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Abstract : We demonstrated the effectiveness of inducible expression of the TNF- « gene. The TNF- «
gene located under the heat-inducible promoter, gadd 153, was introduced into the human glioma cell line,
U251-SP. Without heat treatment, no cytotoxicity for the transfected cells was observed. When the
transfected cells were treated with hyperthermia at 43°C for 1 h or 45°C for 1 h, inducible expression of
the TNF- « gene was observed. The pattern of enhancement of the gene expression varied with
temperature. The TNF- o production per cell on treatment at 43°C reached 4.3 times the basal level at one
day after the heat treatment while the maximum production on treatment at 45°C was observed at 4 days
after the heating. The cytotoxicity of the transfected cells treated at 43°C and at 45°C was 81% at 3 days
after the heating and 99.9% at 4 days after the heating, respectively.
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Introduction

Complete resection of brain tumors, for instance gliomas, is generally difficult. Clinical outcome in
patient with malignant glioma treated with other modalities including radiation, chemotherapy or
hyperthermia, is rather poor.

Tumor necrosis factor (TNF)- « , first reported as a direct cytolytic effector of cancer cells, induces
tumor cell death by apoptosis 2. It has been also reported that the immune system of the host animal was
activated ® and remarkable antitumor activity was obtained in in vivo experiments using TNF- « in murine.
However, its clinical use in human has been greatly limited by a strong toxicity.

We have investigated the hyperthermia of brain tumor using fine magnetite particles as intracellular
heating materials®. Complete regression was observed in an in vivo experimental model®. However, brain
tumors were difficult to cure, because the heating is prevented by the cooling effect due to extremely high
blood flow in the brain. Combination treatment of hyperthermia with gene expression of cytokine is a
promising approach.

The gadd 153 (the Growth Arrest and DNA Damage) gene, which is one of the gadd transcription factor
family, was originally identified by DNA damaging reagents in hamster cell lines ®. It was reported that the
gadd 153 gene was inducible under stress conditions that damage DNA integrity including heat stress ”?.
In our previous study ®, we investigated the induction of gadd 153 promoter-mediated gene expression by
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heat stress using a reporter gene. We also found that this promoter system works under the condition of
mild hyperthermia. In the present study, we demonstrated the inducible expression of the TNF- « gene
located under the gadd 153 promoter and its effect to tumor cell death.

Materials and Methods
Plasmid construction

The plasmid JymCATO including the gadd 153 promoter was kindly provided by Prof. Nikki Holbrook ®.
The plasmid pGadLuc is the vector which has the luciferase reporter gene located under the gadd 153
promoter®. The plasmid pGadTNF is the vector in which the luciferase gene of pGadLuc has been
replaced by the TNF- « gene from the plasmid SKhTNF « (kindly provided by Dr. Hirohumi Hamada).
These plasmids have no other promoters or enhancer elements.

Cell culture and transfection

U251-SP human glioma cells were grown in Minimum Essential Medium, supplemented with 10% fetal
calf serum, 10 mM non-essential amino acids, 0.1 mg/ml streptomycin sulfate and 100 U/ml potassium
penicillin G as antibiotics. The cells in the logarithmic growth phase were seeded one day before
transfection at 1X10° cells per 100 mm-diameter dish and after heat stress treatment, were re-seeded at
1 X107 cells per well in 6-well culture plates. The cells were incubated at 37°C in a humidified atmosphere
of 5% CO, and 95% air.

The cells were transfected by the lipofection method using cationic liposomes including the plasmid?.
The plasmid-liposome complex was added to the medium to reach 0.2 xg/ml in DNA concentration.

Heat stress treatment

As described in our previous paper”, heat stress was applied at 60 h after transfection. The cell culture
plates were wrapped individually with hermetic film and immersed directly in a water bath at 43°C or 45C
for 1 h. The temperature of the medium increased quickly and reached equilibrium within 5 minutes. The
temperature in the medium was monitored with a fiber optic thermometer probe (FX-9020, Anritsu Meter
Co., Tokyo, Japan).

Effect of TNF- a on U251-SP cells exposed to heat stress

Recombinant human TNF- ¢ (Sigma Chemical Co., St. Louis, MO, USA) was used for the experiments
of exogenous addition of TNF- « . In the experiments to study effect of endogenous TNF- « on U251-SP
cells, the TNF- « concentration was determined by an enzyme-linked immunosorbent assay (ELISA) kit
(ENDOGEN Co., Woburn, MA, USA). The standards were calibrated using WHO reference lot 87/ 650.
One pg of the standards was equivalent to one WHO pg. Luciferase activity was determined with a
luciferase assay kit (Promega Co., Madison, WI, USA).

Number of viable cell was evaluated by a Cell Counting Kit based on the modified MTT assay (Wako
Pure Chemical Industries, Ltd., Osaka, Japan) for the experiments of the exogenous TNF- « and by the
trypan blue dye-exclusion method using a hemocytometer for the experiment of the endogenous TNF- « .
The cell viability was determined as follows:



Inducible Expression of TNF-a Gene for Hyperthermia - T. Kobayashi et al.

Cytotoxicity-1
[%]

El
10°f =
E 3
M =~
i 107 3
S -4
52
-
U —
t
5 10t}
4
S P
Culture time [ days ]
Culture time [ days ]
Fig. 2. Time course of induction of gadd 153 promoter-mediated
Fig. 1. Cell growth and the cytotoxicity-1 of pGadLuc luciferase gene expression by heating. Luciferase activity per cell
transfected U251-SP cells after heat treatments. Cell growth was was calculated as follows:
evaluated by counting number of viable cell by trypan blue Luciferase activity per cell (1/cell) = (the luciferase activity in the
staining. @:37C, A:43C,1h, W:45C,1h. culture supernatant) / (number of viable cell) @:37C, A:43C, 1

h, W 45°C, 1 h. RLU: relative luciferase unit.

Cell viability [%] = 100X (number of viable cell in the tested dish)/(number of viable cell in the dish at
37°C without TNF-« addition)

The cytotoxicity-1 represents the overall cytotoxicity and was determined as:

Cytotoxicity-1 [%] = 100X {1 - (number of viable cell in the tested dish)/(number of viable cell in the
control dish at 37°C)}

The cytotoxicity-2 represents the cytotoxicity induced by TNF- ¢ and was determined as:

Cytotoxicity-2 [%] = 100X {1 - (number of viable cell in the tested dish)/(number of viable cell in the
control dish at each temperature)}

Results
Induction profiles of gadd 153 promoter in U251-SP cell line

At first, in order to investigate the gene expression level induced by the gadd 153 promoter after heat
treatment, the pGadLuc plasmid containing the luciferase gene was used for transfection. Fig. 1 and 2
show the number of viable cell, the cytotoxicity-1 and the luciferase activity of the transfected cells after
hyperthermia treatment, respectively. Growth inhibition of transfected cells was observed at one day after
the heat treatment at 43°C. After that, the cell growth recovered. The cytotoxicity-1 was 35% at day 1,
increased to 53% at day 3 and then gradually decreased to 27% at day 5. When the cells were heated at
45°C for 1 h, the cell growth was strongly inhibited for 4 days. The cytotoxicity-1 increased to 98% at day
3 and was almost the same at days 4 and 5.

As shown in Fig. 2, the luciferase activity at one day after heating to 43°C was 7 times that in the case
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Fig. 3. Effect of exogenous TNF- « on U251-SP cells exposed Fig. 4. Cell growth, and the cytotoxicity-1 and -2 of pGadTNF
to different stresses. Cell viability was evaluated by a Cell transfected or non-transfected U251-SP cells after heating. Cell
Counting Kit based on the modified MTT assay. @:37C, A: growth was evaluated by counting number of viable cell by trypan
43°C,1h, M:45C,1h. blue staining.  O: 37°C incubation, @: pGadTNF+37C, A:
43°C, 1 h, A: pGadTNF +43C, 1 h, [3:45C, 1 h, B pGadTNF
+45C, 1h.

without heat treatment (the basal level). Then the activity gradually decreased to near the basal level. On
the other hand, the expression level gradually increased after heating to 45°C, with a maximum value of 31
times the basal level obtained at 3 days after the treatment.

Effect of exogenous TNF- « on U251-SP cells exposed to heat stress

As a preliminary experiment, the effect of exogenous addition of TNF- ¢ on cell viability was
investigated (Fig. 3). TNF- « was added within a wide range of between 1 pg/ml and 1 xg/ml. However,
no significant cytotoxicity was observed with or without heat stress. In the case without heating, a slight
decrease of the cell viability or a slight increase of the cytotoxicity-2 was seen within the range from 10
ng/ml to 1 #g/ml. Even when the TNF- « concentration was 1 x g/ml, only about 35% cytotoxicity-2 was
observed. However, no obvious dose response to the exogenous TNF- « concentration was observed in
combination with 43°C or 45°C heating, and the cytotoxicity-2 was 17% and 0%, respectively. Here, the
synergism between hyperthermia and the exogenous TNF- « was not observed.

Induction of TNF- a gene expression by heating and evaluation of its cytotoxicity

The cell killing effect both of the TNF- « gene expression and of hyperthermia is shown in Fig. 4.
Without heating, the growth of the cells transfected with pGadTNF was almost the same as that of non-
transfected cells. This means that the TNF- « gene expression was negligibly low and the cytotoxicity-1
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Fig. 5. The time course of the TNF- « concentrations in the Fig. 6. The time course of the TNF- a production of the pGadTNF
culture supernatant of the pGadTNF transfected cells. The TNF- « transfected cell. The TNF- a production per cell was calculated as
concentrations in the culture supernatant were determined by follows:

ELISA. @:37C, A:43C,1h, M:45C,1h. TNF- « production per cell (fg/cell) = (the TNF- « concentration

in the culture supernatant) / (number of viable cell)
@:37°C, A:43°C,1h, E:45°C,1h.

cannot be detected when the transfected cells are not exposed to heat stress. On the other hand, when the
cells were heated at 43°C or 45°C, significant increase in cytotoxicity-1 or -2 was observed as compared
with non-transfected cells. In the case of heating at 43°C, the cell growth of non-transfected cells was
suppressed by about half that without the heat treatment. Here, the cytotoxicity-1 is not shown in Fig. 4,
but it was 58% at day 3, which was similar to that (53%) of the reporter gene experiment shown in Fig. 1.
However, in the cells transfected with pGadTNF, the cytotoxicity-1 was 81% at day 3 as shown in Fig. 4.

For heating at 45°C, the cell growth of both transfected and non-transfected cells was strongly inhibited
for over 4 days. In the case of transfected cells, the viable cell number decreased exponentially and the
cytotoxicity-1 was 99.9% on day 4.

Time courses of the change in TNF- a concentration are shown in Fig. 5. Without heating, the
concentration was 20~50 pg/ml. When transfected cells were heated at 43°C for 1 h, TNF- ¢ accumulated
to over 100 pg/ml. However, for heating to 45°C, the TNF- « concentration was very low (less than 10
pg/ml). Time courses of the TNF- « production per viable cell are shown in Fig. 6. At 43°C, the
maximum TNF- « expression was observed one day after heating. For heating to 45°C, the gene
expression was not high at one day after heating but gradually increased from day 2 to day 3 and reached a
maximum on day 4.

The maximum TNF- « expression level at 43°C and 45°C was 4.4 and 240 times the basal level,
respectively. The former value was comparable with that (6.9 times) for the case of luciferase expression
under the same heating condition. Both expression profiles were also similar. On the other hand, the latter
value was much higher than that (31 times) in the case of the luciferase expression and the expression
profile of TNF- « was obviously peaky.

The toxicity induced by TNF- « gene expression is clearly discussed by the cytotoxicity-2 rather than
the cytotoxicity-1. For heating at 43°C, the maximum TNF- « expression level was observed at day 1
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(Fig. 6), and the strong cytotoxicity-2 was also observed at day 1 (Fig. 4). The expression profiles after
day 2 decreased gradually as described in Fig. 6, and the cytotoxicity-2 after day 2 was almost similar to
that at day 1. On the other hand, the TNF-« expression level in the case of 45°C treatment was low at day
1 (Fig. 6), and the weak cytotoxicity-2 was also observed at day 1 (Fig. 4). After that, the cytotoxicity-2
markedly increased, which corresponded to the increased expression of the TNF- « after day 2 (Fig. 6).
Here, low TNF- « concentrations were detected under all conditions (Fig. 5), and the cytotoxicity-2 was
not increased when these TNF- a concentrations were exogenously added as shown in Fig. 3. The
cytotoxicity-2 was increased with the temperature for heat treatment when the TNF- &« was expressed
endogenously. This unique system of TNF- « gene located under gadd 153 promoter is very attractive for
hyperthermia.

Discussion

Exogenous TNF- « has a growth inhibition effect on some human glioma cells, although other glioma
cells are resistant '”. U251-SP cells showed strong resistance to exogenous TNF- « . In the case of tumor
tissue with resistance, the administration of TNF-« is meaningless for cancer therapy and the risk to normal
tissueremains due to the insufficient localization of the TNF-«. Moreover, synergism between hyperthermia
and the exogenous TNF- a« was not observed as shown in Fig. 3. In these ways, the heat treatment
decreased the cytotoxicity due to the exogenous TNF- «, which has been reported by Jidtteld ez al'.

We demonstrated the effectiveness of inducible expression of the TNF- « gene. Much lower TNF- a
concentrations than those required to promote the same cytotoxic effect of exogenous TNF- « were detected
(Figs. 3 and 5). Mizuno et al. reported that cells transfected with the TNF- « gene were more strongly
inhibited than those treated with exogenous TNF- a, including U251-SP cells . Tos et al. reported that
continuous release of the TNF- « from cells transfected with the TNF- « gene generated a cytotoxic effect
to the surrounding cells . In the present study, these phenomena seemed to occur. As the temperature for
heat treatment was increased, continuous release of the TNF- « per cell was also increased (Fig. 6), so that
the cell killing effect was enhanced.

The induction of the gadd 153 promoter increased with the temperature for heat treatment, which are
similar to our previous results . However, the reason for the high expression level of TNF- « at 45C
was not the characteristics of the gadd 153 promoter. It has been reported that TNF- « induces the
production of reactive oxygens which are DNA damaging products ". U251-SP cells showed resistant to
exogenous TNF- ¢, but it was not caused by the lack of TNF receptor according to the results by Mizuno et
al'®. The reactive oxygens seemed to be produced by TNF- « signal in U251-SP cells. Therefore, it seems
that TNF- « itself induced the activity of the gadd 153 promoter and enhanced the TNF- « expression.

Conclusion

We have investigated the inducible expression of the TNF- « gene under the heat inducible promoter
gadd 153 and its enhanced effect during hyperthermia for cancer therapy. TNF- « expression levels at 43°C
and 45°C were 4.4 and 240 times the basal level, respectively. On heating at 43°C and 45C, the
cytotoxicity-1 was 81% on day 3 and 99.9% on day 4, respectively. The cytotoxicity-2 was increased with
the temperature for heat treatment. It was concluded that the gadd 153 promoter system is very useful for
cancer hyperthermia.
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