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ABSTRACT

Approximately 25% of patients with colorectal cancer develop metastases to the liver, and surgery is currently the best treatment available.
But there are several patients who are unresectable, and isolated hepatic perfusion (IHP) offers a different approach in helping to treat these
patients. IHP is a method used for isolating the liver and delivering high doses of chemotherapeutic agents. The efficacy of IHP has been
improved by combining hyperthermia not only with chemotherapeutics but with other deliverable agents such as tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL). In this study, we used human colorectal cancer CX-1 cells and treated them with hyperthermia and
TRAIL, causing cytotoxicity. We were able to demonstrate that the numbers of live cells were significantly reduced with hyperthermia and
10 ng/ml of TRAIL combined. We also showed that the effect of hyperthermia on TRAIL in our studies was enhancement of the apoptotic
pathway by the promotion of JNK and Bimg; activity as well as PARP cleavage. We have also used our CX-1 cells to generate tumors in Balb/c
nude mice. With intratumoral injections of TRAIL combined with hyperthermia at 42°C, we were able to show a delayed onset of tumor growth
in our xenograft model. J. Cell. Biochem. 110: 1073-1081, 2010. © 2010 Wiley-Liss, Inc.
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C olorectal cancer is the second leading cause of cancer in the
United States and death is usually attributed to metastatic liver
disease [Ruers and Bleichrodt, 2002]. Surgical resection is currently the
best form of treatment but surgery alone cannot treat the vast majority
of these cases. Isolated hepatic perfusion (IHP), which involves
complete vascular isolation of the liver to allow delivery of high doses
of chemotherapeutic and biological agents as well as hyperthermia,
has been able to treat the cases of metastatic liver disease that surgery
cannot [Ridge et al., 1987a,b; Vahrmeijer et al., 2000]. The utilization
of IHP involves a wide scope in various treatment regimens. It is
essential to highlight one of its functions, hyperthermia. In the past

20 years, the biological effects of hyperthermia have been thoroughly
investigated. The temperatures of interest for treating cancers are
in the range of 40-46°C. This maximizes the tumor damage while
preserving the surrounding normal tissue [Yoo and Lee, 2007].
Hyperthermia has a synergistic effect when combined with chemo-
therapeutic agents in treating cancer, but it also works just as well
when combined with tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL), tumor necrosis factor-a (TNF-a), inter-
feron-y (IFN-v), or TNF-« + IFN-vy [Lee et al., 1993].

TRAIL consists of 281 and 291 amino acids in the human and
murine forms, respectively. TRAIL is expressed as a type II integral
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membrane protein belonging to the TNF superfamily (4-1BBL,
APRIL, BAFF, CD27L, CD30L, CD40L, EDA1, EDA2, FasL, GITRL,
LIGHT, lymphotoxin, 0X40L, RANKL, TL1A, TNF, TWEAK, and
TRAIL). Lymphotoxin and TRAIL are related most closely to a Fas/
APO-1 ligand (FasL) among TNF superfamily members. Like Fas
ligand (FasL) and TNF, the C-terminal extracellular region of TRAIL
(amino acids 114-281) exhibits a homotrimeric subunit structure
[Pitti et al., 1996].

TRAIL is well known to play a critical role as an inducer of
apoptosis in a variety of cancer cells in vitro and has been shown
to limit tumor growth efficiently in vivo, with minimal damage to
normal tissues [Ashkenazi et al., 1999; Walczak et al., 1999;
Kelley et al., 2001; Kato et al., 2007]. It is thought that TRAIL
induces apoptosis by binding to the death receptors TRAIL-R1
(DR4) and TRAIL-R2 (DR5), members of the TNF receptor
superfamily, which results in conformational changes that expose
a binding surface for Fas-associated death domain (FADD), an
adaptor protein [Kischkel et al., 2000; Thomas et al., 2004; Park et
al., 2005]. The adaptor molecule recruits the initiators caspase-8
and -10 to promote formation of the death-inducing signaling
complex (DISC). The activation of caspases has been documented
by several observations, providing evidence that caspase-8, an
initiator caspase, cleaves Bid and triggers mitochondrial damage
and subsequently induces the release of cytochrome c from the
mitochondria [Li et al., 1997; Gong et al., 2004; Oh et al., 2005].
Cytochrome c¢ in the cytoplasm binds to Apaf-1, which then
permits recruitment of procaspase-9 to form the apoptosome
protein complex. The formation of the apoptosome results in the
activation of caspase-9. Caspase-9 cleaves and activates procas-
pase-3 [Slee et al., 1999]. This results in the activation of effector
caspases such as caspase-3. Caspase-3 plays an important role in
both death receptor- and mitochondria-mediated apoptosis [Sun
et al., 1999]. Previous studies have shown that caspase-3 is
required for the DNA fragmentation and membrane blebbing
associated with apoptosis [Janicke et al., 1998]. MCF-7, a breast
cancer cell line, is caspase-3 deficient [Janicke et al., 1998] and
relatively insensitive to many chemotherapeutic agents [Yang et
al., 2001]. Reconstitution of caspase-3 sensitizes MCF-7 cells to
TRAIL [Lee et al., 2004].

We have demonstrated that hyperthermia has a synergistic effect
with TRAIL in causing cytotoxicity in CX-1 human colorectal cancer
cells [Yoo and Lee, 2007, 2008]. It was observed that TRAIL-induced
apoptotic death can be enhanced with mild hyperthermia (41-42°C)
through caspase activation and cytochrome c release in mitochon-
dria of CX-1 cancer cells. We also reported, in another study, that
hyperthermia increases the efficacy of chemotherapeutic agents
such as oxaliplatin or melphalan when used in combination with
TRAIL, killing the CX-1 colorectal cancer cells more effectively [Yoo
and Lee, 2008]. We are now reporting that hyperthermia combined
with TRAIL decreases tumor cell survival and increases phosphor-
ylation of Bim and JNK, on the contrary, by using a JNK inhibitor we
demonstrate the lack of phosphorylation of Bim and decreased
phosphorylation in JNK in the face of TRAIL and hyperthermia. In
addition, our in vivo study shows that combined mild hyperthermia
with TRAIL leads to a significant decrease in tumor growth in Balb/c
nude mice.

CELL CULTURE AND SURVIVAL ASSAY

Human colorectal carcinoma CX-1 cells were cultured in RPMI-
1640 medium (Invitrogen, Carlsbad, CA) containing 10% fetal
bovine serum (HyClone, Logan, UT) and 26 mM sodium bicarbonate
for monolayer cell culture. The dishes containing cells were kept in a
37°C humidified incubator with 5% CO,. One or 2 days prior to the
experiment, cells were plated into 60-mm Petri-dishes. For the
colony formation assay, CX-1 cells exposed to hyperthermia with or
without TRAIL were trypsinized, counted, and plated at appropriate
dilutions (200-1,000 cells/plate). After 10 days of culture at 37°C,
colonies were fixed by 10% formalin and stained with 2% crystal
violet. After the staining, all of the colonies were counted. Survival
was normalized with plating efficiency. For trypan blue exclusion
assay, trypsinized cells were pelleted and resuspended in 0.2 ml of
medium, 0.5ml of 0.4% trypan blue solution, and 0.3 ml of
phosphate-buffered saline solution (PBS). The samples were mixed
thoroughly, incubated at room temperature for 15min, and
examined under a light microscope. At least 300 cells were counted
for each survival determination.

PRODUCTION OF RECOMBINANT TRAIL

A human TRAIL cDNA fragment (amino acids 114-281) obtained by
RT-PCR was cloned into a pET-23d (Novagen, Madison, WI) plasmid
as described previously [Seol and Billiar, 1999]. The insertion sites
and sequences were confirmed by using T7 primer. His-tagged
TRAIL protein was purified using the Qiagen express protein
purification system (Qiagen, Valencia, CA).

HYPERTHERMIA TREATMENT

Cells cultured in 60-mm dishes were sealed with parafilm and were
placed in a circulating water bath (Heto, Thomas Scientific,
Denmark) which was maintained within 0.028°C of the desired
temperature. Control cells that were not in the water bath were kept
at 5% CO, in 60-mm dishes without parafilm.

TREATMENT WITH JNK INHIBITOR

CX-1 colorectal cancer cell cultures were treated with 50 pwg/ml of
JNK inhibitor II (Calbiochem, San Diego, CA), also known as
SP600125, 1 h prior to being treated with hyperthermia, 50 ng/ml of
TRAIL and combination therapy involving hyperthermia with 50 ng/
ml of TRAIL.

PROTEIN EXTRACTS AND POLYACRYLAMIDE GEL
ELECTROPHORESIS (PAGE) WITH IMMUNOBLOT ANALYSIS

Cells were lysed with Laemmli lysis buffer (2.4 M glycerol, 0.14 M
Tris, pH 6.8, 0.21M sodium dodecyl sulfate (SDS), 0.3 mM
bromophenol blue) and boiled for 10min. Protein content was
measured with BCA Protein Assay Reagent (Pierce, Rockford, IL).
The samples were diluted with lysis buffer containing 1.28 M (-
mercaptoethanol, and equal amounts of protein were loaded on 8-
12% SDS-polyacrylamide gels. SDS-PAGE analysis was performed
according to Laemmli [1970] using a Hoefer gel apparatus.
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Proteins were separated by SDS-PAGE and electrophoretically
transferred to nitrocellulose membrane. The nitrocellulose mem-
brane was blocked with 5% non-fat dry milk in PBS Tween-20
(0.1%, v/v) at 4°C overnight. The membrane was incubated with
primary antibody (diluted according to the manufacturer’s instruc-
tions) for 2h. Horseradish peroxidase-conjugated anti-rabbit or
anti-mouse IgG was used as the secondary antibody. Immunor-
eactive protein was visualized by the chemiluminescence protocol
(ECL, Amersham, Arlington Heights, IL).

Anti-JNK antibody was purchased from Santa Cruz (Santa Cruz,
CA), anti-phosphorylated JNK, anti-phospho-Bim and anti-Bim
antibody were from Cell Signaling (Beverly, MA), anti-PARP
antibody from Biomol Research Laboratory (Plymouth Meeting,
PA), and anti-actin antibody from ICN (Costa Mesa, CA).

DENSITOMETRY ANALYSIS

The Personal Densitometer SI from Molecular Dynamics was used to
analyze the bands performed in the immunoblotting technique
described above. The ImageQuaNT program was used for the
analysis.

ANIMAL MODEL

Human colon adenocarcinoma CX-1 tumors were established by
subcutaneously injecting 10° cells into the right hind leg of 8-week-
old male nude mice (Balb/c nude) (Charles River Labs, Wilmington,
MA). Prior to treatment with hyperthermia and TRAIL, tumor size
was measured 2-3 times per week until the volume reached
~50 mm?. Tumor volume was calculated as W? x L x 0.52 where L is
the largest diameter and W is the diameter perpendicular to L. After
establishment of these tumor xenografts, mice were randomized into
four groups of five mice per group. Mice were fed ad libitum and
maintained in environments with controlled temperature of 22-
24°C and 12 h light and dark cycles. For TRAIL treatment, TRAIL
(1mg/kg) was administrated by intratumoral injection. For
hyperthermic treatment, tumor bearing legs were immersed in a
water bath at 42°C for 1 h while the remainder of the mouse rested on
a plastic board outside of the water bath (Fig. 1A). All procedures
involving the mice were in accordance with the Guide for the Care
and Use of Laboratory Animals [National Research Council, 1996].

STATISTICAL ANALYSIS

Statistical analysis was carried out using Graphpad InStat 3 software
(GraphPad Software, Inc., San Diego, CA). Results from the t-test
were considered statistically significant at P < 0.05 or P<0.01.

EFFECT OF HYPERTHERMIA, TRAIL, OR HYPERTHERMIA

IN COMBINATION WITH TRAIL ON GROWTH OF

XENOGRAFT TUMORS

In vivo studies were performed to examine the effect of
hyperthermia, TRAIL, and hyperthermia in combination with TRAIL
on growth of xenograft tumors. Human colon adenocarcinoma

CX-1 tumors were established as described in the Materials and
Methods Section. After treatment, tumor size was measured every 3
days. Figure 1B shows that there were complete disparities from
15 days after treatment between hyperthermia and TRAIL-treated
tumors compared to untreated and those treated with hyperthermia
alone. TRAIL alone caused a statistically significantly decrease in
tumor growth. Moreover, hyperthermia in combination with TRAIL
caused a greater decrease of CX-1 xenograft tumor growth when
compared to treatment with TRAIL alone, hyperthermia alone and
the untreated control group. The effect of hyperthermia in
combination with TRAIL on tumor growth was observed as early
as 4 days after treatment. A slight difference, but not statistically
significant, was observed in the heated group in comparison to the
control group at 21 and 24 days after treatment.

EFFECT OF HYPERTHERMIA ON TRAIL-INDUCED CYTOTOXICITY
The technique of IHP exposes an individual to 1h of hyperthermic
conditions via an isolated vascular recirculating perfusion circuit
[Yoo and Lee, 2007, 2008]. To examine the effects of hyperthermia
on TRAIL-induced cytotoxicity, CX-1 cells were treated with 10 ng/
ml of TRAIL for 1h at two different temperatures (37 and 42°C) and
then incubated for 3 h. We previously described the morphological
features of these cells [Yoo and Lee, 2007] after exposure to
hyperthermia and 50 ng/ml of TRAIL and observed a large number
of them to be rounded and detached from the plate. For survival
determination, cells were trypsinized, counted, and plated. After 10
days, colonies were counted and survival was determined as
described in the Materials and Methods Section. By doing a colony
formation assay, we were able to demonstrate that the number of
live cells was significantly smaller with hyperthermia and 10 ng/ml
of TRAIL combined when compared to 37°C only, 42°C only and
37°C combined with 10 ng/ml of TRAIL (Fig. 2).

EFFECT OF HYPERTHERMIA IN COMBINATION WITH TRAIL ON THE
JNK-BIM SIGNAL TRANSDUCTION PATHWAY

We previously reported that differential cleavage of Mstl by
caspase-7 and -3 is responsible for TRAIL-induced activation of
the MAPK superfamily [Song and Lee, 2008]. We hypothesized
that hyperthermia facilitates TRAIL-induced JNK activation. JNK-
mediated Bim phosphorylation potentiates Bax oligomerization
and subsequent cytochrome c release [Putcha et al., 2003; Zhang
et al., 2008]. To test the hypothesis, phosphorylation of JNK and
Bimg; was examined after heat shock at 42°C for 1h in the
presence of TRAIL (10-200 ng/ml) followed by TRAIL for 1h at
37°C. Figure 3A shows that TRAIL treatment promotes JNK
activity (phosphorylation). TRAIL-induced JNK activation and
PARP cleavage were markedly enhanced by hyperthermia. Similar
results were observed with phosphorylation of Bimg;. Densito-
metry analysis of the bands in Figure 3A confirms that PARP
cleavage is shown to increase with hyperthermia and TRAIL
combined (Fig. 3B), as well as phosphorylated JNK (Fig. 3C) and
phosphorylated Bim (Fig. 3E). The densitometry analysis for JNK
(Fig. 3D) and actin (Fig. 3F), however, show no significant
changes.
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Fig. 1. Schema of experimental model of heat treatment (A) and effect of hyperthermia, TRAIL, or hyperthermia in combination with TRAIL on growth of CX-1 xenograft (B).
(A) Heating of tumors at a mild hyperthermic temperature (42°C) for 1 h was performed using water bath immersion of the tumor-bearing right leg. B: TRAIL was injected into

the subcutaneous tumors of mice once they were ~50 mm® in tumor volume. Tumors were exposed to hyperthermic conditions as well as treated with and without TRAIL.
Tumors were measured every 3 days. Error bars represent standard error of the mean from five mice. Asterisk (") represents a statistically significant difference between control

and hyperthermia alone, TRAIL alone, or hyperthermia in combination with TRAIL at P< 0.05.

EFFECT OF HYPERTHERMIA IN COMBINATION WITH TRAIL ON THE
JNK-BIM SIGNAL TRANSDUCTION PATHWAY AFTER TREATMENT
WITH JNK INHIBITOR

As we mentioned above, treatment with hyperthermia and TRAIL
demonstrated that the JNK-Bim signaling transduction pathway was
activated by the phosphorylation of JNK and Bimg;. In order to
prove that Bim is, in fact, directly related to JNK, we added a JNK
inhibitor to our cell cultures prior to treating them. JNK inhibitor
demonstrated decreases in the phosphorylation of JNK and resulted
in no detection of phosphorylation of Bimg when treated with
hyperthermia, TRAIL and combination of hyperthermia and TRAIL
therapy (Fig. 4A). This provides evidence that phosphorylation of
Bimg; requires that JNK also be phosphorylated completely.
Densitometry analysis of the bands in Figure 4A confirms that
PARP cleavage is shown to be significantly less with JNK inhibitor
added to the combined hyperthermia and TRAIL therapy when
compared with hyperthermia and TRAIL without JNK inhibitor

(Fig. 4B). The same observation is seen with phosphorylated JNK
(Fig. 4C) and phosphorylated Bim (Fig. 4E). The densitometry
analyses for JNK (Fig. 4D) and actin (Fig. 4F), however, show no
significant changes.

EFFECT OF JNK INHIBITOR ON CELL DEATH FROM HYPERTHERMIA
IN COMBINATION WITH TRAIL

We further examined whether JNK inhibitor protects cells from
hyperthermia in combination with TRAIL-induced cytotoxicity. For
this study, cells pretreated with JNK inhibitor II were then heated in
the presence of TRAIL. As shown in Figure 5, JNK inhibitor II
protected cells from hyperthermia in combination with TRAIL-
induced cytotoxicity. For example, hyperthermic conditions at 42°C
combined with 50 ng/ml of TRAIL has proven that this synergistic
effect can kill nearly 75% of CX-1 colorectal cancer cells when
compared to the nearly 5% killing effect that 50 ng/ml of TRAIL has
alone (Fig. 5). Adding JNK inhibitor II to the hyperthermia/TRAIL
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Fig. 2. Effect of hyperthermia in combination with TRAIL on cell viability. CX-1 tumor cells were exposed to hyperthermic (42°C) or normothermic (37°C) conditions for 1 h in
conjunction with and without 10 ng/ml of TRAIL. After treatment, cells were then exposed to 37°C for 3 h in the presence of 10 ng/ml of TRAIL. After 3 h exposure, cell survival

was determined by colony formation. For colony formation, cells were trypsinized, counted, and plated. After 10 days, colonies were counted and survival was determined as
described in the Materials and Methods Section. Error bars represent standard error from the mean (SEM) for three separate experiments. Asterisk (*) represents a statistically
significant difference between control (37°C only) and heat (42°C only) or heat + TRAIL-treated cells at P< 0.01.

combination therapy, we only see a killing effect of about 35%
(Fig. 5). This demonstrates that the JNK inhibitor which inhibits the
JNK-Bim pathway is protective of the synergistic effect of
hyperthermia combined with TRAIL.

Hyperthermia acts as a promoter in cytotoxicity of human cancer
cells when combined with other modalities. Our previous studies
have shown that mild hyperthermia (41-42°C) rather than acute
hyperthermia (44-46°C) effectively promotes the effectiveness of
TRAIL-induced cytotoxicity by facilitating activation of caspases
through mitochondria-dependent cytochrome c release in human
colorectal cancer cells [Yoo and Lee, 2007]. We have also
demonstrated that hyperthermia works synergistically with che-
motherapeutic agents like melphalan and oxaliplatin combined with
TRAIL in killing cancer cells [Yoo and Lee, 2008]. In this study we
were able to demonstrate that hyperthermia works synergistically
with TRAIL by enhancing JNK activation. This provided similar
results in cell death as well as showing a delay in growth in our
in vivo mouse model of human colorectal tumors.

Several researchers reported that JNK activation leads to caspase
activation and consequently apoptotic death [Fig. 3A, Chen et al.,
1998; Lei et al., 1998]. We speculate that JNK-mediated Bim
phosphorylation potentiates Bax-dependent apoptosis. Three iso-
forms of Bim —Bimg, Bim;, and Bimg;, are known to be involved in
apoptosis. Bimg is transiently expressed during apoptosis. In
contrast, Bim; and Bimg; are constitutively expressed in cells.
The apoptotic activity of these molecules is suppressed by binding to
the dynein motor complex via an interaction with dynein light chain
1 (DLC1) [Putcha et al., 2001]. Bim; and Bimg, but not Bimg, contain
a short peptide motif (DKSTQTP) which mediates the binding of Bim

to DLCI1. Previous studies revealed that the phosphorylation of
threonine residue at QTP of Bim; and Bimg; by JNK causes the
release of these proteins from dynein motor complexes [Lei and
Davis, 2003]. Two main models have been proposed to explain the
highly lethal activity of Bim. The released phosphorylated Bim may
directly (direct model) or indirectly (displacement model) activate
the Bax-dependent mitochondrial apoptotic pathway through Bax
oligomerization. The apoptotic activation mechanism of Bax begins
with a conformational change followed by oligomerization. The
oligomerized Bax integrates in the outer mitochondria membrane,
where it triggers cytochrome c release [Lee et al., 2008].

In this study, we demonstrated that hyperthermia increases
TRAIL-induced apoptotic death through promoting JNK activation.
A fundamental question which remains unanswered is how
hyperthermia promotes JNK activation. Several researchers have
revealed that hyperthermia induces an increase in reactive oxygen
species (ROS) [Skibba et al., 1990; Hall et al., 1994; Flanagan et al.,
1998; Frank et al., 1998; Venkataraman et al., 2004] and that
increasing antioxidant enzyme levels results in protection of cells
from oxidative stress [Venkataraman et al., 2004]. It is well known
that ROS are generated through several intracellular sources
including organellar sources, for example, mitochondrial electron
transport chain and peroxisomal cytochrome P-450 oxidases, as
well as endogenous enzyme systems, for example, plasma
membrane NADPH oxidase and cytoplasmic xanthine oxidase
[Gamaley and Klyubin, 1999]. Previous studies suggest that
mitochondria are the main source of ROS generation during
hyperthermia [Venkataraman et al., 2004]. During mitochondrial
respiration, O, acts as the terminal acceptor of electrons, with the
four-electron reduction of 0, yielding H,0. However, there exists a
finite probability (which differs in different tissues) that a one-
electron reduction of 0, to yield superoxide could occur [Boveris
and Cadenas, 1982], probably at Site I (NADH-dehydrogenase) or
Site III (ubiquinone-cytochrome b) of the electron transport chain
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Effect of hyperthermia in combination with TRAIL on the JNK-Bim signal transduction pathway. A: CX-1 cells were exposed to hyperthermic conditions (42°C) for 1 h

in the presence of TRAIL (10-200 ng/ml) and then incubated for 1 h at 37°C in the presence of TRAIL. Equal amounts of protein (20 p.g) from cell lysates were separated by SDS—
PAGE and immunoblotted with anti-PARP, anti-phosphorylated JNK, anti-JNK, anti-phospho-Bim, or anti-Bim antibody. Actin was used to confirm the equal amount of
proteins loaded in each lane. Hyperthermia combined with moderate to high doses of TRAIL (50-200ng/ml) shows an increase in activation of the JNK-Bim
signaling transduction pathway demonstrating apoptotic cell death. B-F: Densitometry analysis of the bands from the JNK-Bim signal pathway for PARP (B), p-JNK (C),

JNK (D), p-Bim/Bim (E), and actin (F) was performed.

[Boveris and Cadenas, 1982]. Superoxide then rapidly dismutes to
form H,0,. It has been estimated that during normal respiration
approximately 1-49% of O, consumption results in the production of
superoxide and hydrogen peroxide [Boveris and Cadenas, 1982], but
during hyperthermia, disruption of the mitochondrial electron
transport chain occurs and results in increase in the intracellular
level of ROS. Hyperthermia in combination with TRAIL may
facilitate the disruption of the mitochondrial electron transport

chain and ROS generation. We previously observed that ROS can be
sensed through thioredoxin (TRX) and glutaredoxin (GRX) and
subsequently activate the apoptosis signal-regulating kinase 1
(ASK1)-mitogen extracellular kinase (MEK)-mitogen-activated
protein kinase (MAPK) signal transduction pathway [Lee et al.,
1998; Song and Lee, 2003a,b]. TRX and GRX appear to act as
physiological inhibitors of ASK1 by associating with the N-terminal
and C-terminal portion of ASK1, respectively, and inhibiting ASK1
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cultures 1 h prior to exposing them to hyperthermic (42°C) conditions for 1 h in the presence of TRAIL (50 ng/ml) and then incubated for 1 h at 37°C in the presence of TRAIL.
Immunoblotting assay was performed as described in Figure 3A. JNK inhibitor effectively inhibited the JNK-Bim signal and protected cells from apoptosis during treatment with
hyperthermia in combination with TRAIL. B—F: Densitometry analysis of the bands from the JNK-Bim signal pathway with/without JNK inhibitor for PARP (B), p-JNK (C), JNK

(D), p-Bim/Bim (E), and actin (F) was performed.

kinase activity [Saitoh et al., 1998; Song et al., 2002]. TRX and GRX
contain two redoxactive half-cystine residues, -Cys-Gly-Pro-Cys-
or -Cys-Pro-Tyr-Cys-, in an active catalytic center [Holmgren, 1989;
Saitoh et al., 1998; Song and Lee, 2003a]. These sensor molecules
may be converted to the intramolecular disulfide form of TRX-(S-S)
and GRX-(S-S) during glucose deprivation. The oxidized form of
TRX and GRX dissociates from ASK1 and consequently activates the

ASK1-MEK-JNK signal transduction pathway [Saitoh et al., 1998;
Song et al., 2002; Song and Lee, 2003b].

Previous studies show an elevation of the intracellular level of
ROS during treatment with TRAIL [Perez-Cruz et al., 2007].
However, we could not observe the meaningful generation of
ROS during TRAIL treatment (data not shown). This discrepancy
needs to be clarified. Nonetheless, recently we observed that TRAIL
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Fig. 5. Effect of JNK inhibitor (JNKI) on hyperthermia in combination with
TRAIL-induced cytotoxicity in CX-1 cells. JNK inhibitor Il (50 pg/ml) was
added for 1h prior to the treatment of hyperthermia (42°C) for 1h in the
presence of TRAIL (10-50 ng/ml). After treatment, cells were exposed to 37°C
for 1h in the presence of TRAIL (10-50 ng/ml). Cell survival was immediately
determined by the trypan blue exclusion assay as described by the Materials and
Methods Section. Duplicate experiments were performed.

can activate JNK in addition to caspases [Song and Lee, 2008].
TRAIL-induced JNK activation is dependent on caspase activation,
and mammalian sterile 20-like kinase 1 (Mstl) functions as a
mediator between caspase activation and JNK activation [Song and
Lee, 2008]. Mst1 is cleaved by caspase-mediated proteolysis in
response to TRAIL treatment. The C-terminus regulatory region of
Mst1 contains two distinct functional domains, which are required
for homo- and/or hetero-dimerization and the regulation of kinase
activity. It is possible that hyperthermia promotes caspase enzyme
activity and subsequently enhances JNK activity through promoting
Mst1 cleavage (activation) and TRAIL-induced apoptotic death. We
believe that many critical questions still remain to be answered to
understand the mechanism of the promotion of JNK activation
during hyperthermia in combination with TRAIL. However, this
model will provide a framework for future studies.

Based on these studies, we now know that these two modalities,
hyperthermia and TRAIL, delays the onset of tumor growth in
subcutaneous tumors. We also know that cell survival is decreased
when those therapies are administered. The combination of
hyperthermia and TRAIL offer a great advantage in killing human
colorectal cancer cells and decreasing tumor growth. They need to
be applied in conjunction with specific delivery vehicles and infused
directly into the liver, perhaps by way of hepatic perfusion which
leads to regional therapy, in metastatic animal models. Gannon et al.
[2007, 2008] with the use of gold nanoparticles and the external
radiofrequency concept provides another approach in which this
combination therapy could be applied. The effects of external
hyperthermia along with TRAIL could lend another approach to our
future studies. We have come to the conclusion that our data will
serve as the backdrop to these future studies.
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