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Abstract We have developed a high-throughput screen

(HTS) to search for novel molecules that can synergize

with TRAIL, thus promoting apoptosis of ACHN renal

tumor cells in a combinatorial fashion. The HTS detects

synthetic compounds and pure natural products that can

pre-sensitize the cancer cells to TRAIL-mediated apop-

tosis, yet have limited toxicity on their own. We have

taken into account the individual effects of the single

agents, versus the combination, and have identified hits

that are synergistic, synergistic-toxic, or additive when

combined with TRAIL in promoting tumor cell death.

Preliminary mechanistic studies indicate that a subset of

the synergistic TRAIL sensitizers act very rapidly to

promote cleavage and activation of caspase-8 following

TRAIL binding. Caspase-8 is an apical enzyme that

initiates programmed cell death via the extrinsic apop-

totic pathway. Thus, these TRAIL sensitizers may

potentially reduce resistance of tumor cells to TRAIL-

mediated apoptosis. Two representative sensitizers were

found to increase levels of p53 but did not inhibit the

proteasome, suggesting that early DNA damage-sensing

pathways may be involved in their mechanisms of

action.
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Abbreviations

TRAIL Tumor necrosis factor-a-related

apoptosis-inducing ligand

HTS High-throughput screen

TNFa Tumor necrosis factor-alpha

TR1/TR2/TR3/TR4 TRAIL death receptors-1/-2/-3/-4

XTT 2,3-Bis(2-methoxy-4-nitro-5-

sulfophenyl)-5-[(phenylamino)

carbonyl]-2H-tetrazolium hydroxide

SRB Sulforhodamine B

TCA Trichloroacetic acid

DMSO Dimethylsulfoxide

FBS Fetal bovine serum

-TRAIL In the absence of TRAIL ligand

?TRAIL In the presence of TRAIL ligand

%GI Percent growth inhibition

MMP Mitochondrial membrane potential

N. L. Booth � C. L. Thomas � E. I. Goncharova �
J. B. McMahon � C. J. Henrich

Molecular Targets Development Program,

Center for Cancer Research, NCI-Frederick,

P.O. Box B, Building 1052, Room 121,

Frederick, MD 21702, USA

Present Address:
N. L. Booth (&)

Spherix Incorporated, 6430 Rockledge Drive #503,

Bethesda, MD 20817, USA

e-mail: nancylynnbooth@gmail.com

T. J. Sayers � A. D. Brooks � K. Jacobsen

Laboratory for Experimental Immunology and Cancer

Inflammation Program, Center for Cancer Research,

NCI-Frederick, P.O. Box B, Building 560, Room 31-30,

Frederick, MD 21702, USA

T. J. Sayers � A. D. Brooks � C. J. Henrich

SAIC-Frederick, Inc., Frederick, MD 21702, USA

E. I. Goncharova

Data Management Services, Inc., P.O. Box 333,

Frederick, MD 21705, USA

123

Cancer Immunol Immunother (2009) 58:1229–1244

DOI 10.1007/s00262-008-0637-8



Introduction

One strategy in developing new cancer therapeutics having

better toxicity profiles compared with current cytotoxic

drugs is to utilize molecularly-targeted therapies that

selectively target cancer cells versus normal cells and can

be used in minimal doses to reduce side effects [11, 32].

Death receptor ligands held initial promise in answering

this need because they trigger programmed cell death in

their target cancer cells. Unfortunately, Fas ligand (FasL)

and tumor necrosis factor-alpha (TNFa), two of the best-

studied death ligands, have proven to be too toxic for

systemic use as anticancer agents in their native forms.

However, the discovery of another death receptor ligand,

tumor necrosis factor-a-related apoptosis-inducing ligand

(TRAIL; Apo2L) [47, 71] and its receptors [7, 8, 29, 31,

44, 45, 58, 68], has renewed interest in this area of cancer

research. Active TRAIL receptors, TR1 (DR4) and TR2

(DR5) [13], are often more highly expressed on cancer

cells versus normal cells [29, 44]. Inactive TRAIL ‘‘decoy’’

receptors TR3 (DcR1) and TR4 (DcR2) are sometimes

more prevalent on the surface of normal cells [7, 44, 58].

This complex and inversely related expression pattern for

TRAIL receptors may be partly responsible for the selec-

tivity of TRAIL ligand for tumor cells over normal cells,

and its ability to preferentially cause apoptotic cell death in

cancer cells [18, 43, 62] that may contribute to a more

favorable safety profile.

TRAIL ligand exists in two forms: as a type II membrane

protein expressed on the surface of certain lymphoid cells,

and as a cleaved, soluble protein that is detectable in serum

[5, 6]. The biological roles of TRAIL ligand in vivo have

not been fully elucidated. However, recombinant soluble

TRAIL causes apoptosis in sensitive tumor cells [47, 71],

but not normal cells. Therefore, various TRAIL ligand

formulations have been investigated for their therapeutic

efficacy as well as possible toxicity in mice, cynomolgus

monkeys and humans [1, 23, 69]. In response to the poor

serum stability of recombinant TRAIL in vivo [23, 69], and

in an attempt to create more targeted therapeutics with

fewer side effects, humanized agonistic monoclonal TRAIL

antibodies were developed that have either TR1 (HGS-

ETR1, mapatumumab) or TR2 (HGS-ETR2, HGS-TR2 J,

lexatumumab) specificity [15, 30, 49, 67, 73]. Phases I and

II clinical trials were carried out using these antibodies as

single agents in patients having solid tumors such as

colorectal cancer, non-small cell lung cancer, and non-

Hodgkin’s lymphomas [3, 10, 21, 30, 48, 64, 67]. In general,

agonistic monoclonal antibodies to TR1 and TR2 have half-

lives of days in vivo, good tolerability, low toxicity and are

efficacious in promoting stable disease in about a third of

certain patient groups, raising hopes that TRAIL-targeted

therapies may have broad clinical applicability for cancer.

Although TRAIL has been reported to successfully

target certain tumor cells which are resistant to traditional

chemotherapies or radiation, TRAIL resistance has also

been widely documented [4, 42, 65, 75]. Indeed, many

cancer cells are quite resistant to TRAIL as a single agent

[2]. It is now recognized that combination chemothera-

peutic (or irradiative/chemotherapeutic) regimens may

provide cancer patients with a more efficacious and longer-

lasting treatment option [3, 10, 21] versus traditional

cytotoxic mono-chemotherapy. Thus, many tumor cells

may require prior sensitization with other agents in order

for TRAIL to have direct anticancer effects.

This synergistic, combinatorial approach toward treating

cancer with a compound in the presence of TRAIL has

been successful in animal models in vivo, and clinical trials

in humans are underway [3, 10, 21]. It has been difficult to

choose which agents are best for sensitizing tumor cells to

TRAIL, as most sensitizers actually only cause additive

effects in conjunction with TRAIL, while less often true

synergistic TRAIL-sensitizing effects are observed for

compounds. Many of the sensitizing agents described

to-date have also been identified based on in vitro assays.

Often, very high concentrations of compounds are required

for TRAIL sensitization in vitro (i.e., sodium butyrate [40],

resveratrol [16], cisplatin [33], bisindolylmaleimide III

[34], 5-fluorouracil [25]), and it is unlikely that such high

concentrations could ever be attained in vivo. Sensitizers

may target TRAIL pathway molecules that may or may not

be present in or relevant across multiple tumor or tissue

types. Development of assays that can distinguish between

synergistic and additive effects of various compounds in

the presence of TRAIL would help researchers prioritize

compounds for the study of TRAIL-based combination

chemotherapies. In addition, this may help identify com-

pounds that could sensitize tumor cells to TRAIL at

concentrations that might realistically be achievable in

vivo.

The screen for TRAIL sensitizers was carried out in

ACHN renal tumor cells and evaluated 16,480 pure

synthetic and natural product compounds from both com-

mercial sources and the National Cancer Institute’s

Developmental Therapeutics Program libraries. Natural

product libraries were included in order to enhance the

potential chemical diversity pool from which we might

derive novel TRAIL sensitizers. Compounds were initially

tested for their ability to reduce cell numbers at one con-

centration in the presence of a fixed concentration of

TRAIL ligand. Confirmed hit compounds were then tested

for their dose-dependent ability to reduce cell numbers

across a concentration range in the presence of a fixed

concentration of TRAIL ligand. In the dose–response for-

mat, individual effects of both compound and TRAIL were

measured in comparison with the effect of combining the
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two treatments. Out of 16,480 compounds initially tested,

18 synergistic compounds were confirmed, 14 pure natural

products and four synthetic compounds. A related, but

somewhat different, study by Schimmer et al. [56] pri-

marily identified synthetic FasL sensitizers in PPC prostate

cancer cells. Eight of the synthetic compounds reported

were found to also sensitize cells to TRAIL in a secondary

assay; however, no natural product TRAIL-sensitizers were

reported. Our study instead focuses on detection of syner-

gistic TRAIL-sensitizers as the primary screen, utilizes a

renal cancer cell line, and includes libraries containing both

natural products and synthetic compounds, which signifi-

cantly increased the structural complexity and chemical

diversity of the resultant hits versus those identified in the

Schimmer study. Under our conditions, TRAIL-sensitizers

may exhibit some cytotoxic effects when administered

alone, but at a higher concentration than was required to

potentiate the effect(s) of TRAIL. This category of TRAIL-

sensitizers is referred to here as synergistic-toxic. Additive-

type compounds did not potentiate the effect(s) of TRAIL,

and the cytotoxic effect of combining an additive-type

compound plus TRAIL was the sum of the effects of the

two individual agents.

This report details the development and validation of the

HTS, categorization of TRAIL sensitizer hits according to

their dose–response curves ±TRAIL, evidence that a sub-

set of synergistic TRAIL sensitizers rapidly potentiates the

activation of the extrinsic apoptosis pathway, plus pre-

liminary insights into possible mechanisms of action for

two representative synergistic TRAIL-sensitizers.

Materials and methods

Chemicals and reagents

Bortezomib was purchased from the National Institutes of

Health Pharmacy. Sanguinarine hydrochloride was from

Sigma-Aldrich. Pure compound libraries for screening

were obtained from: Biomol International, L. P. (Plymouth

Meeting, PA), Developmental Therapeutics Program (DTP,

NCI-Frederick, Frederick, MD), Sigma-Aldrich Corp. (St.

Louis, MO), and the Molecular Targets Development

Program-Natural Products (MTDP-NP internal resource,

NCI-Frederick, Frederick, MD). Pure natural products were

obtained from the Drug Synthesis and Chemistry Branch,

DTP, NCI-Frederick, (Frederick, MD). Calcium ionophore

A23187, trichostatin A, actinomycin D, niclosamide,

L-703,606 oxalate, and SU9516 were re-acquired from

Sigma-Aldrich for follow-up assays to confirm activity.

Similarly, doxorubicin was purchased from Fluka (Sigma-

Aldrich); 5-iodotubercidin and MG-132 were from

Calbiochem Biochemicals (EMD Chemicals, Inc., Gibbs-

town, NJ); and cucurbitacin D was from Chromadex, Inc.

(Irvine, CA). Remaining test compounds were re-acquired

from either internal MTDP resources or the NCI Natural

Products Repository (NSC #s are listed in figures).

Recombinant TRAIL ligand (168 amino acid TNF-

homologous extracellular domain) was purchased from

Peprotech, Inc. (Rocky Hill, NJ). 2,3-Bis(2-methoxy-4-

nitro-5-sulfophenyl)-5-[(phenylamino)carbonyl]-2H-tet-

razolium hydroxide (XTT; NSC 601519) was provided by

the Drug Synthesis and Chemistry Branch, DTP/NCI

(Frederick, MD). JC-1 was obtained from Sigma, dissolved

at 10 mg/mL in DMSO, and stored in aliquots light pro-

tected at -20�C.

Antibodies

For Western blots, the following primary antibodies were

used: Anti-Cleaved Caspase-8 (Asp391) (18C8) Rabbit

mAb #9496 from Cell Signaling Technologies, Inc.

(Danvers, MA); Anti-Beta-actin Mouse mAb A2228 (clone

AC-74) from Sigma-Aldrich (St. Louis, MO); Anti-p53

Mouse mAb (DO-1) sc-126 from Santa Cruz Biotechnol-

ogy, Inc. (Santa Cruz, CA).

Cell culture conditions for the HTS, SRB and Western

blot assays

Mycoplasma-free ACHN renal adenocarcinoma cells

(National Cancer Institute, Frederick, MD) were utilized

for the primary screen, dose–response testing of confirmed

hits, as well as western blotting and caspase-8 activation

experiments. ACHN is an adherent cell line and was cul-

tured in the following maintenance media: red RPMI-1640

medium (Cellgro; Manassas, VA), supplemented with 10%

(v/v) Hyclone defined FBS (Hyclone; Logan, UT; non

heat-inactivated Defined FBS, lot #ARC26079), 2 mM

L-alanyl-L-glutamine (Cellgro) or GlutaMAXTM-I (Invit-

rogen; Carlsbad, CA; 1% v/v), 10 mM HEPES buffer

(Sigma; 1%, v/v), 1X MEM non-essential amino acids

(Sigma; 1% v/v), 1 mM sodium pyruvate (Sigma; 1% v/v),

55 lM b-mercaptoethanol (Gibco Invitrogen 21985-023;

0.1% v/v), and cholesterol solution (Sigma-Aldrich S5442;

0.04% v/v), without antibiotics. For screening and other

test assays, clear RPMI-1640 medium without phenol red

was substituted (Cellgro) and 100 U penicillin/100 lg/mL

streptomycin was added (Sigma; 1% v/v). Cells were

incubated in 5% CO2/saturated humidity at 37�C. ACHN

cells were found to have a cholesterol requirement for

uniform growth in 384-well microtiter plates and were also

sensitive to cold thermal shock (data not shown). ACHN

cells were maintained at sub-confluent densities.
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High-throughput screening (HTS) assay development

See Fig. 1 for a graphical description of the time course

used for the HTS. On the day prior to an assay, passage 14

to 25 ACHN cells were fed fresh red medium in the

morning and harvested after C6 h into clear test medium.

Cells were seeded at 3,500 cells per well into clear 384-

well tissue culture treated plates (BD Biosciences; San

Jose, CA) in 40 lL total volume of clear test medium using

a sterilized lFill dispenser (BioTek Instruments, Inc.;

Winooski, VT). Parallel sets of plates (two per library

plate, designated ‘‘-TRAIL’’ and ‘‘?TRAIL’’) were

placed in the incubator without stacking and were left to

attach to wells overnight (16–20 h).

The next day, test compounds and controls were diluted

to 109 final concentration in clear test medium and 5 lL

per well was added to each set of assay plates using a

Biomek FX-384 equipped with a multichannel pod and

Span-8 head (Beckman Coulter, Inc.; Fullerton, CA). The

following controls were included per individual assay

plate: DMSO background (blank); 40 nM bortezomib (final

concentration; positive control for ?TRAIL plate), and

5 lM sanguinarine chloride (final concentration; positive

cytotoxicity control for -TRAIL plate), containing

%DMSO matched to test sample content. Plates were

returned to the incubator for 4 h ± 30 min. After pre-

sensitization, 5 lL of clear test medium was added per well

to the entire -TRAIL plate and 5 lL of TRAIL (40 ng/mL

final concentration) in clear test medium was added per

well to the entire ?TRAIL plate. Plates were returned to

the incubator and incubated overnight (20–21 h).

On the final day, viable cell numbers were assessed

using the XTT assay [57]. Plates were allowed to develop

for 4–5 h before being read for absorbance at 450 nm on a

Wallac Victor2 1420 multilabel HTS counter plate reader

(Waltham, MA).

Calculations and statistical analysis of HTS results

Percent reduction in cell numbers was calculated for test

samples and positive controls based on either untreated

(DMSO-only; -TRAIL plate) cells or TRAIL-only treated

(?TRAIL plate) cells as negative controls. Percent reduc-

tion in cell number was calculated as follows:

Confirm XTT results (4X)

Inactive (7)

SRB dose-response 

16,480 Pure Compounds

YesNo

Differential cytotoxicity ± TRAIL?

%Growth Inhibition 
± TRAIL

Active (290)

XTT cell viability

Cytotoxicity ±
TRAIL, total 

protein endpoint 
(36 available)

Synergistic or 
Synergistic-Toxic (18)

Synergistic with TRAIL?

Additive 
cytotoxicity (11)

Inactive or 
nonspecifically 

cytotoxic

Retest 4X (255 
available)

Confirmed differential 
cytotoxicity (70)

seYoNoN

(A) TRAIL HTS

6 compounds

(B) Secondary Assays

2 compounds (Possible 
intrinsic / other pathway)

6 compounds (Possible 
extrinsic pathway) 

Activates caspase-8?

Synergistic or 
Synergistic-Toxic 
compounds (18)

seYoN
12 compounds

Caspase-8 enzyme activation +TRAIL 
(functional assay)

Perturbation of 
Mitochondria (8 

tested)
JC-1 Mitochondrial membrane 

potential perturbation (functional assay)

seYoN

Not tested (4)

Alters mitochondrial membrane potential?

Plate cells

Read plates
16-20 hr 4 hr 4 hr

Add Caspase-Glo 8 reagent

3 hr

Plate cells Add test samples

Add TRAIL or 
medium blank

Add XTT

Read 
plates

16-20 hr 4 hr 20-21 hr 4.5 hr

TRAIL HTS

Caspase-8 Activation

Add test samples

Add TRAIL or 
medium blank

(C) Time courses

Fig. 1 Work flow and time course diagrams for the TRAIL synergy HTS and selected downstream assays
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-TRAIL plate:

% Reduction in cell number (RC) = [(Avg

AbsSolvent-only cells - AbsSample)/Avg AbsSolvent-only cells] 9

100,

and

?TRAIL plate:

%RC = [(Avg AbsTRAIL-only cells - AbsSample)/Avg

AbsTRAIL-only cells] 9 100, where Avg Abs = average

absorbance and Abs = absorbance.

Two separate Z0-factor quality control parameters were

calculated, for -TRAIL and ?TRAIL plates, according to

the method of Zhang et al. [74]:

Z0-factor (-TRAIL) = 1 - [3(Std dev %RCCells (-TRAIL) ?

Std dev %RCSanguinarine chloride (-TRAIL))/|(Avg%

RCSanguinarine chloride (-TRAIL) - Avg %RCCells (-TRAIL))|]

and

Z0-factor (?TRAIL) = 1 - [3(Std dev %RCCells (?TRAIL)

? Std dev %RCBortezomib (?TRAIL))/|(Avg %RCBortezomib

(?TRAIL) - Avg %RCCells (?TRAIL))|], where Std dev =

standard deviation of the indicated %RC values and Avg

%RC = the average of all %RC values for that partic-

ular control.

Each plate was subject to two quality control cutoffs to

ensure reliability of data: (1) cell controls (either DMSO-

only or TRAIL-only) must be C1.2 absorbance at 450 nm

and (2) calculated Z0-factors for each plate must be C0.4

(maximum = 1.0).

Initial hits were retested in quadruplicate at the same

concentration used in screening to confirm their activity.

Confirmation of activity was based on the consistency of

the best three out of four test values for each set of results

(-TRAIL and ?TRAIL), to allow for random variation

across plates.

SRB protein stain dose–response activity

of hits ±TRAIL

As a second measure, in order to eliminate potential

metabolic effects (XTT measures cell metabolism via

reductase activity), SRB protein staining was used as an

alternative endpoint for the dose–response assays. To

determine probable synergistic activity of confirmed hits

with TRAIL, a dose–response assay was carried out using

the SRB protein staining protocol for cytotoxicity [60, 66],

using the same cell line and similar conditions as those

employed for the HTS (see Fig. 1). Controls were com-

bined on each assay plate and included: SRB background

absorbance (no cells), untreated (DMSO-only) cells,

TRAIL-only cells, cytoxicity positive control -TRAIL

(sanguinarine hydrochloride; one concentration), and

synergy positive control ?TRAIL (bortezomib; one con-

centration plus a dose–response range).

Briefly, compound dilutions were prepared in clear test

medium and added to cells. A similar protocol and time

course to the HTS was employed, except that TRAIL was

added to a final concentration of 20 ng/mL and the final

overnight incubation took place for 24–25 h. Cells were

fixed to the bottom of the wells by direct addition of 1:1

volume (50 lL) of ice cold 20% (w/v) trichloroacetic acid

(TCA) solution. Plates were incubated at 4�C for 30–60 min

to fix cells and then plates were aspirated and rinsed 59 with

deionized water using an Embla 96/384 plate washer

(Molecular Devices, Sunnyvale, CA), and then allowed to

dry at room temperature. Wells were stained for total protein

content using 30 lL of SRB (1 g/L in 1% acetic acid) for 1 h

at room temp. SRB was removed with a wrist flick and plates

were rinsed with 1% acetic acid until excess dye was

removed. Then plates were tapped onto paper towels and

allowed to dry at room temperature. Dye was re-solubilized

by addition of 10 mM TRIZMA base solution (30 lL) and

re-suspended on a rotary shaker for a few min before reading

the plates for absorbance at 520 nm using a Safire2 plate

reader (Tecan Group Ltd., Männedorf, Switzerland).

Calculation of SRB dose–response results

and statistical measures

After subtraction of background absorbance (SRB, no

cells) from raw data, percent reduction in cell number

values for samples were calculated in relation to solvent-

only treated cells and this time the effect of the TRAIL

reagent alone was determined:

%RC TRAIL = [(Avg AbsSolvent-only cells -AbsTRAIL-only cells)/

Avg AbsSolvent-only cells] 9 100.

Z0-factorswerecalculatedsimilarly to theHTS, except that the

controls for the (?TRAIL) portion of the assay were:

untreated cells = cells (-TRAIL) and positive con-

trol = cells with bortezomib (?TRAIL). Calculations were

normalized to untreated cells (-TRAIL) in all instances.

The average value for %RC by TRAIL reagent alone

(per plate) was used to generate a ‘‘predicted’’ curve for the

expected additive activity of test compounds ?TRAIL

using the following calculation:

Avg %RCCompound(-TRAIL) ? Avg %RCCells(?TRAIL) =

Predicted %RCCompound(?TRAIL)

Results were plotted in SigmaPlot as three %RC curves

per compound’s dose–response: (1) compound/extract

effect -TRAIL (cytotoxicity), (2) actual compound/extract

effect ?TRAIL (synergy effect), and (3) predicted effect of

compound/extract ?TRAIL (expected additive effect).
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Luciferase assay for caspase-8 enzyme activation

The Caspase-GloTM 8 Assay (Promega Corporation,

Madison, WI; G8200) was performed, according to

the manufacturer’s instructions, on selected hits from the

TRAIL HTS. (Note: Kits were used that contained the

proteasome inhibitor MG-132 to help reduce nonspecific

background signal contributed by proteasome activity

present in the cell lysates.) On the day prior to the assay,

passage 14 to 25 ACHN cells were plated at 7,000 cells/

well in 25 lL clear test medium in white luminescence

tissue culture-treated 384-well plates (Corning #3704).

Separate plates were used per time point and cells were

allowed to attach to plates at 37�C overnight (16–20 h).

The next day, compounds or DMSO solvent controls

were added at 5 lL/well. Plates were returned to the incu-

bator for 4 h. Clear test media blank or TRAIL (40 ng/mL)

was added to cells at 5 lL/well. Plates were returned to the

incubator for the appropriate period of time while any zero

hour plates were processed immediately. For processing,

plates were removed from the incubator, allowed to cool to

room temperature for 10 min, enzyme controls were added

if appropriate, and then 35 lL of the Glo lysis buffer was

added per well (1:1, v:v). Plates were shaken on an orbital

rotator for 30 s and then covered with aluminum foil and

the luminescence signal was allowed to develop at room

temperature for 2–4 h. Plates were read for luminescence

on a Wallac Victor2 1420 multilabel HTS counter. When

background signal had decayed to a stable state, that data

set was used (usually 3 h).

For the time course experiment, 10 units/well final

concentration of purified caspase-8 enzyme (Biomol

International, L. P., Plymouth Meeting, PA; SE-172) and

40 lM of the pan-caspase inhibitor Z-VAD-FMK (Biomol;

P-416) were used in various combinations as controls,

either in the presence or absence of cells. Enzyme dilution

buffer contained 10 mM HEPES, 0.1% Prionex reagent,

and was adjusted to pH 7.4. Controls were added to the

plate after the 10 min cooling period and just prior to

addition of the Glo lysis reagent. See Fig. 1 for a graphical

description of the time course used for this assay.

Assessment of changes in mitochondrial membrane

potential

The ratiometric fluorescent dye JC-1 [61] was used to

monitor relative mitochondrial membrane potential. Cells

were plated at 7,000 cells per well (25 lL/well in black

wall, clear bottom 384-well plates) in clear test medium,

allowed to attach overnight, then treated for 4, 8, or 24 h

with compounds (10 lM final concentration, or DMSO

vehicle control) or 4 h with compound followed by addi-

tion of TRAIL (40 ng/mL final) and additional incubation

for 4 h. Immediately before use, JC-1 stock (10 mg/mL)

was diluted to 0.2 mg/mL in DMSO then further diluted to

10 lg/mL in phosphate-buffered saline (PBS). JC-1 in PBS

was immediately added to assay plates containing an equal

volume of medium to give a final concentration of

5 lg/mL. After incubation for 30 min at 37�C, cells were

washed 6 times with PBS followed by addition of 50 lL

PBS per well. Fluorescence intensity was determined using

the Tecan Safire2 plate reader fluorescence plate reader

(bottom read mode); 488 nm excitation, 538 nm (green)

and 597 nm (red) emission. The fluorescence ratio was

taken as a measure of mitochondrial potential [61].

Western blots for caspase-8 proteolytic processing

and p53 expression

ACHN cells were seeded into 6-well tissue culture plates at

59.5 9 104 cells/well in clear test medium and the next day

compound was added to a final concentration of 10 lM.

Cells were sensitized for 4 h followed by addition of

TRAIL to 40 ng/mL final concentration. Cells were har-

vested in lysis buffer at short intervals after addition of the

TRAIL reagent using *165 lL per well. Lysis buffer

contained: 50 mM Tris–Cl (pH 8.0), 300 mM NaCl, 5 mM

ethylenediamine tetraacetic acid (EDTA), 0.5% Triton

X-100, 40 lM Z-VAD-FMK, plus one mini-complete

protease inhibitor tablet (Roche, Mannheim, Germany; 04

693 124 001) or 100 lL Halt Protease Inhibitor Single-Use

Cocktail (Pierce Biotechnology, Inc., Rockford, IL; 78430)

per 7 mL buffer. Lysates were clarified by centrifugation at

4�C for 15 min at 15,000 rpm and protein content nor-

malized using the bicinchonic acid (BCA) assay (Pierce

Biotechnology, Inc.).

Lysates were run under reducing conditions at 20 lg

total protein per lane, in NuPAGE 4-12% Bis–Tris gels

(1.0 mm 9 12 well; Invitrogen), using MES SDS running

buffer and added antioxidant in the upper chamber. Protein

bands were transferred to PVDF membranes using the

manufacturer’s transfer buffer containing added antioxi-

dant (Invitrogen).

PVDF membranes (0.2 lm pore size) were blocked with

0.1% milk in TBS with 0.5% Tween 20 (0.2 lm filtered),

washed briefly 29 with TBS ? 0.5% Tween 20 then

incubated with the primary antibody in TBS ? 5%

BSA ? 0.1% Tween 20 (0.2 lm filtered) overnight. The

blots were then washed 49 with TBS ? 0.5% Tween 20

for 15 min each. Goat anti-rabbit HRP (Pierce Biotech-

nology, Inc.) was added in blocking buffer at 1:500 and

incubated with the blots at room temperature for 45 min,

the blots were washed 69 with TBS ? 0.5% Tween 20 for

15 min each, developed with Pierce SuperSignal West

Femto Maximum Sensitivity Substrate, and then exposed

to Kodak BioMax MR film.
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Long-term survival of renal cancer cell lines

ACHN, A498, and UO31 renal cancer cells were main-

tained in complete red RPMI-1640 medium and plated in

clear test medium at 2.5 9 104 cells/well (ACHN, UO-31)

or 5.0 9 104 cells/well (A498) in Costar 24-well plates.

Cells were allowed to attach overnight. The next day,

compounds were added, followed by medium blank or

TRAIL (500 ng/mL final concentration; Peprotech) 3 h

later. Cells were incubated with compound ?TRAIL

overnight. The following day, plates were washed 29 with

warm serum-free/additive-free RPMI-1640 medium and

then re-fed with 2 mL/well complete growth medium.

Cells were returned to the incubator for 5 days to allow for

recovery and expansion. On day seven, plates were washed

with 2 mL warm PBS and then fixed in 100% methanol.

Plates were dried overnight and stained the following day

with Crystal Violet for 10 min, washed with water, and

allowed to dry. Surviving tumor cells could then be visu-

alized following the staining.

Proteasome inhibition assay

The Proteasome-GloTM Chymotrypsin-Like Cell-Based

Assay (G8661) from Promega was used according to the

manufacturer’s instructions. Briefly, ACHN cells were

plated at 1 9 105 cells/mL at 50 lL/well in 96-well white

luminescence and clear tissue culture plates and allowed to

attach overnight at 37�C. The following day, compounds

were added as 49 stock solutions to 1, 5, and 20 nM

(bortezomib and antibiotic M259) or 25, 50, and 100 nM

(cyanocycline A) final concentrations. Compounds were

incubated either 4 h or overnight in parallel plates for

concurrent evaluation of growth inhibition via MTS (met-

abolic activity) measurement. Plates for proteasome

inhibition evaluation were pre-cooled, Proteasome-Glo

reagent was added in 100 lL volume per well, plates were

covered and mixed at 700 rpm for 2 min, and then allowed

to develop at room temperature for 10 min prior to reading

on a luminometer. MTS plates were read for absorbance

after 1.5 h color development at 37�C. Proteasome inhi-

bition results were corrected for cell growth inhibition by

the compound treatments.

Definition of synergy

A synergistic TRAIL-sensitizer was defined as a compound

that potentiates the effect(s) of TRAIL such that the actual

combined inhibitory effect on tumor cells of the compound

plus TRAIL is at least 20% greater than the sum of their

individual measured effects in a dose–response context

using a fixed concentration of TRAIL ligand.

Results

TRAIL HTS development, reproducibility

and validation

ACHN cells are not sensitive to recombinant TRAIL ligand

at concentrations of up to 10 lg/mL (results not shown),

but they can be sensitized to 40 ng/mL of TRAIL by pre-

exposure to certain chemical sensitizers, including the

proteasome inhibitor bortezomib (Table 1). We screened

pure compounds in the presence (‘‘?TRAIL’’) and absence

(‘‘-TRAIL’’) of 40 ng/mL recombinant TRAIL ligand and

selected compounds as hits which exhibited low cytotox-

icity by themselves, but significantly reduced numbers of

tumor cells when combined with TRAIL. In the HTS,

bortezomib served as the positive control ?TRAIL.

Bortezomib (40 nM) routinely reduces cell number by

*20–40%, whereas in the presence of 40 ng/mL TRAIL,

cell numbers are reduced by *75–85%. Order of addition

experiments confirmed that sensitization to TRAIL-medi-

ated growth inhibition was maximal when cells were

pretreated with a chemical sensitizer followed by recom-

binant TRAIL ligand, rather than using simultaneous or

reverse-order addition of reagents (data not shown).

A presensitization lead time of 4 ± 0.5 h was sufficient for

compounds to sensitize cells to the effects of TRAIL

(results not shown) when cells were continuously exposed

to both agents for 20 h after adding TRAIL. Sanguinarine

hydrochloride alone at 5 lM reduces cell numbers by

75–85% and was used as the cytotoxic positive control for

the -TRAIL portion of the HTS. The ACHN cells’

response in the TRAIL HTS was somewhat variable

depending on the lot of FBS (data not shown), and there-

fore one lot of FBS was utilized throughout the entire

screen to ensure uniform response of the cells. Addition-

ally, ACHN cells were found to 1) have a cholesterol

requirement for uniform growth in 384-well plates and 2)

be sensitive to cold thermal shock (data not shown). These

limitations were overcome by supplementing red growth

and clear test media with cholesterol and handling single

plates one at a time without stacking.

Pure compounds were assayed in single wells at a final

concentration of 10 lM. Based on initial results, TRAIL

hits were defined as compounds reducing cell numbers by

B30% in the absence of TRAIL and C75% in the presence

of TRAIL, as measured by XTT absorbance value changes.

The effect of TRAIL alone at 40 ng/mL was found to be

variable, so the ?TRAIL screening plate was normalized to

TRAIL-only treated cells.

Reproducibility of the TRAIL HTS was investigated by

repeated testing of one chemical library that contained four

hit compounds (MTDP-NP). The library was tested in trip-

licate sets of plates 1 day, and then hits were individually
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‘‘cherry-picked’’ and retested in quadruplicate within one

set of plates on a separate day. Intraday, intraplate and in-

terday statistics were calculated (Table 2). Intraday,

intraplate and interday %CVs (not shown) for the ?TRAIL

portion of the assay were all\5% when percent reduction in

cell number (%RC) activity was high, indicating good

reproducibility of the assay under these conditions. Intraday

Z0-factors for the -TRAIL and ?TRAIL portions of the

HTS were 0.55–0.88 and 0.55–0.58, respectively, indicating

an excellent ability of the assay to detect both cytotoxic and

TRAIL-sensitizing compounds and extracts. We observed

that satisfactory Z0-factors (the range across the entire

screen was 0.40–0.88) usually correlated with an average

XTT absorbance value of C1.2 for the untreated cell

controls.

During the course of screening, we discovered some

pure compounds that have previously been reported to

sensitize cancer cells to TRAIL. Some of these compounds

are presented in Table 1, and their mechanisms of action

are listed.

SRB dose–response profiles of confirmed hits

Using a dose–response assay to follow up on confirmed hits

from the HTS, we were able to define four categories

of compounds: S (synergistic), S-T (synergistic-toxic), A

(additive), and I (inactive). A synergistic TRAIL-sensitizer

can be defined as a compound that potentiates the effect(s)

of TRAIL such that the combined inhibitory effect on

tumor cells of the compound plus TRAIL is significantly

greater than the sum of their individual effects. Synergistic

TRAIL-sensitizers may exhibit some cytotoxicity when

administered alone, but at a higher concentration than that

required to potentiate the effect(s) of TRAIL. This category

of TRAIL-sensitizers is referred to as synergistic-toxic. In

contrast, additive TRAIL-sensitizers do not potentiate the

effect(s) of TRAIL, and the cytotoxic effect of combining

an additive compound plus TRAIL is the sum of the two

individual effects. Figure 2 shows examples from each

category. Synergistic compounds exhibited B40% reduc-

tion of cell number at most concentrations tested -TRAIL

Table 1 Some known TRAIL sensitizers detected in the TRAIL HTS and their reported mechanisms of action

Compound Percent reduction of cell

number -TRAIL, ?TRAIL at

10 lM (average ± SD; n = 4)

Reported mechanism(s)

of action with TRAIL

References

Bortezomib (positive control) *20–40%, *75–85% Proteasome inhibitor; decreases c-FLIP protein [55]

Actinomycin D 28.1 ± 0.9, 81.9 ± 0.4 Transcription inhibitor; activates caspases across

various cancer cell tissue types; inhibits

c-FLIP mRNA, protein; inhibits Bcl-XL

[9, 24, 35, 41, 70]

Doxorubicin 28.9 ± 2.3, 81.8 ± 0.3 Topoisomerase II inhibitor; activates caspases;

causes DNA fragmentation

[22]

MG-132 8.4 ± 1.1, 82.8 ± 0.3 Proteasome inhibitor; activates caspases across

various cancer cell tissue types

[14, 24, 38, 54, 76]

Mithramycin A 10.4 ± 0.5, 79.7 ± 0.6 DNA-binder; activates caspases; causes DNA

fragmentation

[27]

Mitomycin derivative

T58 (NSC 123114)

-10.1 ± 2.7, 76.4 ± 1.3 DNA synthesis inhibitor; members of the

mitomycin class can activate caspase-3

[77]

Trichostatin A 3.7 ± 1.3, 82.8 ± 0.2 Histone deacetylase inhibitor; enhances effects

of DNA-targeting molecules; activates

caspases

[37, 51]

Table 2 TRAIL HTS reproducibility and validation statistics for selected hit compounds

Compound Percent reduction of cell number -TRAIL, ?TRAIL at 10 lM

Intraday (n = 3) Intraplate (n = 4) Interday (n = 7)

Average SD Average SD Average SD

Mithramycin A 13.9, 77.0 2.0, 0.1 11.4, 79.2 0.3, 0.5 12.5, 78.3 1.8, 1.2

Renieramycin E 11.9, 80.2 3.3, 0.4 15.6, 81.7 2.6, 0.4 14.0, 81.1 3.3, 0.9

Triangulyne A 9.7, 78.8 2.6, 2.1 11.5, 80.6 3.4, 0.2 10.7, 79.8 3.0, 1.5

Triangulyne G 13.1, 80.0 4.5, 1.6 -1.0, 79.7 1.1, 0.2 5.1, 79.8 8.0, 0.9

Intraday Z0-factor (-TRAIL) range = 0.55–0.88

Intraday Z0-factor (?TRAIL) range = 0.55–0.58
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and synergistic-toxic compounds exhibited cytotoxicity

which exceeded this level but still had a significant dif-

ferential activity ±TRAIL at most concentrations at the

high end of the dose–response curve. In this way, we pri-

oritized categories of hits for further investigation, focusing

mainly on the S/S-T group. From the initial 16,480 pure

compounds tested, 70 confirmed hits were identified and, of

the 36 pure compounds we were able to re-acquire, we

identified 18 pure compounds as S/S-T: antibiotic M259

(NSC 51954), cyanocycline A (NSC 349644), mithramycin

A (NSC 24559), tetrocarcin A (NSC 333856), cucurbitacin

B (NSC 49451), MG-132, cucurbitacin D, trichopolyn B

(NSC 301460), triangulyne A (NSC 693001), actinomycin

D, 5-iodotubercidin, mitomycin derivative T58 (NSC

123114), compound 99A145A (uncharacterized triangu-

lyne), triangulyne G (NSC 693007), calcium ionophore

A23187, doxorubicin, niclosamide, and marcellomycin

(NSC 265211).

Caspase-8 enzyme activation by synergistic

TRAIL sensitizers

Of the 18 S/S-T hit compounds listed above, the following

twelve compounds (10 lM) activated caspase-8 in the

presence, but not absence, of TRAIL (40 ng/mL): antibi-

otic M259, cyanocycline A, mithramycin A, tetrocarcin A,

cucurbitacin B, MG-132, cucurbitacin D, trichopolyn B,

triangulyne A, actinomycin D, 5-iodotubercidin and mito-

mycin derivative T58 (results not shown; see Fig. 1 for a

summary).

Modulation of mitochondrial membrane potential

by synergistic TRAIL sensitizers

Of the 12 S/S-T hit compounds that activated caspase-8

only in the presence of TRAIL (Fig. 1), two compounds

altered the mitochondrial membrane potential (MMP), as
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Fig. 2 SRB dose–response profiles of selected hits ±TRAIL. S-T
synergistic-toxic, S synergistic, A additive, I inactive. Ability of

compounds to activate caspase-8 enzyme and perturb JC-1 readout of

the mitochondrial membrane potential in the presence of TRAIL is

represented by ±, respectively; nd not determined
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measured by the JC-1 assay, in the presence but not

absence of TRAIL: cucurbitacin D and trichopolyn B. Four

compounds were not tested in this assay. Since compounds

that activate the intrinsic apoptosis pathway can act via

disruption of the mitochondrial membrane potential, this

result suggests that these compounds may be acting via a

TRAIL-dependent, intrinsic mechanism(s) of action. Six

compounds had no effect on MMP, either with or without

TRAIL present: antibiotic M259, cyanocycline A, mithra-

mycin A, tetrocarcin A, cucurbitacin B, and MG-132,

suggesting that these compounds may act mainly via the

extrinsic apoptosis pathway. TRAIL alone did not have a

significant effect on MMP after 4 h (94.8% of control) or

24 h (119.1% of control).

Effect of two synergistic TRAIL sensitizers

on long-term survival of renal cancer cell lines

M259 and cyanocycline A inhibited long-term survival of

ACHN, A498 and UO31 renal cancer cells at 10 and

40 nM, respectively (Fig. 4), in the presence, but not

absence of TRAIL. These results support our initial

characterization of cyanocycline A and M259 as syner-

gistic-toxic TRAIL sensitizers, and also suggest that these

compounds are predominantly cytotoxic, rather than cyto-

static, in the presence of TRAIL.

Caspase-8 activation and proteolytic cleavage time

course for two synergistic TRAIL sensitizers

As antibiotic M259 and cyanocycline A had potent dose–

response activity as S-T hits (Fig. 2), a short time course of

action for these compounds before and after addition of

TRAIL was examined to determine whether they were

causing both rapid enzyme activation and proteolytic

cleavage of caspase-8. Because the HTS used a long time

course that likely allowed for activation of multiple

downstream and possibly non-extrinsic pathways (see

Fig. 1), we wanted to investigate whether the HTS was

selecting for a subset of compounds that activated the

extrinsic pathway earlier in time. Figure 3 illustrates the

ability of antibiotic M259 and cyanocycline A to activate

and cleave caspase-8 at 3 and 2 h, respectively, after pre-

sensitization (4 h) of cells followed by addition of TRAIL

and subsequent observation (0.5–4 h post-TRAIL addition;

up to 8 h total observation).

p53 expression time course for antibiotic M259

and cyanocycline A

Both M259 and cyanocycline A caused a significant

increase in p53 protein levels by 1 h in ACHN cells treated

with 10 lM compound (Fig. 5). Protein levels appear to

slowly and steadily increase through 8 h in cells exposed to

either compound.

Effect of antibiotic M259 and cyanocycline A

on the proteasome

Neither M259 nor cyanocycline A inhibited proteasome

activity in ACHN cells at 1, 5, and 20 nM or 25, 50, and

100 nM, respectively, at either 4 h or overnight exposure

(Fig. 5). However, the proteasome inhibitor bortezomib

gave a concentration-dependent inhibitory response over 1,

5 and 20 nM under the same conditions, indicating that the

two test compounds do not appear to be acting as protea-

some inhibitors.

Discussion

The focus of the current study was on the development of a

high-throughput screening (HTS) assay to detect com-

pounds that are relatively nontoxic as single agents but

significantly reduce tumor cell number in the presence of

the TRAIL death receptor ligand. It was beyond the scope

of the current study to test multiple dose combinations of

each compound-TRAIL combination screened (i.e., iso-

bologram analysis). We identified 70 confirmed active pure

compounds, out of 16,480 initially tested, and carried these

forward into subsequent assays. Of this group of 70 con-

firmed hits, we could re-acquire only 36 due to resupply

issues and these were tested for their dose–response

activity. Of the 36 re-acquired compounds, 18 were found

to be synergistic or synergistic-toxic in combination with

TRAIL ligand, 11 were additive with TRAIL, and the

remaining seven were inactive. Of the 18 synergistic or

synergistic-toxic TRAIL sensitizers found, 14 were pure

natural products and four were synthetic compounds,

confirming the utility of including natural product libraries

in our screening effort.

In the HTS, several pure compounds were discovered

that exhibited a strong dose-dependent reduction of tumor

cell numbers in the presence, but not absence, of TRAIL.

Many previously reported TRAIL-sensitizers have not been

characterized as to whether they have synergistic or addi-

tive effects with TRAIL on tumor cells in vitro (i.e.,

resveratrol [16], cisplatin [33], and bisindolylmaleimide III

[34]). Therefore, we decided to characterize the types of

TRAIL sensitizers we found in our HTS. Some of our

synergistic TRAIL sensitizer hits (i.e., antibiotic M259,

cyanocycline A, and mithramycin A) exhibited activity in

the sub-lM range in the presence of TRAIL, suggesting

that these TRAIL-sensitizers may be reasonably expected

to produce in vivo effects at physiologically achievable

serum concentrations.
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The synergistic or synergistic-toxic TRAIL sensitizers

were observed to have a relatively rapid mechanism(s) of

action that resulted in apparent cell death after 4 h pre-

sensitization with compound followed by 20–25 h co-

treatment with TRAIL ligand. Six of these compounds

(antibiotic M259, cyanocycline A, mithramycin A, tetro-

carcin A, cucurbitacin B, and MG-132) exhibited a

synergistic dose–response effect on reducing cell numbers

in the presence of a fixed dose of TRAIL ligand, and

activated caspase-8 only in the presence of TRAIL within a

short time course (4 h post-treatment with TRAIL). They

also did not affect the MMP within the same time frame,

suggesting that this group of compounds may specifically

and rapidly act to enhance the extrinsic, but not intrinsic,

apoptosis signaling pathway. Longer-term tumor cell sur-

vival studies showed little colony re-growth present in

wells treated with the combination of antibiotic M259 or

cyanocycline A plus TRAIL (Fig. 4), indicating that these

compound-TRAIL combinations were cytotoxic rather than

cytostatic. This observation may be important in the con-

text of preventing emergence of TRAIL resistance in

tumors treated with TRAIL sensitizers plus TRAIL.

We chose a caspase-8 activation assay as an immediate

downstream assay from the SRB dose–response evaluation

because caspase-8 enzyme activation is the earliest point at

which one can functionally measure an increase in acti-

vation of the extrinsic apoptosis pathway [34]. Also, it is

possible that the synergistic TRAIL-sensitizers plus TRAIL

can activate pathways that converge at the level of caspase-

8 activation [46]. Surprisingly, none of the compounds

tested significantly increased caspase-8 activity in the

absence of TRAIL. In the Western blot experiments,

observation of cells immediately before harvesting indi-

cated that cells treated with compound ?TRAIL were

rounding up off the plate and exhibited shrinking cyto-

plasm by 4 h post-addition of TRAIL (data not shown).

This time course is faster than most researchers report for

cells undergoing intrinsically mediated apoptosis [72],

suggesting that our screen may be selecting for hits that

target the extrinsic pathway. Rapid proteolytic processing

of caspase-8 (within *30–60 min) has been observed in

the context of anoikis (cell detachment-induced apoptosis)

[17], and treatment of cells with antibiotic M259 for 4 h

followed by TRAIL resulted in significant numbers of cells

detaching from the plate within the 4 h post-TRAIL period

observed (data not shown). This suggests that anoikis may

be one possible mechanism of action by which some syn-

ergistic TRAIL-sensitizers act to cause cell death.

Cleavage of caspase-8 into 43/41, 18, and 10 kDa

fragments is reported to correlate with simultaneous

A

B

C

5.76 ± 4.382.21 ± 2.176.94 ± 0.843.35 ± 0.460.95 ± 0.520.52 ± 0.04Cyanocycline A + TRAIL

0.66 ± 0.230.69 ± 0.310.37 ± 0.050.50 ± 0.310.51 ± 0.180.68 ± 0.25Cyanocycline A

7.52 ± 0.165.76 ± 1.623.17 ± 0.582.14 ± 0.020.77 ± 0.220.64 ± 0.10M259 + TRAIL

0.64 ± 0.140.67 ± 0.361.37 ± 1.310.77 ± 0.670.48 ± 0.090.72 ± 0.28M259

1.30 ± 0.471.87 ± 0.692.49 ± 0.071.36 ± 0.600.77 ± 0.340.54 ± 0.05TRAIL

4321.510

Average Treated/Control Luminescence (non-background-corrected) ± Std Dev (n = 3),

Time (hr)

Treatment

5.76 ± 4.382.21 ± 2.176.94 ± 0.843.35 ± 0.460.95 ± 0.520.52 ± 0.04Cyanocycline A + TRAIL

0.66 ± 0.230.69 ± 0.310.37 ± 0.050.50 ± 0.310.51 ± 0.180.68 ± 0.25Cyanocycline A

7.52 ± 0.165.76 ± 1.623.17 ± 0.582.14 ± 0.020.77 ± 0.220.64 ± 0.10M259 + TRAIL

0.64 ± 0.140.67 ± 0.361.37 ± 1.310.77 ± 0.670.48 ± 0.090.72 ± 0.28M259

1.30 ± 0.471.87 ± 0.692.49 ± 0.071.36 ± 0.600.77 ± 0.340.54 ± 0.05TRAIL

4321.510

Average Treated/Control Luminescence (non-background-corrected) ± Std Dev (n = 3),
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Fig. 3 Time course experiments on antibiotic M259 (a) and cyano-

cycline A (b). Top Western blots show the appearance of the p43/41

fragment of cleaved caspase-8 and the table (c) illustrates the

enzymatic activation of caspase-8, using a luminescent substrate for

the readout and equivalent treatment conditions in 384-well plates.

ACHN cells were treated with compound alone (10 lM) for 4 h and

then TRAIL was added to a final concentration of 40 ng/mL; cells

were measured for caspase-8 cleavage or activation at intervals after

the addition of TRAIL. Treatment conditions included: 1 untreated

cells; 2 compound alone, 8 h; 3 TRAIL alone, 1 h; 4 TRAIL alone,

4 h; 5 compound ? TRAIL, 4 h ? 1 h; 6 compound ? TRAIL,

4 h ? 1.5 h; 7 compound ? TRAIL, 4 h ? 2 h; 8 compound ?

TRAIL, 4 h ? 3 h; 9 compound ? TRAIL, 4 h ? 4 h
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functional activation of this enzyme [26, 59]. Therefore,

we expected to observe simultaneous cleavage and enzy-

matic activation of caspase-8 by the representative TRAIL

sensitizers antibiotic M259 and cyanocycline A over a

short time course ±TRAIL. The caspase-8 enzyme acti-

vation assay may not necessarily be definitive for caspase-

8 alone [12], as it could include a substrate cleavage

contribution from activated caspase-3. Due to this possi-

bility, we chose to include results from the more specific

western blot evaluation of caspase-8 cleavage to corrob-

orate results from the enzyme assay. We found that

cleavage of caspase-8 did appear to correlate with its

functional enzymatic activation (Fig. 3). After 4 h pre-

sensitization with M259 followed by 3 h TRAIL, average

treatment/control luminescence values from the caspase-8

enzyme activation assay were as follows: TRAIL

alone = 1.87; M259 alone = 0.67; M259 ? TRAIL =

5.76. These results indicate a significant (i.e., more than

additive) increase in substrate cleavage at the 3 h post-

TRAIL time point for M259. The corresponding protein

blot indicates a strong band present at 41/43 KDa, repre-

senting cleaved caspase-8 protein, at the same time point.

In the case of cyanocycline A, activation and cleavage of

caspase-8 appear to occur slightly earlier. Enzyme acti-

vation values for cyanocycline A at the 2 h post-TRAIL

time point are as follows: TRAIL only = 2.49; cyanocy-

cline A = 0.37; cyanocycline A ? TRAIL = 6.94. A

strong band for cleaved caspase-8 appears in the corre-

sponding blot at 2 h post-addition of TRAIL. Although

experimental differences between the two types of assays

(6-well plates for protein lysates versus 384-well plates for

the enzymatic activation experiment) could introduce

minor amounts of variability to the results, a trend is

observed for the time course of caspase-8 enzyme acti-

vation to correlate with caspase-8 protein cleavage. Both

M259 and cyanocycline A appear to affect caspase-8 at

very early time points after TRAIL addition.

Of the six synergistic TRAIL sensitizers, it is interesting

to note that five are reported to target DNA and/or RNA in

one manner or another: antibiotic M259 (DNA and RNA

synthesis inhibition) [53], cyanocycline A (DNA and RNA

synthesis inhibition; DNA-binding) [19, 20], mithramycin

A (DNA fragmentation; DNA minor groove binding) [27,

28], 23,24-dihydrocucurbitacin B (closely related to cu-

curbitacin B; causes DNA fragmentation) [72] and

tetrocarcin A (DNA synthesis inhibition; DNA fragmen-

tation) [36, 39], suggesting that nucleic acid oxidation-,

damage-, or synthesis-sensing mechanisms may feed into

the TRAIL signaling pathway at early time points. This

insight may lead to further exploration of pathways

involving RNA/DNA synthesis inhibition, reactive oxygen

species generation, p53, p21, and CDK regulation and their

potential interaction(s) with the TRAIL death receptor

signaling system.

p53 is a tumor suppressor that can be rapidly activated

in response to DNA damage or other chemical insults to a

cell, such as the generation of reactive oxygen species, and

its prolonged activation can result in programmed cell

death [52]. Increase in levels of p53 protein expression in

ACHN cells by selected hit compounds would be sugges-

tive of the involvement of DNA damage-related pathways

in their mechanism(s) of action. Both antibiotic M259 and

cyanocycline A increased levels of p53 in the absence of

TRAIL, beginning at 1 h and peaking at or after 8 h in cells

(Fig. 5).

In the course of its turnover in a cell, p53 is polyubiq-

uitinylated, which acts as a tag to shunt it into the

proteasome for proteolytic inactivation and disposal.

Inhibiting the proteasome would be expected to indirectly

increase levels of p53 by prohibiting its degradation, giving

the same result as one might see for mechanisms acting

upstream to directly increase p53 levels. Therefore, we also

tested M259 and cyanocycline A for their ability to inhibit

the proteasome. Figure 5 illustrates that, even at extended
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Fig. 4 Long-term survival of

a ACHN, b A498, and c UO31

renal cancer cells after treatment

with cyanocycline A or antibiotic

M259 ± 500 ng/mL TRAIL.

Compounds were added,

followed 3 h later by TRAIL,

and incubated overnight. The

following day, compounds were

washed off and fresh medium

was added. Cells recovered for

5 days before being fixed and

stained for analysis
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time points as were used in the screening assay, M259 and

cyanocycline A did not inhibit the proteasome, whereas

bortezomib, a known proteasome inhibitor, robustly

inhibited proteasome activity across an equivalent con-

centration range. Taken in context, these two results

suggest that both M259 and cyanocycline A act to rapidly

induce an increase in p53 via an upstream and early

mechanism that potentially involves DNA damage, gen-

eration of reactive oxygen species, or another target(s) that

causes an immediate feedback signal into the p53 pathway,

rather than by prohibiting the degradation of p53 protein

via the proteasome. Further studies are needed to charac-

terize the exact mechanisms of action of M259 and

cyanocycline regarding how the p53 and caspase-8 path-

ways may or may not be interacting to sensitize resistant

cells to the effects of TRAIL.

The rapid activation of caspase-8 by the DNA/RNA-

inhibitory compounds mentioned above suggests the

involvement of multiple and simultaneously occurring

mechanisms that converge to cause rapid cell death in

addition to direct nucleic acid effects. In fact, cyanocycline

A is reported to inhibit both RNA and DNA synthesis with

IC50 values of *0.02 and *0.2 lg/mL, respectively, after

treating cells for only 2 h [19]. Cyanocycline A was active

at 100 nM (*0.04 lg/mL) in the presence of TRAIL in

our assays. Interestingly, M259 has also been reported to

inhibit the incorporation of radio-labeled guanine into

both RNA and DNA after 6 h treatment of cells [53].

Additionally, 23,24-dihydrocucurbitacin B (related to cu-

curbitacin B) causes DNA fragmentation in cells treated

with 3.6 lM for 6 h [72]. The inhibition of nucleic acid

synthesis may occur via the targeting of RNA and DNA

polymerases, an enzymatic effect that can be expected to

occur on a faster time scale versus genomic regulatory

effects resulting from accumulation of DNA damage.

During assay validation we discovered several other known

nucleic acid synthesis inhibitors that also synergized with

TRAIL (Table 1): actinomycin D, doxorubicin, mithra-

mycin A, and mitomycin derivative T58, supporting this

hypothesis. Results presented in Fig. 4 suggest that these

nucleic acid-inhibitory agents sensitize other cancer cell

lines besides ACHN to TRAIL-mediated killing. If these

results are also found for additional DNA-acting agents

tested across various tumor cell lines in the presence of

TRAIL, it may imply that certain established DNA-tar-

geting chemotherapies will find new utility as TRAIL

sensitizers at lower dosing regimens than are needed to

cause their DNA-mediated effects. In fact, two antineo-

plastic DNA synthesis inhibitors, gemcitabine and

cisplatin, are presently being studied for their effects in

combination with TRAIL in humans [3, 10, 21].

Further studies on these DNA-acting agents are neces-

sary to confirm their exact targets, such as RNA and DNA

polymerase, cell cycle regulatory proteins, etc., plus non-

DNA-related mechanisms such as induction of endoplas-

mic reticulum and/or mitochondrial stress responses and
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changes in membrane dynamics of DR4/DR5 receptors

such as their oligomerization, endocytosis and signaling. It

will be important to understand whether inhibiting these or

additional targets would provide signaling feedback that

rapidly activates caspase-8 in the TRAIL pathway. How-

ever, non-nucleic acid-inhibiting TRAIL-synergizing hits

(proteasome inhibitor MG-132, triangulyne polyacetyl-

enes) were also discovered in our HTS, suggesting that

there exist additional unique and novel-acting chemical

classes of TRAIL sensitizers.

Sensitivity to TRAIL may be governed by an apoptotic

signaling threshold, or set point [46, 63]. In this case, one

cannot expect to overcome TRAIL resistance in tumor cells

that do not possess functional TRAIL pathway signaling

machinery. However, in cells where the signaling is pres-

ent, but attenuated via regulatory mechanisms, it may be

possible to re-sensitize them to TRAIL by pre-adminis-

tering compounds that enhance death receptor signaling.

When administered in conjunction with TRAIL, TRAIL

synergizers may be considered as potential combinatorial

therapeutics. The efficacy and safety of TRAIL synergizer-

TRAIL regimens are currently being evaluated in clinical

trials, with results pending [3, 10, 21]. The clinical success

of synergistic multi-drug therapies is dependent on three

conditions: (1) the careful choice of individual treatments

one wishes to combine, (2) the use of optimized doses, and

(3) selecting the proper timing of administration(s) [50].

From a drug discovery point of view, it is desirable to

develop synergistic assays that properly bias the lead out-

put toward the subset of compounds that will be useful as

combinatorial therapies. Dosing regimens and toxicity of

therapeutic protocols utilizing TRAIL sensitizers is a

research area that is only beginning to be explored and one

can expect many new insights to emerge over time. The

availability of new compounds having potentially novel

mechanisms of action will also contribute to an increased

understanding of the biological pathways that contribute to

TRAIL-mediated apoptosis.
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