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A B S T R A C T

TLN-4601 is a farnesylated dibenzodiazepinone isolated from Micromonospora sp. with an anti-

proliferative effect on several human cancer cell lines. Although the mechanism of action of TLN-4601 is

unknown, our earlier work indicated that TLN-4601 binds the PBR (peripheral benzodiazepine receptor;

more recently known as the translocator protein or TSPO), an 18 kDa protein associated with the

mitochondrial permeability transition (mPT) pore. While the exact function of the PBR remains a matter

of debate, it has been implicated in heme and steroid synthesis, cellular growth and differentiation,

oxygen consumption and apoptosis. Using the Jurkat immortalized T-lymphocyte cell line, documented

to have negligible PBR expression, and Jurkat cells stably transfected with a human PBR cDNA, the

present study demonstrates that TLN-4601 induces apoptosis independently of PBR expression. As PBRs

are overexpressed in brain tumors compared to normal brain, we examined if TLN-4601 would

preferentially accumulate in tumors using an intra-cerebral tumor model. Our results demonstrate the

ability of TLN-4601 to effectively bind the PBR in vivo as determined by competitive binding assay and

receptor occupancy. Analysis of TLN-4601 tissue and plasma indicated that TLN-4601 preferentially

accumulates in the tumor. Indeed, drug levels were 200-fold higher in the tumor compared to the normal

brain. TLN-4601 accumulation in the tumor (176 mg/g) was also significant compared to liver (24.8 mg/

g; 7-fold) and plasma (16.2 mg/mL; 11-fold). Taken together our data indicate that while PBR binding

does not mediate cell growth inhibition and apoptosis, PBR binding may allow for the specific

accumulation of TLN-4601 in PBR positive tumors.

� 2010 Elsevier Inc. All rights reserved.
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1. Introduction

The peripheral benzodiazepine receptor (PBR; more recently
known as the translocator protein or TSPO [1]) was originally
discovered as an alternate binding site for the benzodiazepine
diazepam (Valium1) [2]. It is found associated with components of
the mitochondrial permeability transition (mPT) pore, which is a
multiprotein complex located at the contact site between inner
and outer mitochondrial membranes (OMM) (reviewed in [1,3]).
The mPT pore is composed of the voltage-dependent anion channel
(VDAC), the nucleotide adenine translocator (ANT) and the CsA-
responsive Cyclophilin D (Cyp-D). However, there is still some
controversy whether the PBR can be considered a component of
the mPT pore [4]. Most of the PBR is located within the OMM where
it regulates cholesterol transport and synthesis of steroid
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hormones [5]. Overexpression of PBRs is documented in many
tumor types including breast, colorectal, and prostate cancers [6–
8] and their expression correlates with the degree of malignancy
[9–12]. In addition, this overexpression is well established in
gliomas where PBR density is elevated compared to normal cortex
[13] and PBR ligands have been used clinically as imaging tools in
the diagnosis of brain tumors [14,15].

TLN-4601 is a secondary metabolite produced by Micromonos-

pora sp. This drug was discovered through Thallion’s DECIPHER1

platform, a genome scanning technique that allows the prediction
of secondary metabolite production and structure, as well as
facilitating their isolation [16,17]. Our early data indicated that
TLN-4601 specifically binds the PBR [18]. Many PBR ligands have
been reported to induce apoptosis [19–23], although the respon-
sible molecular mechanism(s) are not clearly understood. One
possible mechanism for this apoptosis induction could be mPT
pore opening [24]. As TLN-4601 was shown to have a broad
cytotoxic activity (low mM) when tested in the NCI 60 tumor cell
line panel and has demonstrated in vivo antitumor activity in

http://dx.doi.org/10.1016/j.bcp.2010.07.018
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several xenograft models [18], we investigated whether it could
induce apoptosis and whether TLN-4601 binding to the PBR is
involved. We used both the Jurkat cell line (Jurkat WT), a cell line
naturally devoid of PBR expression [25], and a stably human PBR
transfected Jurkat cell line (Jurkat-PBR). Also, since PBRs are
overexpressed in brain tumors compared to normal brain, we
examined if TLN-4601 would preferentially target and accumulate
in brain tumors using an intra-cerebral tumor model.

We show that both Jurkat WT and Jurkat-PBR are equally
sensitive to TLN-4601 and that both undergo apoptosis to the same
extent. Moreover, TLN-4615, a closely related analog that does not
bind the PBR, also induces apoptosis. These data suggest that TLN-
4601 mediated apoptosis does not involve its PBR-binding
capacity. Using in vivo PET (positron emission tomography)
imaging, we found that TLN-4601 could displace the PBR-specific
ligand PK11195 from binding within the tumor. Moreover, a 200-
fold and 11-fold greater accumulation of the drug was found
within the tumor as compared both to normal brain tissue and
plasma levels. We propose that the PBR-binding property of TLN-
4601 favors drug accumulation within tumor cells overexpressing
PBR, a promising property for an anticancer drug candidate.

2. Materials and methods

2.1. Cell culture

The human T-lymphocyte clone E6-1 cell line (Jurkat WT) was
obtained from the American Type Culture Collection (ATCC;
Manassas, VA). Jurkat WT were grown in suspension in RPMI-
1640 supplemented with 10% heat-inactivated fetal bovine serum
(FBS; WISENT Inc., QC, Canada) and maintained in a humidified
atmosphere at 37 8C with 5% CO2. Jurkat cells stably expressing
human PBR were a generous gift of P. Casellas (Sanofi-Aventis,
Montpellier, France) and are described elsewhere [26]. They were
grown in the same media supplemented with 500 mg/mL of G418
(Geneticin1; Gibco-BRL Life Technologies Inc.).

2.2. PBR ligand binding assay

Enriched mitochondrial membranes were prepared by mincing
and homogenizing rat hearts in 20 volumes of ice-cold 50 mM
Tris–HCl pH 7.5 using a PT 10-35 Polytron. After two 10 min
centrifugations (1500 � g at 4 8C), the supernatant was further
centrifuged for 20 min at 20,000 � g. The pellet was resuspended
in 20 volumes of 50 mM Tris–HCl pH 7.5 and centrifuged at
48,000 � g for 20 min. Protein content in the pellet was measured
with a Bradford protein assay (Bio-Rad Laboratories) with titration
against BSA and aliquots stored at �80 8C.

Crude mitochondrial membranes (25 mg per well) were distrib-
uted onto Millipore HTS Multiscreen GF/B 96-well plates [27] pre-
wet with 0.3% polyethyleneimine and washed with PBR-binding
buffer (50 mM Tris–HCl pH 7.5 and 10 mM MgCl2). Binding assays
were conducted in a final volume 300 mL PBR-binding buffer
containing 1.6 nM [3H]PK11195 (84.8 Ci/mmol, Perkin Elmer) and
increasing concentrations of TLN-4601 or TLN-4615 solubilised in
3 mL of DMSO. After 1hr incubation at RT, filter plates were vacuum
washed with PBR-binding buffer, dried and filters punched out into
scintillation vials and bound radioactivity measured on a TriCARB
2800 liquid scintillation counter (Perkin Elmer, USA).

2.3. PBR expression

PBR expression in Jurkat WT and Jurkat-PBR was evaluated in a
radioligand binding assay. Briefly, cells were washed in ice-cold
PBS, resuspended in 300 mL of phosphate buffered saline (PBS)
containing increasing amounts of [3H]PK11195 with or without
cold PK11195 to correct for specific binding. Nonspecific binding
was determined in the presence of 100 mM concentration of
unlabeled PK11195. Samples were incubated in triplicates for 2.5 h
at 4 8C in GF/B Millipore HTS plates, washed once with PBS and
filters counted as described above.

2.4. Cytotoxicity measurements

Exponentially growing Jurkat WT and Jurkat-PBR cells were
seeded in 96-well plates (5000 cells in 150 mL). TLN-4601 and TLN-
4615 were added in a volume of 50 mL to obtain final concentra-
tions of 0, 0.1, 1, 3, 10 and 30 mM in RPMI-10% FBS and 0.05%
DMSO. Following a 3-day incubation, XTT reagent was added and
O.D. measurement were taken at 450 nm and 690 nm. Values
represent corrected O.D. values (O.D. reading at 450 nm minus O.D.
reading at 690 nm).

2.5. Cell lysis and Western blots

For dose-dependent studies, exponentially growing Jurkat WT
and Jurkat-PBR cells were treated with 0 (DMSO only), 1, 3 and
10 mM TLN-4601 or TLN-4615 for 18 h. After treatment, cells were
washed once with PBS, centrifuged and the cell pellet lysed in RIPA
buffer (50 mM Tris–HCl pH 7.4, 1% triton X-100, 1% sodium
deoxycholate, 0.1% SDS, 150 mM NaCl and 1 mM EDTA) supple-
mented with phosphatase (cocktail Set II, Calbiochem) and
protease (Complete Mini, Roche) inhibitors. Proteins (20 mg) were
separated by 12% SDS-PAGE, transferred onto nitrocellulose
membranes, blocked in 5% nonfat dry milk in 0.1% TBS-tween
20 and probed with cleaved caspase 3 antibody (CS-9661, Cell
Signaling Technology, Beverly MA) followed by PARP antibody (CS-
9542, Cell Signaling Technology). Primary antibodies were
detected with horseradish peroxidase-conjugated secondary anti-
bodies (Jackson ImmunoResearch Laboratories) and chemilumi-
nescence HRP substrate (Millipore, Mississauga, ON, Canada).

A time dependent response was evaluated after exposing Jurkat
WT and Jurkat-PBR cells to 10 mM TLN-4601 for up to 6 h. Cytosolic
and mitochondrial fractionation was performed by selective
digitonin permeabilization [28]. Briefly, 2 � 106 cells were
resuspended in 200 mL of ice-cold permeabilization buffer
(200 mg/mL digitonin, 80 mM KCl and 1 mM EDTA in 1� PBS)
and incubated on ice for 5 min. The lysate was centrifuged at
800 � g for 5 min and the supernatant was recovered as the
cytosolic fraction. The pellet was then extracted with 200 mL
50 mM Tris–HCl pH 7.5, 150 mM NaCl, 2 mM EGTA, 2 mM EDTA,
0.2% Triton X-100, 0.3% NP-40 and protease inhibitors for 10 min
while rocking slowly. After centrifugation at 13,000 � g for 5 min,
the supernatant was recovered as the mitochondrial fraction.

Cytosolic and mitochondrial proteins (20 mg) were separated
by 12% SDS-PAGE, transferred onto nitrocellulose membranes,
blocked in 5% nonfat dry milk in 0.1% TBS-tween 20 and probed
with Cytochrome C (BD-556433, Becton, Dickinson and Company),
VDAC (SC-58649, SantaCruz Biotechnology) and GAPDH (SC-
32233, SantaCruz Biotechnology, Santa Monica, CA) specific
antibodies. Primary antibodies were detected with horseradish
peroxidase-conjugated secondary antibodies (Jackson ImmunoR-
esearch Laboratories) and chemiluminescence HRP substrate
(Millipore, Mississauga, ON, Canada).

2.6. Mitochondrial membrane potential

Jurkat WT and Jurkat-PBR cells were incubated into 5 mL BD
FACS tubes (800,000 cells in 2 mL of RPMI + 10% FBS) and kept in a
CO2 incubator. At the appropriate time, so that all incubation times
of our time-course ended together, TLN-4601 at a final concentra-
tion of 10 mM was added and cells gently mixed. Fifteen min before



Fig. 1. The farnesyl side-chain of TLN-4601 partly mediates PBR-binding. (A)

Molecular structure of TLN-4601 and TLN-4615, a semi-synthetic derivative. (B)

Radioligand binding assay of TLN-4601 and TLN-4615 displacing or not

[3H]PK11195 from PBR enriched from Wistar rat hearts. TLN-4601 and TLN-

4615 were tested at 0.01, 0.03, 0.1, 0.3, 1, 3 and 10 mM and the concentration of

[3H]PK11195 was 1.6 nM. Assays were done in triplicates and error bars represent

standard deviation (S.D.).
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final incubation time, 1 mL of 50 mM TMRE (T-669; Invitrogen
Corporation) was added and tubes vortexed. Tubes were trans-
ferred on ice protected from light and immediately analyzed by
FACS. Values shown represent the median fluorescence normalized
for untreated cells. The experiment was done in triplicates.

2.7. DNA fragmentation analysis

Exponentially growing Jurkat WT and Jurkat-PBR cells were
exposed to 10 mM TLN-4601 for up to 24 h. At different incubation
times, cells were harvested, their viability measured by trypan blue
exclusion, they were centrifuged, and the cell pellet was
resuspended in 400 mL of lysis buffer (5 mM Tris–HCl pH 7.5,
5 mM EDTA and 0.5% Triton X-100). Detergent soluble DNA was
extracted as previously described [29]. Samples were loaded on a
TBE 1� 1.5% agarose gel and small MW DNA fragments were
visualized by ethidium bromide staining.

2.8. Preparation and surgical implantation of spheroids

Rat C6 glioma cells were purchased from the ATCC (Manassas,
VA) and grown in DMEM supplemented with 10% FBS, 125 U/mL
penicillin G, 125 mg/mL streptomycin sulfate, and 2.2 mg/mL
amphotericin B. Upon reaching confluency, spheroids were
prepared using the hanging drop method previously described
by Del Duca et al. [30]. Briefly, 20 mL drops of DMEM containing
15,000 rat C6 glioma cells (obtained from exponentially growing
cultures) were suspended from the lids of culture dishes and the
resulting aggregates formed after 72 h were transferred to culture
dishes base-coated with agar. The resulting spheroids were
adequate for in vivo implantation after 48 h of incubation on agar.

Male, Sprague–Dawley rats (250–300 g) were anesthetized
with 50 mg/kg ketamine and 10 mg/kg xylazine. The right cortical
surface in the parietal-occipital region was exposed by craniect-
omy using a high-powered drill and the underlying dura and its
vessels were carefully removed under a surgical microscope. A
piece of the cortex was removed to expose the underlying white
matter and a single spheroid was placed into the surgical defect.
The craniectomy was covered with bone wax and the overlying
skin sutured. A total of 6 animals were used for these studies.
Animal studies were conducted in accordance with the guidelines
provided by the Canadian Council for Animal Care and with the
prior approval from McGill University Animal Care Committee.

2.9. In vivo [11C]PK11195 PET imaging in rats

In vivo PET studies were performed 14 days post-tumor
implantation. PET imaging studies were performed while the
animal was anesthetized with 2% isoflurane administered via nose
cone and placed in the supine position on the bed and at the center
of the field-of-view of the Siemens/CTI Concorde R4 microPET
scanner (Siemens/CTI Concorde, Knoxville, TN, USA). Each dynamic
PET study lasted 60 min and was initiated with an IV bolus
administration of [11C](R)-PK11195 (7.1–12.7 MBq) radioligand, a
specific and high-affinity PBR ligand. Receptor occupancy studies
were performed by acquisition of [11C](R)-PK11195 images prior to
and 60 min following bolus IV infusion (30 mg/kg) followed by
continuous IV infusion (5 mg/h/kg), which lasted throughout the
scan. Attenuation correction factors, for each rat, were determined
using a 10 min 57Co transmission scan acquired immediately prior
to the dynamic scan. In addition, all images were scatter corrected.

2.10. PET data analysis

Images were reconstructed using filtered back-projection, and
time-activity curves (TACs) were obtained from regions-of-interest
(ROIs) in the tumor (target region), brain (reference region), and
cerebellum (reference region). Binding potential (B.P.) was
obtained by modeling the TACs using the simplified reference
tissue method [31]. The PET outcome measure B.P. expresses the
ratio between the total number of PBRs (Bmax) and PK11195
dissociation constant (Kd) in the steady-state condition. Paired t-
test comparing binding potentials obtained before and after
treatment were computed using the R statistics software
(www.r-project.org). P-values less than or equal to 0.05 were
considered statistically significant.

2.11. Plasma and tissue drug levels

Following the completion of the in vivo studies, animals were
sacrificed by anaesthetic overdose and decapitated. Blood samples
were collected by cardiac puncture into tubes containing K2–EDTA as
an anticoagulant. Samples were centrifuged 10,000� g for 10 min
and plasma samples were collected and stored at �80 8C until
analysis. Brain, liver, and tumors were snap-frozen in liquid N2 and
stored at�80 8C until analysis. TLN-4601 was extracted with acetone
and quantified by HPLC–MS/MS as previously described [18].

3. Results

3.1. TLN-4601 is a PBR binder while the analog TLN-4615 is not

TLN-4601 (Fig. 1A, upper structure) is a farnesylated dibenzo-
diazepinone with a structure reminiscent of cholesterol and
diazepam, two known PBR ligands. TLN-4615 (Fig. 1A, lower
structure), a closely related analog of TLN-4601 differs by having[(Fig._1)TD$FIG]

http://www.r-project.org/
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the farnesyl side chain saturated. As previously shown [18], TLN-
4601 is a PBR ligand (Ki = 1.4 mM), measured by displacement of
tritiated PK11195 from rat heart enriched mitochondrial mem-
branes (Fig. 1B). Interestingly, TLN-4615 does not bind the PBR
(Fig. 1B) indicating that the side chain, and not the benzodiazepine
ring as originally hypothesized, mediates PBR binding.

3.2. TLN-4601 inhibits cell growth and induces apoptosis

independently of PBR expression

Saturation binding studies using the specific and selective PBR
ligand [3H]PK11195 indicated that while Jurkat WT cells are devoid
of functional PBR expression, Jurkat-PBR cells express elevated
levels of functional receptor (Fig. 2A). The effect of TLN-4601 and
the non-PBR binding analog, TLN-4615 on the cell growth of Jurkat
WT and Jurkat-PBR was then assessed. Increasing concentrations

[(Fig._2)TD$FIG]

Fig. 2. PBR overexpression does not affect TLN-4601 and TLN-4615 cytotoxicity. (A) Satur

(40 mg of proteins) were incubated with increasing amounts of [3H]PK11195 with or with

Viability of cells exposed for 3 days to various concentrations of TLN-4601 (left panel) or TLN

three different times and representative results are shown. (C) Jurkat WT and Jurkat-PBR wer

and protein extracts assessed for caspase 3 and PARP cleavage by Western blots.
of TLN-4601 resulted in a dose-dependent decrease in cell growth
as measured by a reduction in the formation of the soluble
formazan dye (Fig. 2B, left panel). Both cell lines were equally
sensitive to TLN-4601, calculated IC50 around 10 mM, suggesting
that PBR expression does not correlate with the antiproliferative
activity of TLN-4601. Moreover, TLN-4615, which does not bind the
PBR was as effective as TLN-4601 to inhibit cell growth, calculated
IC50 around 5 mM (Fig. 2B, right panel).

Some PBR ligands have been shown to induce apoptosis. We
were thus interested to see if TLN-4601 could induce apoptosis and
document if the inhibition of cell growth in the absence of PBR
expression was mediated through a similar mechanism as in cells
expressing PBR. As shown in Fig. 2C (left panel), TLN-4601
exposure resulted in caspase 3 activation and PARP cleavage to a
similar extent in both Jurkat WT and Jurkat-PBR. Interestingly,
TLN-4615 which does not bind the PBR and inhibits cell growth of
ation curves of specific [3H]PK11195 binding to Jurkat WT and Jurkat-PBR cells. Cell

out 2 mM cold PK11195. Results are expressed as specific binding activity � S.D. (B)

-4615 (right panel) was assessed with an XTT assay. Reactions were done in triplicates

e exposed to 0, 1, 3 and 10 mM TLN-4601 (left panel) or TLN-4615 (right panel) for 18 h
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Jurkat WT and Jurkat-PBR cell lines, also resulted in caspase 3
activation and PARP cleavage (Fig. 2C, right panel). The induction of
apoptosis is not due to incubation conditions since we did not
observe caspase activation and PARP cleavage in cells treated with
0.05% DMSO for 18 h. These data strongly suggest that TLN-4601
and its closely related analog, TLN-4615, induce apoptosis
independently of PBR binding.

TLN-4601 resulted in the translocation of Cytochrome C from
the mitochondria to the cytosol, an early step in apoptosis
induction, within 4 h in both cell lines following a 10 mM time-
course (Fig. 3A). CM loss, a phenomenon witnessed alongside
Cytochrome C release, was also similar in both cell lines (Fig. 3B).
The decrease in cell viability as measured by trypan blue exclusion
was similar in both cell lines. At the 24 h time point more than 95%
of the cells were dead. The decrease in cell viability correlated with
the appearance and increase in DNA nucleosomal fragmentation
(Fig. 3C).

3.3. In vivo PBR occupancy by TLN-4601 in the rat C6 tumor

orthotopic tumor model

Previous studies have shown that in vivo administration of
[3H]PK11195 to rats harbouring intracranial C6 gliomas, which are
[(Fig._3)TD$FIG]

Fig. 3. Jurkat exposed to TLN-4601 commit to apoptosis independently from PBR expres

4601 were analyzed for the three following apoptotic changes. Blots are representatives o

permeabilization with digitonin to obtain cytosolic and mitochondrial extracts. Western

loading controls for mitochondrial and cytosolic extracts, respectively. Blots are represe

staining and FACS analysis. Values shown represent the median fluorescence normalized

standard deviation (S.D.). (C) DNA fragmentation is shown following genomic DNA ext
documented to express high levels of PBRs, resulted in high levels
of tritiated drug binding to the tumor with little binding to the
adjacent normal brain tissue [32]. Moreover, this tumor specific
binding was completely inhibited by preadministration of unla-
beled PK11195 [32]. As our earlier studies indicated that TLN-4601
inhibited in vitro cell proliferation and in vivo tumor growth of rat
C6 glioblastoma, we used this model system to determine if TLN-
4601 could bind specifically to PBR in vivo.

The experimental design is detailed in Fig. 4A. Tumors were first
imaged during 60 min following a bolus IV administration of
[11C]PK11195. TLN-4601 was then administered by an IV bolus
infusion (30 mg/kg) followed by a continuous IV infusion (5 mg/kg/
h) that lasted throughout the second scan and image acquisition.
Using the simplified reference tissue method, we determined the
mean tumor B.P. (baseline) = 2.19 � 0.16 (mean � SEM) and the
mean B.P. (TLN-4601) = 0.14 � 0.13 (mean � SEM). After the contin-
uous IV infusion, the PBR occupancy for [11C](R)-PK11195 binding
was reduced by an average of 91.67% (P < 0.0001). The results
presented in Fig. 4B and C, show that TLN-4601 attenuated [11C]-
PK1195 binding. These data indicate that TLN-4601 binds the PBR in

vivo and confirm that TLN-4601 crosses the blood–brain barrier.
Steady-state plasma, liver, brain and brain tumor concentra-

tions of TLN-4601 are shown in Fig. 4D. The data presented
sion. Jurkat WT and Jurkat-PBR exposed for various increasing times to 10 mM TLN-

f three separate experiments. (A) Cytochrome C release was assessed after selective

blots show the timing of Cytochrome C release and VDAC and GAPDH were used as

ntatives of three separate experiments. (B) CM loss was measured following TMRE

for untreated cells at time 0. Assays were done in triplicates and error bars represent

raction and resolving on a 1.5% agarose TBE 1� gel.
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Fig. 4. In vivo PBR occupancy by TLN-4601 in the rat C6 tumor orthotopic model. (A)

Schematic representation of the experimental design. Dynamic PET scan imaging of

brains from rats surgically implemented with C6 glioma spheroids upon their brain

were performed for 60 min following [11C](R)-PK11195 injection. TLN-4601 was

then administered by a bolus IV infusion (30 mg/kg) followed by a continuous IV

infusion (5 mg/h/kg) lasting for the duration of the second dynamic scan. (B)

Representative images obtained from the PET scan before and after TLN-4601

treatment. The cross represents the tumor (C6-glioma), the asterisk likely

represents a necrotic area and therefore non-specific binding of [11C](R)-

PK11195. The blue region represents non-specific soft tissue of [11C](R)-

PK11195. (C) Bar graph representation of the PET scan analysis (mean of 6

animals). (D) Bar graph representation of the tissue and plasma TLN-4601

concentrations. Following the completion of the in vivo studies, animals were

sacrificed by anesthetic overdose and decapitated. Brain, tumor (excised from

normal brain), and liver were snap-frozen in liquid nitrogen and stored at �80 8C.

Blood samples were collected into K2-EDTA tubes and stored frozen at�80 8C. TLN-

4601 was extracted with acetone and quantified by HPLC–MS/MS. Values represent

the range and mean of 6 different rats.
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indicates that TLN-4601 preferentially accumulates in the tumor.
Indeed, drug levels were >200-fold higher in the tumor compared
to the normal brain. TLN-4601 accumulation in the tumor (176 mg/
mL) was also significant compared to liver (24.8 mg/mL; 7-fold)
and plasma (16.2 mg/mL; 11-fold).

4. Discussion

TLN-4601 was discovered from a Micromonospora sp. by the use
of Thallion’s proprietary DECIPHER1 discovery platform [17,33].
The dibenzodiazepinone core of the molecule is exceedingly rare
among natural products. We have previously identified and
characterized the antitumor properties of TLN-4601 [18]. In light
of the dibenzodiazepinone, we had evaluated the binding
properties of TLN-4601 on the benzodiazepine receptors and
reported that TLN-4601 was a specific PBR ligand. This finding was
further confirmed in this paper and interestingly the binding
affinity for the PBR is not mediated by the dibenzodiazepinone
core, but rather by the farnesyl side chain. This conclusion is
demonstrated by the fact that TLN-4615, a semi-synthetic
derivative of TLN-4601 where the farnesyl side chain is now
saturated, does not bind the PBR.

In the present study, we show that Jurkat cells, which lack WT
PBR expression, are as sensitive toward TLN-4601 as their PBR
transfected counterpart, Jurkat-PBR. These findings suggest that the
growth inhibitory activity of TLN-4601, measured by the XTT assay,
is not mediated by the PBR binding properties. Although we do not
know the exact cellular target for TLN-4601, our recent mechanistic
studies indicate that TLN-4601 inhibits Ras-MAPK signaling
pathway [34]. We show here that the effect of TLN-4601 on cell
toxicity is mediated by the induction of apoptosis. Both in Jurkat WT
and Jurkat-PBR, caspase 3 and PARP cleavage was observed after an
overnight exposure to 3 mM of TLN-4601. There is a clear correlation
between caspase 3 and PARP cleavage and cytotoxicity. DNA
nucleosomal fragmentation, a hallmark of apoptosis, observed in
both Jurkat WT and Jurkat-PBR, further confirms that TLN-4601
exposure induces apoptosis in both cell lines.

In a recent study, PBR expression was demonstrated in Jurkat
cells [35]. The receptor had two amino acid substitutions and the
resulting PBR protein, named JuPBR and said to be functional, had
low-affinity binding sites for PK11195. While PK11195 has a high-
affinity for WTPBR our data indicate that this is not the case for TLN-
4601, which is shown here to have a low-affinity for the WTPBR. The
concentrations of TLN-4601 used are close to the Ki value for the WT
receptor and would be much too low to bind to JuPBR, which has
200-fold lower affinity towards PBR ligands [35]. Furthermore, the
non-PBR binder TLN-4615 also induced apoptosis in Jurkat cells,
indicated by the cleavage of caspase 3 and PARP (Fig. 2C). Taken
together, these results indicate that TLN-4601 induces apoptosis in
Jurkat cells, regardless of PBR expression levels.

The relationship between PBR ligand toxicity and their binding
to PBR has been questioned due to the fact that they bind with
nanomolar affinity but induce apoptosis in the high mM range
[21,36,37]. Moreover, two independent studies using different PBR
ligands and cell lines with low or high levels of PBR as well as the
Jurkat WT and Jurkat-PBR demonstrated that PBR ligand-induced
cell death is unrelated to their PBR-binding properties [25,38].
Although these ligands induce apoptosis, their actual cellular
target is still undefined.

Several lines of evidence have alluded to the mPT as a critical
event in mediating apoptosis [39]. mPT is a phenomenon by which
the inner mitochondrial membrane (IMM) becomes permeable to
molecules smaller then 1500 Da following mPT pore opening. In
certain forms of intrinsic apoptosis, it has been proposed that the
subsequent loss of ionic homeostasis caused matrix swelling and
physical OMM rupture [40]. mPT pore opening would then lead to
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the release of Cytochrome C into the cytosol from the inter-
membrane space of mitochondria, considered to be the ‘‘point of no
return’’ and one of the early step in the intrinsic form of apoptosis.
PBR has been suggested to be a constituent of this pore in
association with VDAC and ANT, and to take part in the induction of
apoptosis. In the present study, we show that TLN-4601 exposure
decreased mitochondrial membrane potential (CM). As the
decrease was similar in Jurkat WT and Jurkat-PBR, it is unlikely
to be linked to PBR binding. Cytochrome C release was observed in
both cell lines between 2 and 4 h, which corresponds to the
decrease in CM. The mechanism by which TLN-4601 induces
Cytochrome C release and a decrease in CM is unknown at present.

The potential of PBR-targeted therapies in cancer has been
proposed by the use of PBR ligand-drug conjugates [41,42]. Taking
advantage of the fact that PBRs are selectively increased in both
experimental and human brain tissues compared to normal brain
and peripheral tissues [32,43] we examined whether TLN-4601
would preferentially target and accumulate in tumors using an
intra-cerebral orthotopic tumor model in rats. As a model system
we used the rat C6 glioma cells since they are known to express
high levels of PBR and specific PBR ligands have been shown to
inhibit their proliferation and induce apoptosis [36]. Moreover, we
have shown that TLN-4601 inhibits the growth of rat C6 tumors
both in vitro and in vivo [18]. The data obtained in the present study
indicate that TLN-4601 can bind to the PBR in vivo as it minimized
the binding of the selective and high-affinity ligand, [11C]PK11195.
Furthermore, we observed a 200-fold increase in TLN-4601 drug
levels in brain tumor compared with the normal brain. Given that
we utilized an orthotopic brain tumor model, and that TLN-4601
was administered by the tail vein, the data confirm our earlier
findings suggesting that TLN-4601 crosses the blood–brain barrier.
It is true that the implantation of tumor cells in the brain of normal
rats somewhat impairs the blood–brain barrier and that the 200-
fold higher levels could be partially due to leakiness of the model.
On the other hand, the fact TLN-4601 brain tumor drug
concentrations were 11-fold higher than those found in the
plasma and liver is highly suggestive of preferential tumor uptake.
Similar findings were observed with a gemcitabine-PK11195
conjugate, where a 2-fold enhancement in brain tumor selectivity
was observed compared to gemcitabine alone [41]. Taken together
with our earlier findings showing antitumor activity in rat and
human glioma tumor xenograft models [18], these results support
the use of TLN-4601 as a treatment for brain cancer.

In summary, the findings presented in this paper indicate that
TLN-4601, a novel antitumor agent and PBR-ligand, induces
apoptosis independently of PBR expression. As the compound
accumulates in tumors having high levels of PBR, we propose that
the PBR-binding property of TLN-4601 may potentiate its
accumulation in cells overexpressing PBR, a promising property
for an anticancer drug candidate.
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