Thermotherapy-induced reduction in glioma
invasiveness is mediated by tumor necrosis
factor-alpha
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ABSTRACT. Thermotherapy has been proven to be effective for the
treatment of various tumors, including glioma. We determined whether
tumor necrosis factor-alpha (TNF-a) is involved in the regulation of the
biological processes of glioma development. Reverse transcription-
polymerase chain reaction (RT-PCR) and immunocytochemistry were
used to investigate the levels of TNF-a mRNA and heat shock factor-1
(HSF1) protein, respectively, in glioma cells. Radioimmunoassay was
used to dynamically monitor the contents of TNF-a in the nutrient fluid of
C6 cells after thermotherapy treatment. Crystal violet staining was used
to determine glioma invasiveness. The most obvious increases in HSF1
protein and TNF-a mRNA in C6 cells were observed at 30 and 60 min after
thermotherapy, respectively. In addition, the radioactivity of TNF-a in the
culture fluid of the C6 cells reached a peak after 120 min of thermotherapy.
In addition, glioma invasiveness decreased and the concentration of TNF-a
reached a maximum after 120 min of thermotherapy. Our results show that
the decrease in thermotherapy-mediated glioma invasiveness is due to the
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accelerated release of TNF-a, which could promote the release of HSF1
from neurospongioma cells.

Key words: Tumor necrosis factor-a; TNF-a; Heat shock factor-1; HSF1;
Thermotherapy; Glioma invasiveness

INTRODUCTION

Gliomas are characterized by an intense local invasiveness that limits the usefulness of
surgical resection (Cahill et al., 1996; Chatterjee et al., 2005). A new method to treat malignant
glioma by thermotherapy has been used for patients with malignant glioma (Du et al., 2009).
Thermotherapy is a comprehensive treatment that is gradually being recognized by clinicians; it
has a characteristically precise role and has no known side effects (Iwasaki et al., 1993; Ivarsson
et al., 2003; Gourgou et al., 2010; James et al., 2010). Increasing evidence suggests that there
is an evident decrease in both tumor surgical relapse rate and mortality following thermotherapy
treatment (Jurivich et al., 1995). Brain scans of human glioma patients have demonstrated that
thermotherapy decreases glioma invasiveness (Livak and Schmittgen, 2001), although the detailed
underlying mechanisms have not yet been clarified. Therefore, the pathophysiological mechanisms
of thermotherapy-mediated decreases in glioma invasiveness warrant further investigation.

A previous study demonstrated that thermotherapy might decrease malignant glioma
invasiveness through a tumor necrosis factor-alpha (TNF-a) pathway (Stummer and Kamp, 2009).
However, thermotherapy markedly decreases glioma invasiveness independently of thermotherapy
pretreatment. Therefore, we hypothesize that thermotherapy might have a positive effect on heat
shock protein 70 (HSP70) expression in glioma.

Heat shock factor-1 (HSF1) combines with the heat shock element (HSE), which lies in the
upstream region of the HSP70 gene, to promote HSP70 transcription and expression (Schwerdt et
al., 2008). Furthermore, there is an HSE sequence near the promoter in the TNF-a gene (Senthil and
Harrison, 2009). Studies have demonstrated that TNF-a and thermotherapy can decrease glioma
invasiveness (Suzuki et al., 2010). Consequently, we hypothesize that activated HSF1 affects the
transcription of HSP70 and TNF-a genes together by combining with their HSE sequences, which might
induce TNF-a gene activation and protein expression, and thereby decrease glioma invasiveness.

To test this hypothesis, we investigated using real-time reverse transcription polymerase
chain reaction (RT-PCR) methods whether thermotherapy can induce the expression of TNF-a
and HSF1 proteins in glioma cells. We also studied the effect of TNF-a on the decrease in glioma
invasiveness decreases.

MATERIAL AND METHODS
Cell culture and TNF-a radioactivity

Rat C6 glioma cells (obtained from the Cell Center Department of the Chinese Academy
of Medical Sciences) were grown in Dulbecco’s Modified Eagle Medium (DMEM) F-12 (Gibco,
Germany) supplemented with 1.5% heat-inactivated fetal bovine serum (10270-106, Hyclone,
Thermo Fisher Scientific, Inc. Shanghai, China), 15% horse serum, 100 U/mL penicillin, and
100 pg/mL streptomycin under standard culture conditions. When cells reached confluence, the
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medium was aspirated and fresh serum-free medium was added to the cells for 12 h. The cells
were then washed once with sterile phosphate-buffered saline, and fresh serum-free medium was
added. C6 cells were subjected to thermotherapy at 42°C for 10, 30, 60, 120, 180, or 240 min, then
the TNF-a radioactivity of the supernatants was detected using the radioimmunity method (N = 15).

Animals implanted with C6 cells

Adult male Wistar rats (180-220 g) were purchased from the Center for Experimental
Animals of Hebei United University. All animal experiments were conducted in accordance with the
National Institutes of Health Guide for the Care and Use of Laboratory Animals. Core temperature
was maintained between 37 and 38°C using a heat lamp. In brief, rats were anesthetized with 10%
chloral hydrate (3.5 mL/kg, ip) and subsequently received intracerebral injection of 1 x 106 C6 cells
in 10 yL medium with 1.2% methylcellulose using a Hamilton syringe. The injection coordinates
were 0.2 mm anterior to the bregma, 3 mm lateral to the midline, and into the caudate nucleus to
a depth of 5.5 mm. The C6 cells were maintained in a monolayer culture in DMEM/F-12 medium
(Gibco) with 10% (v/v) fetal calf serum. On the 14th day after tumor implantation, the rats were
prepared for treatment.

Immunocytochemistry of HSF1

The C6 cells were fixed with 4% paraformaldehyde for immunocytochemistry. The cell
smears were stained for immunocytochemistry with a rabbit polyclonal antibody anti-HSF1 (diluted
1:150, Santa Cruz Biotechnology, Inc., Shanghai, China) following standard procedures. For semi-
quantitative measurements of HSF1 density, the slides were photographed and measured using a
computer-aided image analyzing system (Motic Images Advanced 3.2, Xiamen, China).

Real-time RT-PCR analysis

Total RNA was isolated from cell samples and purified using RNAout (TaKaRa
Biotechnology Co., Japan), following the manufacturer instructions. Total RNA (500 ng per sample)
was reverse-transcribed into cDNA in a 20 pL reaction mixture using an iScript cDNA Synthesis
Kit (Bio-Rad, Hercules, CA, USA) according to the manufacturer instructions. Real-time RT-PCR
was conducted using iQ SYBR Green Supermix (Bio-Rad) in a 50-pL reaction mixture with the set
of primers listed in Table 1. All sets of primers were tested on 0.9% agarose gel to confirm a single
amplification product. The amplified products for TNF-a were directly cloned into the pCRII-Topo
vector (Invitrogen, Paisley, Scotland, UK) and sequenced to confirm their identity. All the primer
pairs were designed using the Accelrys Gene 2.0v software (Tokyo, Japan).

The real-time PCR was run on a MyiQ instrument (Bio-Rad) with a three-step cycling
program as follows: an initial hot start for 5 min at 95°C followed by 40 cycles with a denaturation
step of 15 s at 95°C, an annealing step of 30 s at 55°C, and an extension step of 30 s at 72°C,
with the optics on at the last step. In preparation of a melt curve, the samples were heated for 1
min at 95°C then cooled for 1 min at 55°C, and the melt curve was executed in 10 s increments
of 0.5°C with the temperature increasing from 55 to 95°C with the optics on. All the primers used
were selected and tested for the described amplification conditions. Efficiency and consistency of
the cDNA synthesis was determined by amplification of the rat 18S gene as a control. For each
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round of amplification, only those samples that were within one cycle of difference with respect to
the mean for 18S were considered for further analysis. For each sample of a specific target gene,
each cycle threshold was normalized with respect to 18S. Relative expression was determined
using the 222t method (Saito et al., 2005).

Table 1. Primer sequences used for real-time reverse transcription-polymerase chain reaction (RT-PCR).

Gene Accession No. Primer Sequence Region (bp) Product length (bp)
TNF-a NM_012675 F: 5-TCTTCTGTCTACTGAACTTCGGGG-3' 284-365 82

R: 5-ATGGAACTGATGAGAGGGAGCC-3'
18S X01117 F: 5-CCAGTAAGTGCGGGTCATAAGC-3' 1605-1732 83

R: 5-CCATCCAATCGGTAGTAGGGAC-3'

TNF-a = tumor necrosis factor-a; 18S = rat ribosomal RNA subunit; F = forward; R = reverse; bp = base pairs.
In vitro migration assay

The C6 cells were resuspended in DMEM F-12 containing 15% fetal calf serum to obtain
a concentration of 107 cells/mL and placed (10° cells/well) in the upper compartments of Transwell
migration chambers (Corning Costar 3421, USA). The cells were then placed in an incubator at
42°C for 10, 30, 60, 120, 180, or 240 min; the C6 cells that migrated to the lower compartment were
counted under a light microscope. The experiments were performed in triplicate, and migration was
determined by calculating the percentage of migrating cells relative to input.

Statistics analysis

All statistical analyses were performed using the SigmaStat software (SPSS, Chicago,
IL, USA). All data are reported as means * standard deviation. P < 0.05 was considered to be
significant.

RESULTS
Relative levels of TNF-a from C6 cells

The content of TNF-a in the experimental groups was 2.90- to 6.15-fold higher than in the
control group; therefore, thermotherapy greatly enhanced the upregulation of TNF-a. Specifically,
thermotherapy greatly increased TNF-a after 120 min of treatment. The relative levels of TNF-a in
the 10, 30, 60, 120, 180, and 240 min thermotherapy groups were 4.21 + 0.02 ug/L, 7.47 £ 0.39
pg/L, 12.05 + 0.66 pg/L, 16.23 £ 0.85 pg/L, 10.64 + 0.79 pg/L, and 8.52 + 0.28 pg/L, respectively
(P <0.05, P <0.01), as shown in Table 2. Our study demonstrated that thermotherapy has a direct
effect on TNF-a level in C6 cells.

Thermotherapy-induced expression of TNF-a in C6 cells
The levels of TNF-a mRNA were 1.9- to 10.6-fold higher in the experimental groups than

in the control group, and thermotherapy greatly increased TNF-a mRNA levels after 60 min. The
relative levels of TNF-a mRNAin the 10, 30, 60, 120, 180, and 240 min thermotherapy groups were
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18.4+0.1,59.3+0.2,120.0+0.5,98.3+0.5,86.2 £ 0.7, and 75.1 + 0.8, respectively (P < 0.05, P
< 0.01), as shown in Figure 1A and B.

Table 2. Tumor necrosis factor-alpha (TNF-a) content of C6 cell fluid subjected to thermotherapy (TT) at different
time points (pg/L, mean * standard deviation, N = 15 for each treatment time).

Times after HT treatment (min)

Groups 10 30 60 120 180 240
Concentration before TT 2.19+0.06 1.88 +0.128 34 +0.12 2.06+0.12 1.87 £ 0.05 2.18+0.09
Concentration after TT 6.40+0.05 9.35+0.51* 14.39 £ 0.96* 18.29 £ 0.78* 12.51 £ 0.84* 10.70 £ 0.38*
Relative levels of TNF-a 4.21+0.02 7.47+0.39 12.05 + 0.66 16.23 £ 0.85 10.64 £ 0.79 8.52+0.28

*P < 0.05, **P < 0.01 after TT group versus before TT group.
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Figure 1. TNF-a mRNA levels in C6 cells subjected to thermotherapy at different time points detected using RT-PCR.

A. Agarose gel revealing the differences in TNF-a mRNA levels. B. Relative levels of TNF-a mRNA (N = 15 for each
time point) for the experimental and control groups. *P < 0.05, **P < 0.01 versus control group.
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Thermotherapy-induced expression of TNF-a protein in the rat brain glioma model

The content of TNF-a was small in the control group. Compared with the control group,
the content of TNF-a in the rat brain glioma subjected to thermotherapy at various time points
fluctuated with treatment time (Figure 2). The TNF-a content increased markedly after 60 min of
thermotherapy. At 120 min, a significant increase in the radioactivity of TNF-a was noted, which was
15.0-fold higher than in the control group. The contents of TNF-a in the 10, 30, 60, 120, 180, and
240 min thermotherapy groups were 20.1 £ 0.2 yg/L, 20.5 + 0.3 pg/L, 40.5 + 0.6 pg/L, 75.2 £ 0.5
Mg/L, 30.6 £ 0.7 pg/L, and 10.5 £ 0.2 pg/L, respectively (P < 0.05, P < 0.01), as shown in Figure 2.
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Figure 2. TNF-a content of glioma tissue subjected to thermotherapy at different time points (N = 10 for each time

point). *P < 0.05 and **P < 0.01 versus control group.

Thermotherapy-induced expression of HSF1 proteins in C6 cells

Expression of HSF1 was low and mainly occurred in the cytoplasm in the control group.
After 30 min of thermotherapy, HSF1 immunoreactivity was found mainly in the nucleus (Figure
3A-F). The 30-min thermotherapy group exhibited a significant increase in HSF1 immunoreactivity.
The mean optical density (OD) value was 0.751 £ 0.032, higher than the value of 0.111 £ 0.001 in
the control group (P < 0.01, Figure 3G). Subsequently the expression decreased gradually; after
180 min of thermotherapy, the expression was nearly identical to that in the control group. The
integrated OD totals of HSF1 in the 10, 30, 60, 120, 180, and 240 min experimental thermotherapy
groups were 0.204 + 0.011, 0.751 £ 0.032, 0.623 £ 0.053, 0.436 + 0.805, 0.327 + 0.708, and 0.119
+ 0.028, respectively (P < 0.05, P < 0.01), as shown in Figure 3G.
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Figure 3. Expression of HSF1 in C6 cells after thermotherapy. Results of immunohistochemical investigation of HSF1
protein in the experimental and control groups after 10 min (A); 30 min (B); 60 min (C); 120 min (D); 180 min (E); or
240 min (F) thermotherapy. G. Relative expression levels of HSF1. *P < 0.05 and **P < 0.01 versus control group.
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Thermotherapy-induced reduction in tumor invasiveness

The percentage of migrating cells was 1.8- to 4.4-fold lower in the thermotherapy groups
than in the control group. Thermotherapy greatly reduced the number of migrating C6 cells after
120 min (Figure 4). The percentage of migrating cells in the 10, 30, 60, 120, 180, and 240 min
groups were 25.2 + 0.3, 24.1 £ 0.5,15.0+ 0.4, 10.1 £ 0.2, 20.0 £ 0.6, and 22.9 £ 0.1, respectively
(P <0.05, P <0.01), as shown in Figure 4.

50 x x % x

g
g
k-]
= 30 = Experiment
¥ O Coniral
é 20
5 10

0

10 30 60 120 180 240
Time/min

Figure 4. Thermotherapy-induced reduction in glioma invasiveness. C6 cells were subjected to thermotherapy for
different lengths of time and compared with the control. N = 10 for each time. *P < 0.05 and **P < 0.01 versus control

group.
DISCUSSION

These experiments show that thermotherapy can induce the transcription of TNF-a and
peak transcription occurred 60 min after the C6 cells were subjected to thermotherapy (Figure
1). The levels of TNF-a protein reached a peak at 120 min (Figure 1A and B), suggesting that
thermotherapy can directly and/or indirectly promote TNF-a transcription, protein translation,
and release of the TNF-a protein into the extracellular environment. In addition, we found that
thermotherapy (42°C) induced a decrease in glioma invasiveness, which reached a minimum at 120
min. At the same time, the concentration of TNF-a was at its highest (Figures 2 and 4). Therefore,
itis quite possible that TNF-a expression and thermotherapy are correlated. The increase in TNF-a
following thermotherapy further indicates that thermotherapy might stimulate TNF-a secretion in
this process. This experiment confirmed that levels of TNF-a are consistent with decreases in
glioma invasiveness, which further implies that thermotherapy decreases glioma invasiveness by
enhancing the release of TNF-a from glioma cells. Therefore, thermotherapy can cause decreases
in glioma invasiveness by inducing the secretion of TNF-a. We conclude that thermotherapy can
promote the release of TNF-a from glioma cells.

Our results showed that HSF1 expression increased and reached a peak at 30 min after
the C6 cells were subjected to thermotherapy (Figure 3A-G). It is well known that the protective
protein HSP70 is produced by stressed organisms. Thermotherapy, used to simulate heat stress,
can induce the production of HSP70 in vivo (Singh et al., 2000; Skaggs et al., 2007). Moreover,
HSP70 can be regulated by HSF1, which normally exists in the cytosol in an inactive state. In our
opinion, thermotherapy activates HSF1, which induces HSP70 gene transcription (Togni et al.,
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2010). In addition, the results showed that TNF-a transcription immediately increased, followed
by translation, which peaked at 60 and 120 min, respectively, after C6 cells were subjected to
thermotherapy. Recently, it has been confirmed that there are many incomplete HSE sequences
that are close to the 85-nucleotide non-translation sequence at the 5'-end of the TNF-a gene
(Uzuka et al., 2006). We hypothesize that thermotherapy increases HSF1 protein expression. The
HSF1 protein then combines with a HSE or its homoplastically similar sequence located upstream
in the TNF-a and HSP70 genes, thereby affecting the expression of the TNF-a gene and increasing
the synthesis and release of TNF-a protein. This leads to the decrease in glioma invasiveness. Our
results also revealed that after 10 min, there were differences in the levels of TNF-a mRNA, TNF-a
protein, and HSF1 protein, and a decrease in glioma invasiveness between the thermotherapy and
control groups, both in vitro and in vivo, but the differences were not statistically significant.

In conclusion, our results show that thermotherapy-mediated decreases in glioma
invasiveness are due to the accelerated release of TNF-a, which may cause the decrease in glioma
invasiveness by promoting the release of HSF1 from neurospongioma cells. The mechanism by
which thermotherapy reduces glioma invasiveness is very complex. Besides HSP70, HSF1, and
TNF-a, other factors could be involved, and the process and regulation mechanisms warrant
further investigation.
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