the PBOX
compounds. Again, we confirmed that the P-glycoprotein was functional in the A2780-
ADR cells by demonstrating that paclitaxel- and vincristine-induced resistance was

reversed in the presence of verapamil.

Together, our in vitro data indicated that PBOX compounds were not substrates for the P-
glycoprotein or BCRP transporters. The 170 kDa transmembrane transporter P-
glycoprotein displays the broadest substrate specificity of the ABC family, extruding an
array of structurally unrelated compounds. Its substrates are preferentially hydrophobic
compounds that can partition into the lipid bilayer and also tend to have planar aromatic
domains and tertiary amino groups. Substrates range in molecular mass from 300 Da to
approximately 4000 Da [28, 34]. Like P-glycoprotein, the half-transporter BCRP has
wide substrate specificity. Once dimerised, it can transport hydrophobic molecules (both
positively and negatively charged) and large anionic compounds including many different
drugs and metabolites (such as cytotoxic drugs and their partially detoxified metabolites)
along with toxins and carcinogens found in food products [20]. To complement our
findings in vitro, we wished to establish by virtual modeling, whether based on their

structures, the PBOXs were likely to be substrates or non-substrates of ABC transporters.
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As the x-ray structure of mammalian P-glycoprotein has recently been published [28], we
decided to perform a series of computer based experiments to preliminarily examine the
molecular docking of PBOX compounds in the P-glycoprotein substrate binding site.
PBOX-6 was chosen as the representative PBOX compound used in this investigation as
it has been extensively studied and contains the central scaffold core features which are
synthetically modified to yield other members of the PBOX series (Fig. 1). We used the
Penzotti study [27] to assemble a dataset of 176 compounds that were classified into two
groups based on whether they were substrates (100 compounds) or non-substrates (76
compounds) of P-glycoprotein. Substrates were classified as being compounds that were
reported to be transported by P-glycoprotein, this group also included compounds that are
reported to cause over-expression of P-glycoprotein and contribute to MDR. Non-
substrates were classified as being compounds that are not transported by P-glycoprotein,
this group also included compounds that are reported to be bound but not transported by

P-glycoprotein; such compounds can be classed as possible inhibitors of P-glycoprotein.

Following the processing and refinement of the P-glycoprotein X-ray structure and the
generation of conformers, PBOX-6 was virtually docked into the QZ59-RRR substrate
binding site of P-glycoprotein and a 5000 pose hit-list generated. The best scoring
function had a ROC score of 0.704. P-glycoprotein substrates should be ranked at the top
of the hit-list. Interestingly, PBOX-6 was only found to be ranked at position 90 on the
hit-list, while P-glycoprotein substrates, paclitaxel and vincristine, are highly ranked at
positions 10 and 38 respectively. This corresponded to our in vitro data whereby cell

lines that expressed P-glycoprotein (HL60-MDR and A2780-ADR) were more resistant
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to paclitaxel (resistance factor: >1946) than vincristine (resistance factor: 258 and 633
respectively) and also displayed no resistance to PBOXs when compared to their P-

glycoprotein negative parental strains.

A number of caveats need to be considered when performing docking studies on P-
glycoprotein. The closer the ROC score is to 1, the more confident we can be that the
docking programs performed accurately in distinguishing between substrates and non-
substrates. The ROC score of 0.704 is far from ideal as the P-glycoprotein binding site
has a large volume leading to difficulty in computationally predicting accurate binding
poses. The differentiation in the literature between substrate (can also be an inducer) and
non-substrate (may be an inhibitor) is not ideal for evaluating the reliability of a virtual
screen docking protocol. With these factors in mind, this docking study should be viewed
as indicative rather than quantitative but it does show that, for the X-ray crystallographic
conformation of the P-glycoprotein substrate binding site, the PBOX compounds do not

have the ability to form very favourable binding interactions.

Limitations associated with the use of microtubule targeting agents such as taxanes
include dose-limiting hematopoietic toxicity and cumulative neurotoxicity. As we have
demonstrated that the PBOXs do not appear to be substrates for drug efflux pumps, they
may be able to bypass such pumps that are present in the choroid plexus to exclude
potentially neurotoxic species from the CNS. We have previously demonstrated that the
PBOXs, at antitumoural efficacious doses in vivo, were well-tolerated with no major

systemic toxicity as indicated by no loss of body weight of the animals [9]. Additional
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data indicated that the PBOXs exerted no haematologoical toxicities (unpublished
observations). Although we have yet to determine directly the neurotoxic effects of the
PBOXs in vivo it is of interest to note that some novel tubulin binding agents such as the
epothilone derivative, patupilone, and the novel synthetic compound indibulin (D-24851),
which are both currently undergoing clinical trials, do not appear to be susceptible to P-
glycoprotein and similar drug efflux pumps and yet they exhibit minimal neurotoxicity
[35, 36]. Indibulin has been shown to discriminate between highly posttranslationally
modified tubulin present in mature neuronal microtubules and less-modified tubulin
present in immature neuronal or non-neuronal microtubules [37]. Indibulin appears to be
specific for non-modified tubulin whereas vincrstine acts on either tubulin equally well.
It will be important in future studies to determine directly any neurotoxic effects of the
PBOXs in vivo, for example, by the use of a coordination test (rota-rod) or by measuring
nerve conductance velocity following administration of the PBOXs. However, what is
promising is that in a previous study using these tests as an index of neurotoxicity with a
variety of tubulin-binding agents such as vincristine, colchicine and the novel drug
indibulin, neurotoxicity was strongly correlated to loss of body weight of the animals
[36]. The PBOXSs, at antitumoural efficacious doses in vivo, exert no effect on body

weight suggesting that they may also exhibit limited neurotoxicity.

In conclusion, our results suggest that pro-apoptotic PBOXs can induce cytotoxicity in
MDR cancer cells expressing either P-glycoprotein or BCRP with similar potency to
ABC-transporter-negative cancer cells. In addition, based on their structure, PBOXs do

not appear to be substrates of P-glycoprotein. Therefore, pro-apoptotic PBOXs may be
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suitable candidates for the treatment of P-glycoprotein-and BCRP-associated MDR

cancers.
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Fig. 1 Chemical structure of microtubule-targeting agents PBOX-6, PBOX-15 and

PBOX-16
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Fig. 2 HL60-MDR1 cells expressed P-glycoprotein while HL60-ABCG2 cells
expressed BCRP.

Whole cell extracts from HL60-parental, HL60-MDR1 and HL60-ABCG2 cells were
separated by SDS-PAGE and transferred to PVDF. Blots were probed with monoclonal
anti-P-glycoprotein or anti-BCRP (BXP-21) antibodies followed by a HRP-conjugated

anti-mouse secondary. Blots were also probed for B-actin as a loading control
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Fig. 3 PBOX compounds induced G,/M arrest and apoptosis in HL60-parental,
paclitaxel- and vincristine-resistant HL60-MDR1 and SN-38-resistant HLG60-

ABCG2 cells.

Parental HL60, HL60-MDR1 and HL60-ABCG2 cells were treated with vehicle (0.5%
EtOH), PBOX-6 (10 uM), PBOX-15 (1 uM), PBOX-16 (1 uM), paclitaxel (500 nM),

vincristine (100 nM) or SN-38 (25 nM) for 8 hr to measure Go/M (a) and S (b) or 48 hr
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to quantitate apoptosis (c). Cells were fixed in ethanol, stained with propidium iodide and
DNA content assessed by flow cytometry. Analysis of data was performed using
CellQuest. Cells in the subGy/G; phase (<2N DNA) were deemed apoptotic, cells with
2N-4N DNA content were classed as S-phase, while cells with 4N quantities of DNA
were considered to be in the G,/M phase of the cell cycle. Values represent the mean *

S.E.M for three independent experiments. (*** = P<0.0005; ** = P<(.005; * = P<0.05)
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Fig. 4 PBOX compounds induced cleavage of Bcl-2, pro-caspase-3 and PARP in
HL60-parental and -resistant cells.

Parental HL60 (a), HL60-MDRI1 (b) and HL60-ABCG2 (c) cells were treated with
vehicle (0.5% EtOH) (Veh), 10 uM PBOX-6 (P6), 1 uM PBOX-15 (P15), 1 uM PBOX-
16 (P16), 500 nM paclitaxel (Tx), 100 nM vincristine (Vc) or 25 nM SN-38 (SN) for 48
hr. Protein cleavage was assessed by Western blot using monoclonal antibodies generated
against Bcl-2, pro-caspase-3, PARP or loading control [-actin followed by a HRP-
conjugated anti-mouse secondary antibody. Blots are representative of three independent

experiments
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Fig. 5 Pre-treatment with P-glycoprotein inhibitor, verapamil or BCRP inhibitor,
fumitremorgan C reversed paclitaxel and vincristine or SN-38 mediated resistance,
respectively.

HL60-MDR1 and HL60-ABCG?2 cells were pre-treated with 10 uM verapamil (VP) or 5
uM fumitremorgan C (FTC) for 1 hr followed by addition of vehicle (0.5% EtOH) (Veh),
500 nM paclitaxel (Tx), 100 nM vincristine (Vc) or 25 nM SN-38 (SN) for a further 8 hr

to detect Go/M (a) and S (c) or 48 hr for apoptosis (b and d). The cells were fixed in
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ethanol, stained with propidium iodide and DNA content assessed by flow cytometry.
Analysis of data was performed using the computer program CellQuest. Cells in the
subG(/G; phase (<2N DNA) were deemed apoptotic, cells with 2N-4N DNA content
were classed as S-phase, while cells with 4N quantities of DNA were considered to be in
the Go/M phase of the cell cycle. Values represent the mean £ S.E.M for three
independent experiments (*** = P<0.0005; ** = P<0.005; * = P<0.05). Alternatively,
whole cell lysates were prepared, proteins separated by SDS-PAGE and transferred to
PVDEF. Blots were then probed with monoclonal antibodies generated against Bcl-2, pro-
caspase-3 or PARP followed by a HRP-conjugated anti-mouse secondary. Blots were
also probed for B-actin as a loading control (e and f). Blots represent three independent

experiments
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Fig. 6 P-glycoprotein-expressing ovarian carcinoma A2780-ADR cells are resistant
to paclitaxel and vincristine but not PBOX compounds.

Whole cell lysates from parental and adriamycin-resistant A2780 cells were prepared,
proteins separated by SDS-PAGE and transferred to PVDF. Blots were then probed with
a monoclonal anti-P-glycoprotein antibody followed by a HRP-conjugated anti-mouse

secondary. Blots were also probed for 3-actin as a loading control (a). Cells were treated
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with vehicle (0.5% EtOH), PBOX-6 (10 uM), PBOX-16 (1 uM), paclitaxel (I uM) or
vincristine (1 pM) for 24 hr in the absence (b and ¢) or presence (d) of 10 uM verapamil
(1 h pre-treatment). Cells were fixed in ethanol, stained with propidium iodide and DNA
content assessed by flow cytometry. Analysis of data was performed using CellQuest.
Cells with 4N quantities of DNA were considered to be in the G,/M phase of the cell
cycle. Values represent the mean £ S.E.M for three independent experiments (*** =

P<0.0005; ** = P<0.005).
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Table 1. 1Csy values (nM) for HL60 and A2780 cells treated with PBOXs, paclitaxel,

vincristine or SN-38.

HL60 parental and resistant cells (A) and A2780 parental and resistant cells (B) were

treated for 72 h with a range of concentrations of the indicated drugs. Cell viability was

then assessed by AlamarBlue assay and ICsy values determined using Prism GraphPad 4.

Results are representative of three independent experiments, each carried out in triplicate.

(A) HL60

HLG60 (parental) HL60-MDR1 HL60-ABCG2
PBOX-6 1907.74 2284.32 2863.46
PBOX-15 210.38 154.62 251.64
PBOX-16 226.49 194.26 270.54
Paclitaxel 2.79 > 10000 28.04
Vincristine 2.53 678.13 3.25
SN-38 5.67 9.86 114.82
(B) A2780

A2780 (parental) A2780-ADR
PBOX-6 4104.30 4710.24
PBOX-16 238.04 724.65
Paclitaxel 5.14 > 10000
Vincristine 4.07 2577.30
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