1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

"% NIH Public Access
@@‘ Author Manuscript

2 HEpst

NATIG,

O

Published in final edited form as:
BJU Int. 2011 August ; 108(3): 447-454. d0i:10.1111/j.1464-410X.2010.09907.x.

Dimeric naphthoquinones, a novel class of compounds with
prostate cancer cytotoxicity

Ashley E. Ross”, Ashkan EmadiT, Luigi Marchionni*, Paula J. Hurley”, Brian W. Simons$,
Edward M. Schaeffer”, and Milena Vuica-Ross

*Department of Urology, Johns Hopkins School of Medicine, Baltimore, MD, USA
TInternal Medicine and Oncology, Johns Hopkins School of Medicine, Baltimore, MD, USA
*Oncology and Cancer Biology, Johns Hopkins School of Medicine, Baltimore, MD, USA

SMolecular and Comparative Pathobiology, Johns Hopkins School of Medicine, Baltimore, MD,
USA

TPathology, Johns Hopkins School of Medicine, Baltimore, MD, USA

Abstract
OBJECTIVES—
» To evaluate the cytotoxicity of dimeric naphthoquinones (BiQs) in prostate cancer cells.

» Toassess the interaction of dimeric naphthoquinones with common therapies including
radiation and docetaxel.

MATERIALS AND METHODS—

»  The cytotoxicity of 12 different dimeric naphthoquinones was assessed in androgen-
independent (PC-3, DU-145) and androgen-responsive (LNCaP, 22RV1) prostate cancer
cell lines and in prostate epithelial cells (PrECs).

» BiQ2 and BiQ11 were selected for determination of dose response, effects on colony
formation and initial exploration into mechanism of action.

»  Synergistic effects with radiation and docetaxel were explored using colony-forming and
MTT assays.

RESULTS—

e Atconcentrations of 15uM, BiQ2, BiQ3, BiQ11, BiQ12, and BiQ15 demonstrated
cytotoxicity in all prostate cancer cell lines.

»  Treatment with BiQs limited the ability of prostate cancer cells to form colonies in
clonogenic assays.

»  Exposure of prostate cancer to BiQs increased cellular reactive oxygen species (ROS),
decreased ATP production, and promoted apoptosis.

»  BIQ cytotoxicity was independent of NADP(H):quinone oxidoreductase 1 (VQOI)
activity in PrECs, PC-3 and 22RV1, but not DU-145 cells.
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Exposure of prostate cancer cells to radiation before treatment with BiQs increased their
activity allowing for inhibitory effects well below the 1C5ps of these compounds in
PrEcCs.

Co-administration of BiQs with docetaxel had minimal additive effects.

CONCLUSIONS—

Keywords

Dimeric naphthoquinones represent a new class of compounds with prostate cancer
cytotoxicity and synergistic effects with radiation. The cytotoxic effect of these agents is
probably contributed to by the accumulation of ROS and mitochondrial dysfunction.

Further studies are warranted to better characterize this class of potential
chemotherapeutics.

dimeric naphthoquinones; oxidative stress; cytotoxicity; prostate cancer; radiation synergy

INTRODUCTION

Over the last two decades there have been major advances in both the detection of prostate
cancer and in the treatment of localized disease, resulting in a roughly 30% decrease in
prostate cancer mortality since its peak in 1991 [1]. Despite this significant progress,
prostate cancer remains the second leading cause of cancer-related death among men,
highlighting the need for new therapies, particularly those directed against aggressive and
advanced disease [2].

Multimeric naphthoquinones represent unique molecules which have a diverse array of
biological activities, including antineoplastic, antiprotozoal and antiviral effects [3].
Previously, Stagliano et al. [4] reported the regiocontrolled synthesis of a series of novel
symmetrical and asymmetrical dimeric naphthoquinones (BiQs) with initial efforts being
focused on the development of HIV-1 integrase inhibitors that would mimic the activity of
conocurvone, a naturally occurring multimeric naphthoquinone [5]. While the resultant
compounds inhibited HIV-1 mediated cytopathogenicity, they also showed cytotoxicity in
CEM-T4 lymphoblastic leukaemia cells at different LM concentrations, suggesting possible
antineoplastic activity. In addition, other dimeric naphthoquinone-based compounds were
previously shown to possess growth inhibition and toxicity in squamous, melanoma, lung
and breast cancer cell lines [6,7]. To elucidate the mechanism of BiQ cytotoxicity, we
recently conducted a chemical genetic screen of a series of these compounds in yeast and
found that, in these organisms, BiQ cytotoxicity is probably mediated by the ability of these
compounds to undergo reduction-oxidation cycling, produce free radicals and cause
mitochondrial dysfunction [8].

In the present study, we perform an initial analysis of the cytotoxicity of BiQs in prostate
cancer cell lines. We show that treatment with BiQs impairs survival and colony formation
in both androgen-independent and androgen-responsive cells, with LDsgqg in the uM range.
We furthermore show that exposure of prostate cancer cells to BiQs results in the
accumulation of reactive oxygen species, inhibition of ATP generation, and promotion of
cell death by apoptosis. Finally, we explore the effects of BiQs administered in combination
with ionizing radiation or docetaxel and report a synergistic sensitizing effect of ionizing
radiation on BiQ activity.
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MATERIALS AND METHODS

Dimeric naphthoquinones were synthesized and characterized as previously described [4,9—
11]. Docetaxel and dicoumarol (Dic) (3,3"-methylene-bis(4-hydroycoumarin) were
purchased from Sigma-Aldrich (Poole, UK) and dissolved in dimethyl sulphoxide (DMSO)
or water alkalized with 0.1 N sodium hydroxide respectively.

Prostate cancer cell lines, PC-3, DU-145, LNCaP, 22RV1 (American Type Culture
Collection, Manassas, VA, USA) were grown in a humidified incubator at 37 °C and 5%
CO5 in RPMI media 1640 (Life Technology, Rockville, MD, USA) containing 10% foetal
bovine serum and antibiotics. Prostate epithelial cells (PrECs) were purchased from Lonza
and maintained in PrEGM medium (Lonza, Slough, UK) according to the manufacturer’s
specifications.

Cell survival was assessed by MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium-bromide, Sigma-Aldrich) assays and trypan blue exclusion (Invitrogen,
Carlsbad, CA, USA) [12]. For MTT assays, an equal number of cells were plated and
allowed to attach overnight. Cells were then treated with vehicle (DMSO) or individual
BiQs at the specified concentrations, with or without 40 LM Dic, in complete media for 4 h.
Where indicated, cells were treated with the specified concentrations of either docetaxel or
DMSO for 5 days before treatment with BiQs. After treatment, cells were incubated with 0.5
mg/mL MTT in media for 1 h, then the media was removed and DMSO was added as a
solvent. Absorbance was assayed at 570 nm (signal) and 690 nm (background). Cell
viability at 15 M for all BiQs and at 10 wM for BiQ2 and BiQ11, with and without Dic, in
three or more replicates after 4 h of treatment, was assessed by counting cells using a
haemocytometer after staining with trypan blue (Invitrogen).

Clonogenic survival assays were performed using standard methods [13]. Equal numbers
(10 000 per condition) of subconfluent prostate cancer cells were exposed to DMSO, BiQ2
or BiQ11 in the presence or absence of 40 wM Dic for 4 h. After incubation with drugs, cells
were washed, trypsinized and plated at a limiting dilution so as to yield ~50-200 colonies
per plate in DMSO-treated cells after 14 days. Scoring was performed after fixation in 50%
methanol and staining with crystal violet. All experiments were performed at least in
triplicate. Where indicated, cells were first exposed to ionizing radiation from a 13’Cesium
source delivering a measured dose of 0.51 Gy/min and then treated with BiQs as above after
a 4-h incubation period.

ATP production was measured using the CellTiter-Glo Luminescent assay, which directly
measures ATP content (Promega, Madison, WI, USA), and adjusted for viable cell number.
Cells were plated at 10 000 cells per well of a 96-well plate and treated in replicates of six
with either DMSO or 10 uM of BiQ2 or BiQ11 for 4 h. For each condition, cell viability
was measured in triplicate experiments by trypan blue staining and additional triplicate
samples were used for the CellTiter-Glo assay, as per the manufacturer’s specifications, and
performed on a Spectramax M2 instrument (Molecular Devices, Wokingham, UK). The
resultant luminescence was normalized to the average number of viable, trypan blue-
excluding cells per treatment condition.

Flow cytometric analysis of production of reactive oxygen species (ROS) and apoptosis was
performed using a FACScan instrument and CellQuest Pro software (Becton Dickinson,
Oxford, UK). To measure ROS generation, prostate cancer cells were preloaded with 5M
of 5-(and-6)-carboxy-2",7’-dichlorodihydrofluorescein diacetate (DCFDA; Molecular
Probes, Invitrogen) for 30 min. Cells were then treated with DMSO or 10 .M of BiQ2 or
BiQ11 for 2 h, collected and analysed using an excitation wavelength of 488 nm produced
by an argon laser and measuring emission at 530 nm. Apoptosis was measured after 4-h
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treatment with 10pM of BiQ2 or DMSO using the FITC AnnexinV/ Dead Cell apoptosis Kit
for Flow Cytometry (Molecular Probes, Invitrogen) with apoptotic cells being considered
Pl-negative and Annexin V-positive.

Data are presented as mean + SD unless otherwise specified. Pairwise comparisons were
performed using two-sided #tests. Comparisons between groups were made using ANOVA
analysis. Statistical calculations were performed using GraphPad Prism version 5.00 for
Windows, (GraphPad Software, San Diego, CA, USA, http://www.graphpad.com). £< 0.05
was considered significant. Synergistic effects were determined by using the formula Ac/Ae
+ Bc/ Be = C where Ac and Bc are the concentration of drug or dose of radiation used in
combination, Ae and Be are the concentration of drug or dose of radiation required to
achieve the same effect if used alone, and C is the combination index. If C is <1 the
treatments were considered to act synergistically, and if C =1 the treatments were considered
to act in an additive or antagonistic manner [14].

DIMERIC NAPHTHOQUINONES CAUSE CYTOTOXICITY AND IMPAIR THE CLONOGENIC
SURVIVAL OF PROSTATE CANCER CELLS

To determine whether treatment with BiQs affected the viability of prostate cancer cells, we
first screened 12 structurally different representatives of this class in androgen-independent
(PC-3, DU-145) and androgen-responsive (LNCaP, 22RV1) cell lines as well as in PrECs
using the MTT assay (Fig. 1). At concentrations of 15 uM, BiQ2, BiQ3, BiQ11, BiQ12 and
BiQ15 all significantly impaired conversion of MTT to formazan in all prostate cancer cell
lines, suggesting cell death (Fig. 1). Trypan blue exclusion assays for cell viability
confirmed cell death, showing 33-62% cell survival compared with the vehicle (DMSO)-
treated cells after 4 h of exposure to these BiQs. Significant cytotoxicity was also seen in
prostate cancer cell lines as early as 2 h after treatment, however, consistent results were
best obtained after a treatment time of 4 h (data not shown). In addition to having inhibitory
effects in prostate cancer cell lines, multiple BiQs also showed some degree of cytotoxicity
in PrECs (Fig. 1). BiQ2 and BiQ11 were selected for further analysis based on their
disparate chemical structures, effective killing and their preferential cytotoxicity when
compared with PrECs in at least one prostate cancer cell line (Fig. 1B).

The effect of BiQ2 and BiQ11 on prostate cancer cells was dose-dependent with ICggs in the
2.5-25 uM range, depending on cell line and BiQ used (Fig. 2A). BiQ2 was particularly
potent in androgen-independent cell lines with I1Cggs of 2.5 and 6uM in DU-145 and PC-3
compared with 20uM in PrECs. We next sought to determine whether BiQ treatment would
impede clonogenic survival by using colony formation assays after drug exposure. Both
BiQ2 and BiQ11 significantly reduced the ability of all prostate cancer cell lines to form
colonies after treatment (Fig. 2B).

TREATMENT WITH BIQS RESULTS IN INCREASED CELLULAR PRODUCTION OF ROS,
DECREASED CELLULAR ATP FORMATION AND INCREASED APOPTOTIC CELL DEATH

Our previous studies of genetic modulators to BiQ cytotoxicity in yeast suggested that one
mechanism by which these drugs affect cell survival may be through causing mitochondrial
dysfunction and free radical generation [8]. We hypothesized that this mechanism of BiQ
action would be paralleled in prostate cancer. Indeed, after BiQ treatment, ATP production
was decreased among remaining viable cells, suggesting mitochondrial dysfunction (Fig.
3A). To test whether ROS formation increased in prostate cancer cells treated with BiQ, we
pre-loaded cell lines with DCFDA, which when intracellularly oxidized becomes
fluorescent, and then exposed them to BiQs [8]. BiQ2 or BiQ11 treatment increased
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production of ROS as shown by an 18-80% absolute increase in the percentage of
fluorescent cells (P< 0.001) (Fig. 3B).

Given the rapid effect of BiQs on cell survival we assessed whether BiQs could cause
apoptosis by using a flow-cytometric-based assay for Annexin V-positive and Pl-negative
cells. After 4 h of treatment with BiQ2 or BiQ11, the fraction of apoptotic cells was
significantly increased compared with treatment with vehicle alone (Fig. 3C).

DEPENDENCE OF BIQ CYTOTOXICITY ON NQO1

Formation of ROS by BiQs and cyclic voltammetry experiments suggested that these
compounds can participate in futile redox cycling, in which they undergo reduction to
hydronaphthoquinones and subsequent oxidation, thus generating ROS [11]. In addition, via
a genetic screen for BiQ resistance we found that the toxicity of BiQs in yeast was
dependent upon the yeast external NADH dehydrogenase, NDEZ, which probably
bioactivates these compounds [8]. Given these findings we tested whether BiQ toxicity
would similarly be dependent upon NAD(P)H : quinone reductase (VQOI), a mammalian
functional homologue of A/DEZ which has been shown to activate quinine-containing
compounds in prostate cancer cells [15-18]. Co-treatment of prostate cancer cells with the
NQOLI inhibitor Dic abrogated the effects of both BiQ2 and BiQ11 in the DU-145 cell line
but did not affect their inhibition of cell survival or colony formation in PC-3, 22RV1 or
LNCaP cells (Fig. 2). Furthermore, Dic had no effect on BiQ cytotoxicity in PrECs (Fig.
2A). In contrast, consistent with previously published data, exposure of prostate cancer cells
to beta-lapachone (which contains an orthonaphthoquinone) resulted in NQOI-dependent
decreases in prostate cancer survival and colony formation in PC-3, DU-145 and 22RV1 cell
lines but not in LNCaP, which possesses low expression and activity of NQOZ [18] (data not
shown).

SYNERGISTIC EFFECTS OF RADIATION AND BIQ TREATMENT IN PROSTATE CANCER

CELL LINES

Although the BiQs caused prostate cancer cell death and impeded colony formation, their
toxicity in PrECs possibly narrows their therapeutic index. One mechanism by which this
therapeutic index might be increased, however, would be through synergy with other drugs
or treatments. To this end, we next explored whether treatment with radiation or docetaxel
could sensitize prostate cancer cells to BiQs. Prostate cancer cell lines were exposed to
ionizing radiation at 2 or 4 Gy and then subsequently treated with BiQs at doses at or below
their LDsgq (Fig. 4A). Radiation treatment at either dose acted synergistically with BiQ
treatment to impair the clonogenic survival of prostate cancer cells (Fig. 4A). As with their
use as single agents, BiQ2 and BiQ11 toxicity, and their augmentation by radiation, was
dependent on NQOZ activity only in DU-145 cells. In contrast to their synergistic effects
with ionizing radiation, co-treatment of prostate cancer cells with docetaxel and BiQs had
only minimal additive effects on cell survival (Fig. 4B).

DISCUSSION

Treatment of four prostate cancer cells lines with 12 different BiQs revealed that the class,
in general, possesses cytotoxic effects, with BiQ2, BiQ3, BiQ11, BiQ12, and BiQ15
showing significant activity in both androgen-independent and androgen-dependent cell
lines. Many of the BiQs, however, also possessed inhibitory activity in cells derived from
normal prostate epithelium. Why particular BiQs exhibit enhanced cytotoxicity in certain
prostate cancer cell lines compared with cells from normal prostate, and why BiQ8 exhibited
increased cytotoxicity in androgen-independent cells, is not obvious from comparing the
chemical structures of these molecules. However, some correlations of BiQ structure and
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activity can be made. For example, pyranylated iodo biquinones (BiQ12, BiQ13, BiQ14 and
BiQ15) are slightly less active than pyranylated chloro biquinones (BiQ10, BiQ11). In
addition, the introduction of an aryl ring in lieu of a halogen in BiQ18 did not change the
activity significantly. BiQ2 contains a bromo group which could enhance its cytotoxicity.
BiQ8 is a completely symmetrical dichloro BiQ, which may be more permissive for
nucleophilic reaction on the quinone core and this could have contributed to its increased
activity in PC-3 and DU-145 cells. Even taking these features into account, the cytotoxicity
of individual BiQs most probably represents a multi-factorial interplay between innate
chemical properties of the BiQ and the metabolic pathways that are active in the different
cell lines.

The mechanism of BiQ cytotoxicity in mammalian cells has not been described but may be
related in part to the presence of quinone moieties. Quinones are present in multiple anti-
neoplastic drugs, including doxorubicin and mitomycin C, and quinone cytotoxicity has
been ascribed to a myriad of cellular effects including DNA and protein modification,
topoisomerase inhibition, caspase activation and generation of oxidative stress [3,19-21].
We recently carried out a high throughput chemical genetic screen of BiQ cytotoxicity using
a yeast isogenic deletion mutant array and found enhanced sensitivity of yeast mitochondrial
mutants to these drugs. We also showed the ability of these drugs to depolarize the
mitochondrial membrane and produce intracellular oxidative stress [8]. These effects appear
to be recapitulated in prostate cancer cell lines, as exposure to BiQs resulted in decreased
levels of cellular ATP and increased levels of ROS.

Our studies imply that BiQs undergo futile redox cycles to produce cytotoxic levels of ROS.
Similar mechanisms have been described for beta-lapachone which requires the NAD(P)H :
quinone reductase NQOI for its bioactivation [15,18]. Interestingly, we only observed
dependency of BiQ cytotoxic effects on NQO1 in the DU-145 cell line and not in PC-3 cells,
although both cell lines have high levels of NQO1 expression and activity [18]. In addition,
the synergistic effects of radiation on BiQ cytotoxicity were also only dependent on NQOZ
in DU-145 cells, despite increases in the expression and activity of this enzyme with
ionizing radiation (suggesting that A/QOZ1 does not serve as an alternative pathway for BiQ
activation) [22]. This implies that, in contrast to beta-lapachone, BiQs are activated by other
cellular reductases in PC-3 and 22RV1 cell lines.

We found that ionizing radiation had a strong synergistic effect on BiQ cytotoxicity, such
that doses with limited cytotoxicity in both normal and neoplastic prostate epithelial cells
lines could substantially impair prostate cancer clonogenic survival. The mechanism by
which this synergy occurs will be the subject of a subsequent study, but is probably
mediated both by an increase in DNA damage and an inhibition of its repair. As with
treatment with BiQs, ionizing radiation can cause mitochondrial dysfunction and the
generation of ROS which can increase DNA damage [23-25]. Furthermore, treatment with
BiQs may inhibit the repair of potentially lethal DNA damage caused by radiation, as such
mechanisms have been shown to occur with other naphthoquinone-containing compounds
such as beta-lapachone [22,26]. In addition to these mechanisms, exposure to radiation
might act to activate BiQs by potentiating their redox cycling, both by facilitating the
formation of semiquinones and through the activation of cellular reductases [22,27,28].
Finally, radiation might facilitate the autodimerization of BiQs to potentially more toxic
tetrameric molecules [29]. Interestingly, the synergistic effects of radiation and BiQs were
present in all prostate cancer cell lines tested, including those with (22RV1, LNCaP) and
without (PC-3,DU-145) functional p53 activity [30,31], suggesting that BiQs may promote
p53-independent apoptosis in prostate cancer. Indeed such mechanisms have been reported
with beta-lapachone [32].
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While their cytotoxic effects in prostate cancer cell lines, and particularly in androgen-
independent cell lines, is encouraging, this study also highlights potential limitations to the
development of these compounds as anti-neoplastic agents. First, while multiple members of
the class showed prostate cancer toxicity, many BiQs also had effects in non-neoplastic
prostate cells. Although the effects on PrECs might not be truly reflective of normal tissue
response /n vivo, this and the striking effects of BiQs given in combination with radiation
suggest that the utility of these compounds might be primarily realized when used as one of
several treatment methods. Another concern is that the LD5gs of these compounds are in the
KM range, which might be difficult to obtain /n vivo. While this issue remains to be
addressed, recent advances in the use of nanomaterials such as micelles and gold
nanoparticles have allowed for potentially clinically viable formulations of naphthoquinone-
containing compounds with efficacy shown in /n vivo animal models of solid tumours
[33,34]. Furthermore, given the apparent rapid onset of action of BiQs, their synergy with
radiation therapy (which is by its nature localizing), and the accessibility of the prostate, one
could also envision increasing the local drug concentration by direct injection of these
compounds into the prostate, for instance in the setting of brachytherapy [15].

In summary, we present an initial evaluation of the effects of dimeric naphthogquinones in
prostate cancer cells and find that multiple members of this class can decrease prostate
cancer cell survival and clonogenicity /n vitro. Cell death was found to occur rapidly and
accordingly, BiQs were shown to be able to promote apoptosis. Exposure to ionizing
radiation resulted in synergistic activity of BiQs, potentially increasing their therapeutic
index. These drugs are able to increase the amount of intracellular reactive oxygen species
generation and decrease cellular ATP production, possibly contributing to their cytotoxic
activity and their synergistic effects with ionizing radiation. This is the first characterization
of dimeric naphthoquinones in prostate cancer cells, and further studies are warranted to
continue to explore the mechanism of action of these drugs, their synergy with radiation, and
to characterize this class of potential chemo-therapeutics in in vivo models.
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Abbreviations

PrECs prostate epithelial cells

Dic dicoumarol

DM SO dimethyl sulphoxide

ROS reactive oxygen species

DCFDA 5-(and-6)-carboxy-2",7’-dichlorodihydrofluorescein diacetate
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What’'s known on the subject? and What does the study add?

Sexual function is often impaired after radical prostatectomy (RP) resulting in reduced
sexual activity and sexual bother. The main focus in the literature concerning sexual
adverse effects has been on erectile dysfunction and impairment of sexual function rather
than the actual sexual bother it causes, although the sexual bother is most important to the
individual patient’s quality of life. The relation between these measures, and in particular
pre-operative prediction of post-operative sexual bother, has only been studied limitedly
and with varying results. Some studies have found good mental health, low levels of pre-
operative sexual bother, and higher education to be associated with absence of post-
operative sexual bother, but another study could not identify any pre-operative predictors
of a post-operative sexual bother. Severe sexual bother after RP were reported by 64% to
95% of the patients three years after operation, and the prevalence was associated with
the level of pre-treatment sexual bother and pre-operative nerve-preservation. On the
other hand, others have reported that only 43% of men have sexual bother 2 years after
RP. However, none of these studies stratified patients according to their pre-operative
sexual activity and most of them were American. It has been shown that American
findings concerning sexual bother may not always be valid for non-American patients
due to differing sex role expectations thus warranting the need for more non-American
studies.

This study has shown that two thirds of patients experienced sexual bother one year after
RP. We have identified patients with increased risk of experiencing overall sexual bother
post-operatively: those who report pre-operative sexual bother, those who are sexually
active before RP, and those who display neurotic personality-traits. Another important
finding was that the proportion of patients who experienced bother relevant to having
impaired post-operative SF was significantly higher among pre-operatively sexually
active patients than those who had been inactive. This study adds knowledge that
patients’ pre-operative sexual activity, sexual bother and personality should be taken into
account to be able to give individualized information about the risk of getting sexual
bother after RP.

BJU Int. Author manuscript; available in PMC 2013 July 03.




1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Ross et al.

Page 11

A o«li PrEC e
T Oede0="=%

N B

DMSO BiQ2 BiQ3 BiQ4 BiQ7 BiQ8 BiQ10 BiQ1l BiQ12 BiQ13 BiQ14 BiQ15 BiQ18

PC3
==

it = N=lalel=
I BT ™"

DMSO BiQ2 Bi03 Bi04 BIQ7 Bi0s BIO10 BiQT Bi012 BiQI3 BiQ14 BIQIS BIIS

OH (BiQ2)
1; Y = OH (8i03)

DbU145 2 Rs=0H; X=Y =Cl (BiQ7)

L= == I;‘ =1 = =1 Ry =Ry =Ry =Ry =Ry =H; X=Y=Cl (Bia8)

£ L * N X=Cl, Y =OH (8iQ10)
RuRs= Y iRi=R=Ry=H;{X=1,Y=0H (Bia14)
0,0

Ll = X=1,Y=0Me (BiQ15)

i

fap & X=Cl,Y=0H (8iQ11)
DMSO BiQ2 BIQ3 BiQ4 BiQ7 Bi08 BiQ10 BiQi BiQ12 BiQ13 BiQ14 BIQ15 BiQ18 R Rs= {\(’)L iRi=Ry=Rs=Hi4 X =1 Y=0H (BiQ12)
LNCaP : X=1,Y=0Me (BiQ13)

ot

Bl EQQEE@EEQ%Q

Ri =Ry =Ry =Ry =Rs = H; Y = OH; X = ~_)-0Me (BiQ18)

2

e
DMSO BiQ2 BiQ3 BiQ4 BiQ7 BiQS BiQI0 BiQ1l BiQ12 BiQ13 BiQ14 BiQ15 BiQI8

22RV1
q.5$55$$é§$*@$

-

Byr==1

DMSO BiQ2 BiQ3 BiQ4 BiQ7 BiQS BiQI0 BiQ11 BiQ12 BiQ13 BiQ14 BiQ15 BiQI8

FIG. 1.

Log, of the ratio of corrected absorbance of drug-treated cells to that of cells treated with
vehicle alone are plotted for each condition in all cell types (A). Horizontal lines in boxes
represent medians; vertical lines represent 1.5 times the interquartile range. * P < 0.05 for
drug compared with DMSQO; ** P < 0.05 for drug compared between androgen-independent
and androgen-responsive cell lines; #P < 0.05 for drug compared with its effects in PrECs.
(B) Chemical structures of BiQs.
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FIG. 2.

A, Results of MTT assays in PrECs and prostate cancer cell lines after exposure to vehicle
(DMSO) or 1, 5, 10, or 25 uM of BiQ2 or BiQ11 for 4 h in the presence (dotted lines,
squares) or absence (solid lines, circles) of co-treatment with 40 uM Dic. *P < 0.05
compared with mean of Dic-treated samples. B, Clonogenic survival assays following
treatment with 10 M of BiQ2 or BiQ11 in the presence or absence of 40 uM Dic. *P <
0.05 comparing drug treatment with DMSO or drug treatment with DMSO treatment in the
presence of Dic; #P < 0.05 comparing drug treatment group with the corresponding drug-
treated group in the presence of Dic.

BJU Int. Author manuscript; available in PMC 2013 July 03.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Ross et al.

BTZO

>

100
80
60
40
20

Counts

0
120

O  tosall_i
200 400 600 8001000

/e

PC3

i

100
80
60
40
20

Percent ATP Production

Counts

A "y

DU145

A
PC3 DU145  LNCaP 22RV1 00 200 400 600 g?}&ooo

120

100
80

60
J DMSO 40

B BiQ2
20
& Bian

o

N

o

*
Counts

%

120

LNCaP

00 200 400 600 8001000

100
80
60
40

PC3 DUT45 LNCaP 22RVI 20

Percent Apoptotic Cells

V2277777777772

V7777777777770

Counts

7

A

22RV1

B i T
00 200 400 600 800 1000

Fluorescence Intensity

FIG. 3.

Page 13

A, ATP production after adjustment for viable cell number after treatment of prostate cancer

cell lines with vehicle or 10 M of BiQ2 or BiQ11 for 4 h. *P < 0.05 compared with
DMSO-treated samples. B, Flow cytometric analysis to detect the accumulation of

fluorescent, oxidized DCFDA (right shifted) after treatment with DMSO or 10nM BiQ2 or
BiQ11 for 2 h. C, Percent of cells undergoing apoptosis (Annexin V-positive, Pl-negative)
comparing treatment with DMSO with that with 10uM BiQ2 or BiQ11 for 4 h. *P < 0.05

compared with DMSQO treated samples.
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A, Clonogenic survival assays performed after treatment with BiQ2 (at 5 uM in all cell lines

but DU-145 which was treated at 2.5 wM) or BiQ11 (at 5 uM for all cell lines) in the

presence or absence of 40 wM Dic after exposure to 0, 2 or 4 Gy of ionizing radiation. *P <
0.05 comparing drug treatment with DMSO or drug treatment with DMSO treatment in the
presence of Dic at each level of radiation. **P < 0.05 comparing the drug treatment group

with the corresponding drug-treated group in the presence of Dic. B, MTT assays after

exposure to vehicle (DMSO) or 0.25, 0.5, 1.25, or 2.5 nM of docetaxel in the absence (solid
lines, circles) or presence of BiQ2 (at 5 uM for all cell lines but DU-145 which was treated
at 2.5 pM, (red lines, squares) or BiQ11 (all cell lines treated at 5 wM (blue lines, triangles).
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