RTAA D) A8 A A 37D A 45 2007
Korean J. Electron Microscopy 37(4), 239 ~248(2007)

Response of Metastatic Cancer Cells to Thermal Changes in vitro
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ABSTRACT

Alteration of temperature is one of cancer therapies. In general, severe hyperthermia (around 43°C) and
hypothermia (around 18°C) trigger apoptosis through mitochondria, though the specific mechanism is still un-
known. CC-t6 and GB-d1 cell lines, which were originally derived from human cholangiocarcinoma and gall
bladder cancer, were established from a metastatic lymph node. To investigate the mechanism of metastatic
cancer cell response to thermal stresses, hyperthermia (37°C — 43°C) and hypothermia (37°C — 17.4°C) were
designed. Thermal stresses did not induce apoptosis but necrotic cell death. Any alterations of caspase-3, -9,
cytochrome ¢, Bax, and Bcl-2 were not found in both hyperthermia and hypothermia exposed cells using
western blot analysis. In the transmission electron microscopy, typical necrotic, but not apoptotic, changes
were observed. These results suggest that temperature changes induce cell death through necrotic pathway in

metastatic cancer in vitro, and it can be one of effective anticancer methods.
Keywords : Thermal stress, Necrosis, Apoptosis, Anti-cancer immunity, Metastatic cancer

cancer is a leading cause of death worldwide - from 58

INTRODUCTION million deaths in 2005, cancer accounts for 7.6 million

(or 13%) of all deaths. To solve the problem, manifold

According to World Health Organization (WHO), cancer-killing methods were designed. In particular, to
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conquer the cancer, many scientists have developed
various kinds of anticancer drugs. Wide ranges of anti-
cancer agents, including chemotherapeutic agents, anti-
body, hormones, and various biologicals, induce apo-
ptosis in malignant cells (Arends et al., 1991; Mesner et
al., 1997; Houshmand & Zlotnik, 2003), and the mito-
chondrial pathway plays a predominant role in drug-
induced apoptosis in the cell types examined to date
(Kaufmann & Earnshaw, 2000). However, because a
number of molecular processes conduct cancer at the
same time (Hornberg et al., 2006), anticancer agents are
well-known that various side effects are induced. Thus,
diverse research and treatment methods have been deve-
loping for cancer therapy.

Besides the anticancer agents, alteration of tempe-
rature is one of the promising approaches in cancer
therapy. The oldest report of thermal therapy was found
in the Egyptian Edwin Smith surgical papyrus, dated
around 3,000 BC. Hippocrates (460 ~370 BC) believed
that any diseases could be cured with artificial control
of body temperature, and the method he described in his
aphorisms, i.e. hot irons, concerns higher temperatures,
used in cauterization. In the 19th and 20th centuries,
fever therapy has been used as a method to increase
temperatures, while other investigators started to apply
radiofrequency techniques. A worldwide interest in
hyperthermia was initiated by the first international con-
gress on hyperthermic oncology in Washington in 1975
(van der Zee, 2002; Ito et al., 2006). However, the effect
and response of thermal stresses to metastatic cancer
cell are not well studied.

Hyperthermia, one of the well-known thermal stres-
ses, is recognized as teratogen in vivo and toxic agents
in vitro (Edwards et al., 1995; Hildebrandt et al., 2002;
Mirkes, 2002; Edwards et al., 2003). Conventional hyp-
erthermia are designed to around 42~44°C. In general
hyperthermia is known to trigger an apoptotic signal
that converges on the mitochondria in susceptible cells
to induce the release of cytochrome ¢ in vivo (Mirkes,

2002). The specific mechanism of cell death by hyper-

thermia is still unknown (Lepock, 2003). Elevated
temperatures can kill great numbers of tumor cells, and
in principle, hyperthermia can influence all kinds of
tumor cells (van der Zee, 2002; Ito et al., 2006). The
other thermal stress, hypothermia may damage cells
through induction of apoptosis if the exposure period of
hypothermia is long enough (Shibano et al., 2002; As-
lam et al., 2006). However, the mechanism of cell death
by hypothermia is also still unclear.

Thermal stresses are closely related with heat shock
proteins (HSPs). The expression of HSPs is a common
response to a variety of adverse conditions particularly
thermal change (Theodorakis, 1999), thus HSPs are
families of highly conservative stress proteins, ‘mole-
cular chaperones’ (Ellis & van der Vies, 1991; Lindquist
& Craig, 1998). HSPs, which are typically overexpress-
ed after various stressful conditions, are integral part of
response to environmental changes (Christians et al.,
2003). The genes for HSPs can be upregulated in res-
ponse to cellular trauma, resulting in enhanced cell sur-
vival and protection (Fairfield et al., 2004). These in-
duction of heat shock genes due to stresses is heat shock
response (Thayer & Mirkes, 1997; Buckley et al., 2001).
The central role of HSPs is to act as chaperone transien-
tly associated to other polypeptides and modulate cell
proliferation, antigen presentation, and cytoskeleton
organization (Christians et al., 2003). Moreover, HSPs
are closely related with cancer. HSPs expressed in in-
creased amounts in many cancers owing to the de-repre-
ssion of their genes during malignant progression. At
these high levels, HSP family members play an essen-
tial, facilitating role in cancer by permitting autonomous
growth through the accumulation of overexpressed and
mutated oncogenes and by inhibiting the death of tumor
cells (Calderwood et al., 2006).

However, despite the development of applicable re-
searches using thermal stresses, the basic knowledge of
metastatic cancer cell response to thermal stresses is at a
standstill. Do metastatic cancer cells die by thermal

stresses? What is the main death pathway of metastatic
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cancer cells by thermal stresses? What molecules are
participated in the response? How their morphology
should be changed? What kind of thermal stresses kill
them effectively? What is the correlation between the-
rmal stresses and HSPs in metastatic cancer cells?

To solve these questions and to investigate the mech-
anism of metastatic cancer cell response to thermal
change, hyperthermia and hypothermia were introduced.
To identify the main death pathway, immunoblotting us-
ing apoptosis related antibody were executed. In addi-
tion, to confirm the morphological changes, metastatic
cancer cells were observed after thermal stresses by tra-

nsmission electron microscopy (TEM).

MATERIALS AND METHODS

Cell culture

CC-16 and GB-d1 cell lines (kindly provided by Dr.
Hideo Shimura, Fukuoka University of Medicine, Ja-
pan), which were originally derived from human chola-
ngiocarcinoma and gallbladder cancer, were establish-
ed from a metastatic lymph nodes of a patient. Cells un-
derwent up to 6~7 passages from the original cell line
were used in this experiment. Cells were maintained in
T-75 or T-25 flasks or 35-mm dishes in Dulbecco’s
modified Eagle’s medium (Sigma M2278), supplement
with 10% heat-inactivated fetal bovine serum (Sigma
F2442) and 100 U/mL penicillin G (Sigma P7764), 100
mg/mL streptomycin (Sigma S1277), 20 mM HEPES
(Amresco 1291B68), 2 mM L-glutamine (Sigma G-
8540), 1% insulin-tranferrin-sodium selenite media
supplement (Sigma I-1884), 1% MEM vitamin solution
(Sigma M6895), and 1% MEM non-essential amino
acid solution (Sigma M7145) at 37°C in a 100% humid-

ified atmosphere containing 5% carbon dioxide (CO,).

Thermal stresses

CC-16 and GB-d1 cells were counted 2 x 10° and sub-

cultured to T-75 flasks and incubated in normal culture
conditions. 6hr or 17hr after seeding, the cells were
exposed to hyperthermia (37°C — 43°C) and hypo-
thermia (37°C — 17.4°C). Hyperthermia was induced by
pouring 43°C heating normal ‘culture media before us-
ing and kept the temperature in 43°C incubator for 30
min. Hypothermia was induced by the incubating tem-
perature maintained at 4°C for 10 min and the tempera-
ture of media decreased from 37°C to 17.4°C. Lastly,
these two thermal stresses, both hyperthermia and hypo-
thermia, were immediately conducted in succession by
same methods. The temperature of the media altered
from 37°C to 43°C and to 18.6°C. Severe hyperthermia
is well-studied around 43°C, and severe hypothermia is
well-studied around 20°C, thus this experiment focused
on 43°C and 18°C. All groups recovered in 37°C nor-
mal culture incubator. The recovery times of each
group were similar at 30 min. Control group had no
thermal stress. Sample acquisitions executed at 1 hr
(early response) or 12 hr (late response) after experiment

when the total lifetimes of all cells are the same as 18 hr.

Western blotting

Thermal stresses exposed CC-t6 and GB-d1 cell were
prepared, and proteins were extracted by using lysis
buffer (PRO-PREP protein extraction kit 17081 iNtRON
biotechnology). The protein concentrations were deter-
mined according to Bradford’s method. Additionally,
for concentration of dead and damaged cells, superna-
tants of each experiment were collected by floating just
after 1 min of mildly shakings the culture dishes. And
the proteins of supernatants were also extracted by same
methods.

Equal amounts of protein were subjected to SDS PA-
GE and electrophoretically were transferred to nitroce-
Hulose membranes. Proteins were analyzed by immuno-
blotting using 1:30,000 dilution of anti-HSP70 antibody
(Stressgen SPA-812), 1:2,000 dilution of anti-HSP27
antibody (Cell Signaling G31), 1:1,000 dilution of anti-
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Bcl-2 antibody (Cell Signaling 2872), 1 : 1,000 dilution
of anti-Bax antibody (Santa Cruz sc-7480), 1 : 1,000
dilution of anti-cytochrome ¢ antibody (BD sciences 556
433), 1: 1,000 dilution of anti-caspase-9 antibody (Santa
Cruz sc-7885), 1: 3,000 dilution of anti-B-actin antibody
(abcam ab6276), and 1 : 2,000 dilution of anti-cleaved
caspase-3 antibody (Cell Signaling Asp175). Using ima-
ge analyzer, Gel-Doc 2000 (Bio-RAD), the results of
western blot were photographed and densitometrically

analyzed.

Transmission electron microscopy

After thermal stresses 12 hr later, each sample was
fixed with 2.5% glutaraldehyde in 0.1 M phosphate buf-
fer (PB), pH 7.4 for 2hr and washed three times for 30
min in 0.1 M PB. They were postfixed with 0.002 M
0Os0, dissolved in 0.1 M PB for 1h and dehydrated in
ascending gradual series (50~ 100%) of ethanol and in-
filtrated with propylene oxide. Specimens were emb-
edded by EMbed 812 kit (Electron Microscopy Sciences
14120). After pure fresh resin embedding and polymer-
ization at 60°C electron microscope oven (TD-500 Dos-
aka) for 72 hr, 1 um thick section were initially cut and
stained with toluidine blue for light microscope. 70 nm
thin section were double stained with 3% uranyl acetate
and lead citrate for contrast staining. These sections
were cut by Reichert-Jung E ultramicrotome (Leica Mi-
crosystems). All of the thin sections were observed by
transmission electron microscopy (H-7600s, Hitachi) at

the acceleration voltage of 80kV.

RESULTS

Cell death mechanism

To confirm the cell death mechanism induced by
thermal stresses, apoptotic proteins were investigated by
immunoblotting. Apoptosis related proteins-caspase-3, -
9, cytochrome c, Bcl-2, Bax- are important staple com-

ponents of apoptosis and these proteins showed no

meaningful changes during thermal stresses (Fig. 1 A
~E). After each thermal stress was exposed, dead and
damaged cells floated and these supernatants were col-
lected after 1min of mildly shakings of culture dishes
and were analyzed by immunoblotting (Fig. 1 F, G). CC
-t6 cells had little HSP70 and HSP27 at normal culture
conditions. However, after thermal stresses, significant-
ly increasing amount of HSP 70 and HSP27 were dete-
cted in the dead and damaged cells. Thermal stresses
upregulated the expression of HSPs, which indicated
that thermal stresses induced necrotic cell death. In con-
trast, GB-d1 cells, which originally expressed high lev-
els of HSP70 and HSP27 at normal culture conditions,
were not significantly affected by thermal stresses. The
results only showed the expressions of HSP70 and HSP
27 either slightly increased or decreased. This result
suggested that no obvious changes in expression of HSP
70 and HSP27 indicated necrotic cell death.

Morpheological analysis

Using transmission electron microscopic techniques,
morphological changes were observed (Fig. 2). Hyper-
thermia induced severe cell damage. Hypothermia and
hyperthermia immediately followed by hypothermia
also induced cell damage. Compared with controls, all
thermal stresses induced cell death in each cell line. The
most of damaged cells clearly showed typical necrotic
changes: mitochondrial swellings, cell membrane rupt-
ures, cytoplasmic vacuolizations, irregular nuclear cont-
our, and secondary lysosomes. On the other hand, typi-
cal apoptotic morphological changes were not observed
at all. Interestingly, cells that suffered hypothermia sho-
wed high frequencies of mitotic figures. In TEM survey,
the results were similar irrespective of exposure time

and cell type.

DISCUSSION

Necrosis is the main cell death pathway

Most cancer treatment using anti-cancer drugs in-
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Fig. 1. Effect of thermal stresses on apoptosis regulatory proteins in CC-t6 and GB-d1 cells by western blotting. Each thermal

stresses induced cell lysate (A ~F) and supernatant cell lysate (G, H) was electrophoretically separated on polyacrylamide
gel and immunoblotted with antibodies against target proteins. A: cleaved caspase-3, B: caspase-9, C: cytochrome c, D: Bax,

E: Bcl-2, F: HSP70, G: HSP27, H: B-actin.

duced apoptotic cell death. Apoptosis in response to
cancer therapy proceeds through activation of the core
apoptotic machinery including the receptor and the
mitochondrial signaling pathway (Kaufmann & Earn-
shaw, 2000). And the majority of cytotoxic drugs initi-
ates cell death by triggering the cytochrome-c/Apaf-1/
caspase-9-dependent pathway through the mitochondria
(Debatin, 2004). Thermal stresses also induce apoptosis
in general.

However, thermal stresses induced necrotic cell death
in our experiments, regardless of exposure time, cell
type, thermal stresses. Expressions of apoptotic related
proteins-caspase-3,-9, cytochrome ¢, Bcl-2, Bax-were
not changed. In the survey of TEM, mitochondrial swel-
lings, cell membrane ruptures, cytoplasmic vacuoliza-
tions, irregular nuclear contour, and secondary lysoso-

mes were observed, and these were the characteristic

morphology of necrosis. Whereas apoptotic morpholo-
gy, such as, chromatin condensations, nuclear frag-
mentations, cytoplasm shrinkages and apoptotic body
formations did not observed.

Recently, Basu et al. (2000) has reported that necro-
tic, but not apoptotic, cell death leads to release of
HSPs. However, they only researched HSPs depleted
cells in normal states. Thus, our experiments were de-
signed two cell line of metastatic cancer that have or do
not have HSPs in normal conditions. CC-t6 cells did not
have any HSP70 and HSP27 in non-stressed states.
However, thermal stresses induced the increase of HSP-
70 and HSP27 in dead and damaged cells; particularly
hyperthermia most significantly induced. This increase
indicated that thermal stresses induced necrotic cell
death. In contrast, GB-d1 cells have abundantly HSP70
and HSP27 in control. After thermal stresses, the amo-
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unts of HSPs were slightly fluctuated. Hyperthermia and
hyperthermia immediately followed by hypothermia in-
duced small degrees of increasing of HSP70 and HSP
27. This increases indicated that necrotic cell death.
Hypothermia induced small degrees of decreasing of
HSP70 and HSP27. However, there were no disappe-
arances of HSP70 and HSP27. Therefore, compare with
another our results; these situations indicated necrotic
cell death.

Necrosis is a regulated cellular response to stress, and
another type of programmed cell death (Bursch, 2001;
Leist & Jaattela, 2001; Proskuryakov, 2003; Yuan et al.,
2003; Borst & Rotterberg, 2004; Zong et al., 2004).
Necrosis strongly produces a danger signal to immune
system to repair or kill these regions. Necrotic cell death
engages the innate and adaptive components of the im-
mune system through the release of HSP-peptide com-
plexes. Generation of necrotic cell death via HSPs exp-
ression induces antitumor immunity (Srivastava, 2003).
Moreover, increasing HSPs with cell death is not only a
marker of necrosis but also a specific signal for the
immune system (Basu et al., 2000; Proskuryakov et al.,
2003). HSPs protect cancer from a wide range of apop-
totic and necrotic stimuli, and are overexpressed in a
wide range of human cancers, and are implicated in
tumor cell proliferation, survival, differentiation, inva-
sion, metastasis, death, and recognition by the immune
system (Nylandsted et al., 2000; Proskuryakov et al.,
2003; Ciacca & Calderwood, 2005; Claderwood et al.,
2006). Increased expression of HSP occurs through de-
repression by p33, which is mutated with 45% of can-
cers, and are thought positive regulation by oncogenic
signaling pathways (Agoff et al., 1993; Tsutsumi-Ishii et
al., 1995; Madden et al., 1997; Ghioni et al., 2002;
Calderwood et al., 2006). The increase of HSPs in tum-
ors presents an opportunity for cancer immunotherapy
through the innate ability of many HSPs to function as
biological adjuvants and to chaperone tumor antigens
(Calderwood et al., 2005). HSPs interact with HSP

receptors on antigen-presenting cells (APCs) and acti-

vate through the NF-kB pathway (Srivastava et al.,
1994; Binder et al., 2000). When HSPs are increased in
cancer cells and such cells are destroyed through a necr-
otic mechanism, cells at distant sites are destroyed by a
specific anti-tumor immune response that is strictly
dependent on increased release of HSPs from the pri-
mary cells (Calderwood, 2005). Thus, necrotic cell dea-
th with high HSPs stimulates the patient’s own immune

responses against tumor (Masse et al., 2004).

Hyperthermia is the most effective thermal
stress against metastatic cancer cells

Hyperthermia has a toxic effect on many cells and
this phenomenon has been applied many cancers. In
fact, hyperthermia can influgnce and kill all kinds of
tumor cells although the meéh;misms of cell death is not
clear (Edwards et al., 1995; Hilderbrandt et al., 2002;
Mirkes, 2002; van der Zee, 2002; Edwards et al., 2003;
Lepock, 2003; Ito et al., 2006). Our results also showed
the possibility of hyperthermia to kill metastatic cancer
cells. The most toxic damages were induced by hypert-
hermia in MTT assay, trypan blue staining, and flow
cytometric analysis using PI and Annexin V doubling
staining (data not shown). Hyperthermia decreased the
cell viability of metastatic cancer cell by half and this
damage continuously influenced on 12 hr group (data
not shown). In the morphological analysis using TEM,
hyperthermia also induced the most severe insult than
other thermal stresses did. A major technical problem
with hyperthermia is the difficulty of heating the local
tumor region to the intended temperature without
damaging normal tissue. However, tumors can be sub-
jected to tumor-specific local hyperthermia (like intrace-
llular hyperthermia systems using magnetite nanoparti-
cles in alternating magnetic field) or other means of
radiation that may be deemed or determined to be cap-
able of enhancing the expression of HSPs (Srivastava,
2003; Ito et al., 2006). Thus, cell therapy using hyper-

thermia through necrotic cell death is a powerful me-
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thod in metastatic cancer cells.

Meanwhile, hypothermia caused damages to cells
similar pattern like hyperthermia in the beginning, how-
ever these damages did not continuously influence.
After 12 hr of hypothermia hypothermia exposed cells
showed higher frequencies of mitotic figures. Low tem-
perature cultivation of mammalian cells results in prol-
onged generation time and maintenance of cell viability
for longer periods, reduced glucose and glutamine con-
sumption, suppressed release of waste products, delayed
apoptosis, reduced protease activity, and improved tol-
erance against shear stress (Al-Fageeh et al., 2006).
Moreover, hypothermia is employed in a variety of me-
dical applications, including the preservation of organs
before transplantation because of these protective func-
tion (Russotti et al., 1996).
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7V AT dgE Feh oY Forle Axe Az
AL obd MEAke) Hee AXT YU FHA
Adr AL o]43 Ao NEZADAH BG5S

oA 9k, caspase-3, -9, cytochrome ¢, Bax -2 A%
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Akl 703} 27% 2718l 22 CC-t62F GB-dl A
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2 E2EE Y ST e B AEdaE o
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3 CC-t6 M EAAN 122 7P A AlzoAabs o
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AZY ATl AlEEde] vS &ds dojut A=
o] AHE AAAAFUAS. AT o] AfelMe do)A
A ZE AASE dyoze 3o /M &K H
83 & 5 sl

FIGURE LEGENDS

Fig. 2. Morphological observations of CC-t6 and GB-d1 cells using transmission electron microscopy. Electron micrographs of CC-
16 (A~D) and GB-d1 (E~H) cells were acquired after thermal stresses. A and E are morphology of control each cell line
respectively. Mitochondrial swellings, membrane ruptures, vacuolizations, irregular nuclear contour, and secondary
lysosomes were found in hyperthermia-exposed cells (B, F). Mitotic figures plentifully observed in hypothermia-exposed
cells (C, G). Hyperthermia followed by hypothermia treated cells showed similar morphological characteristics of
hyperthermia-exposed cells (D, H). A: CC-t6 CT, B: CC-t6 HT, C: CC-t6 hT, D: CC-t6 Hh, E: GB-d1 CT, F: GB-d1 HT, G:

GB-dl hT, H: GB-d1 Hh.
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