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Abstract

AIM: To investigate the change in expression of
p53, Bc/-2, and Bax genes in human colon cancer
cells transplanted into nude mice after hyperthermia,
chemotherapy, radiotherapy, thermochemotherapy,
thermoradiotherapy and thermochemoradiotherapy.

METHODS: Human colon cancer cell line (HT29)
was transplanted into the hind limbs of nude mice.
Under laboratory simulated conditions of hyperthermia
(43°C, 60 min), the actual radiation doses and doses
of mitomycin C (MMC) were calculated in reference
to the clinical radiotherapy for human rectal cancer
and chemotherapy prescription for colon cancer. The
mice were divided into 6 groups according to the
treatment approaches: hyperthermia, chemotherapy,
radiotherapy, thermochemotherapy, thermoradiotherapy,
and thermochemoradiotherapy. The mice were sacrificed
at different time points and the tumor tissue was taken
for further procedures. The morphologic changes in
membrane, cytoplasm and nuclei of tumor cells of
p53, Bcl-2, and Bax after treatment, were observed by
immunohistochemistry staining.

RESULTS: All of the six treatment modalities down-
regulated the expression of p53, Bc/-2 and up-regulated
the expression of Bax at different levels. The combined
therapy of hyperthermia, with chemotherapy, and/or
irradiation showed a greater effect on down-regulating
the expression of p53 (0.208 + 0.009 vs 0.155 + 0.0115,
P < 0.01) and Bc/-2 (0.086 + 0.010 vs 0.026 + 0.0170,
P < 0.01) and up-regulating Bax expression (0.091 *
0.0013 vs 0.207 £ 0.027, P < 0.01) compared with any
single therapy.

CONCLUSION: Hyperthermia enhances the effect of
radio- and chemotherapy on tumors by changing the
expression of apoptosis genes, such as p53, Bc/-2 and
Bax.
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INTRODUCTION

Tumor regression after a high fever due to erysipels was
first reported in 1866 by the German physician Busch. In
1910 Miller described the potential of hyperthermia as an
adjuvant to radiotherapy!. In the past two decades there
has been a great interest in application of hyperthermia
in conjunction with irradiation or/and chemotherapy
in cancer treatment. This is associated with a better
understanding of several biological parameters such as
radiosensitization, chemosensitization, direct cytoxicity,
thermotolerance, and stepdown heating, as well as
complete changes in micromilieu, especially involving
the microvasculature®”, Hyperthermia has become the
fifth method of therapy after surgery, chemotherapy,
radiation and biological therapy, and plays an important
role in multidiscipline therapy for cancer. Hyperthermia is
considered a very hopeful anticancer method in the near
future. For the first time we observed that hyperthermia
at 43°C for 60 min upregulated E-cadherin and y-catenin
expressions but downregulated f-catenin expression on

colon carcinoma cells 7z vitro. a-catenin expression is
not affected by hyperthermiam. However, the pathways
between apoptosis and hyperthermia (which is one of the
inducers) remain unclear. The relative amount of Be/-2 and
Bax proteins determines cell survival or death following
an apoptotic stimulus. To clarify the molecular mechanism
of hyperthermic cell destruction, radiosensitivity and
interaction of heat with chemotherapeutic agents,
we designed an experiment to identify the change
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in expression of p53, Bax and Be¢/-2 proteins after
hyperthermia, chemotherapy, radiotherapy and combined
therapies in human colon cancer transplanted into nude
mice.

MATERIALS AND METHODS

Reagents

Human colon adenocarcinoma cell line HT29 was kindly
provided by Center Laboratory of Tianjin Medical
University Cancer Hospital. One hundred and forty-four
4-5 wk-old BLAB/C nu/nu mice of both sexes, weighing
18-20 g, were purchased from the Animal Center of
Chinese Academy of Medical Sciences. The mice were fed
with standard maintenance diet and water throughout the
experiment period. All animals received care treatment
in compliance with the guidelines of China Ministry of
Public Health.

Reagents and instruments

Mitromycin-C (MMC) was produced by Kyowa Hacko
Kogyo Co. Ltd. Human anti-p53 gene polycolonal
antibodies were purchased from Beijing Zhongshan
Biotechnology, Inc. Polycolonal human antibody
against Be/-2 and Bax gene, ultrasensitiveTMS-P box for
immunohistochemical staining and DAB box were the
products of Fujian Maixing Biotechnology Development
Inc. Electroheat hemothermia water bath trunk (Shanghai
No 7 Medical Equipment Co. Lit., HHW21. Cu 600), 30
self-made wooden shelves for fixing nude mice, WMY-01
digital thermometer were the products of Shanghai
Medical Instrument Co. Lit. SI.-7510 accelerator, medical
adhesive tape, Leitz-1212 paraffin section machine,
Olympus CH-2 optical microscope and Bei Hang CMIAS
image analysis system were provided by Pathological
Department of Tianjin Cancer Hospital.

Xenografts of HT29 cells in nude mice

HT29 cells were incubated iz vitro to logarithmic growth
period. The cells were separated and counted. A total of
1 X 10" /mL HT29 cells were subcutaneously xenografted
in bilateral groins of nude mice. After 22 d, the mice were
sacrificed when tumors reached about 9 mm X 10 mm.
The mass of tumors was cut into 1 mm X 1 mm X 1 mm
pieces, which were then subcutaneously xenografted in
bilateral hind limbs of all 144 nude mice. When the tumors
grew about 0.8-1.0 cm in diameter, laboratory study was
undertaken.

Treatment of nude mice with xenografts of HT29
The mice were randomly divided into 6 groups (24 mice in
each group) and treated as follows.

The mice in group A (hyperthermia) were fixed
on a special frame, their bilateral hind limbs were
immersed in 43°C water for 60 min. The mice in group B
(chemotherapy) were given MMC through local injection
into the tumor at a dose of 1.4 mg/kg. Briefly, 5 mL. NS
was injected into an ampoule containing 2 mg MMC. MMC
was dissolved and the dose for each mouse was calculated
according to the formula: X = 5 mgY (1.4/1000) [X: mL
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of MMC solution for injection; Y: weigh of mice (g)].
The mice in group C (themochemotherapy) administrated
MMC, hyperthermia was performed after chemotherapy.
SL-7510 accelerator with 8 Mev electron beam was
used in mice of group D (radiation) with a 1.0 cm-thick
plexiglass placed on the surface. Radiation was performed
once at 10GY. The mice in group E (themoradotherapy)
underwent radiation and then hyperthermia. The mice in
group I (themochemoradiotherapy) rececived radiation
followed by chemotherapy and hyperthermia.

Three mice from each group were sacrificed at 8
different time points (before treatment, and 2, 4, 8, 12, 24,
48 and 72 h after treatment). The tumor of the hind limbs
was resected, fixed with 10% formalin solution, embedded
in paraffin wax blocks and cut into 4-um thick sections for
immunohistochemical analysis.

Immunohistochemical staining for expression of p53,
Bcl-2 and Bax genes in tumor tissue

Expression of p53, Be-2 and Bax genes in harvested tumor
was determined immunohistochemically using the S-P
method. Unless otherwise stated, all steps were carried at
room temperature. Briefly, after dewaxed and rehydrated,
slides were washed for 5 min, put into distilled water for
another 1 min and then dried in 2 microwaven (95°C-98°C)
in citric acid buffer (pH 6.0) for 15-20 min to retrieve
antigens. The sections were washed three times with
phosphate-buffered saline (PBS) for 5 min. Normal goat
serum was added to the slides for 20 min. Rabbit anti-human
polyclonal antibody against Be~-2, p53 and Bax was applied
to sections and incubated overnight at 4°C. After incubated
in PBS for 5 min, second antibody (biotin-conjugated)
was added to the sections at 37°C for 30 min. The enzyme
conjugated HRP-streptavidin (third antibody) at 37°C for
30 min. Between each step, the sections were washed three
times with PBS for 5 min. Sites of immunoreaction wete
visualized with 3, 3’-diaminobenzidine (DAB) for 2-20 min
under microscope. Then the sections were washed with
tap water for 5 min, soaked in distilled water for 2 min,
counterstained with Mayer’s haematoxylin, dehydrated in
alcohol, and mounted on Canada balsam.

Evaluation criteria for inmuohistochemical staining
Immunostaining specific for Be/-2 and Bax gene was
membranous and cytoplasmic, p53 gene was nucleolar.
These genes were stained yellow or brown under optical
microscope. Bei-Hang CMIAS pathological image analysis
system was adopted. The brightest area of image was
calibrated both for size and optical density; 5 high power
fields of each section wete selected for image collection.
The target area of section was fixed and color division
was carried out. The results of division were analyzed
statistically and an average optical density was obtained.

Statistical analysis

Statistical analysis was performed by SPSS11.5 for
Windows (SPSS, Chicago IL). Comparison of average
optical density for Be/-2, Bax and p53 genes in different
groups was made by mono-factor variance analysis. SNQ
test was used in comparison of the two groups.
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Figure 1 Expressions of p53 in different groups at different time points after
hyperthermia (A), chemotherapy (B), themochemotherapy (C), radiation (D),
themoradiotherapy (E), and themochemoradiotherapy (F).

Figure 2 Expressions of p53 before (A) and after thermochemoradiotherapy (B)
(SP, x 200).

RESULTS

Change in p53 gene expression

Down regulation of p53 expression was found in all the six
groups for treatment. The reduction of p53 expression in
group F was the highest and occurred at first. In contrast,
the reduction of p53 expression in group D was the lowest
and occurred at last. There was no significant difference
in the reduction of p53 expression in groups A, C and E.
The extent of reduction in the above mentioned groups
was significant in comparison to that in groups B and D.
The extent of reduction of p53 expression was greater in
group B than in group D.

Dynamic analysis showing reduction of p53 expression
was begun immediately in group F after the treatment.
The lowest level of p53 expression was found 48 h
after the treatment. The optical density was reduced
50% in comparison to that before treatment, and then
elevated again 48 h after treatment. p53 expression was
down regulated gradually in groups A, Cand E 2 h

Table 1 Average optical density of p53, Bc/-2 and Bax in

different groups 48 h after treatment (mean + SD)

Group n p53 Bcl-2 Bax

A 6 0.208 + 0.009 0.086 +0.010 0.091 +0.0013
B 6 0.223 +0.0133 0.056 + 0.0064 0.135 + 0.0095
C 6 0.255 +0.0111 0.064 + 0.0048 0.128 +0.0144
D 6 0.197 + 0.0157 0.058 + 0.0095 0.151 +0.011
E 6 0.205 +0.100 0.054 + 0.0090 0.150 +0.028
F 6 0.155 +0.0115 0.026 +0.0170 0.207 +0.027
F 40.810° 21.466° 23.912°

Group A: hyperthermia; group B: chemotherapy; group C: themo-
chermotherapy; group D: radiation; group E: themoradiotherapy; group F:
thempchempradiotherapy. °P < 0.01 in groups A-F. Comparison of average
optical density of Bcl-2, Bax and p53 genes in different groups was made
by mono-factor variance analysis. SNQ test was used to compare the two
groups.

after treatment, and elevated again in group C 48 h after
treatment. p53 expression was down regulated gradually
in groups B and D, 4 and 12 h following treatment
(Figures 1 and 2).

The average optical densities of p53 in different groups
48 h after treatment were analyzed by SNQ test (Table 1).
There was no statistical difference between groups A and
B, groups A and C, groups A and E (P = 0.425, P = 0.129,
P =0.279), though statistical differences were found
between groups D and E (P = 0.014, P = 0.000). There
was no statistical difference between groups B and A,
groups B and E (P = 0.129, P = 0.279), but between
groups B and D, groups B and F (P = 0.014, P = 0.000).
There were statistical differences between groups D and C,
groups D and E, groups D and F (P = 0.001, P = 0.000,
P = 0.000) while no statistical difference occurred between
groups C and E (P = 0.97). On the other hand, statistical
difference was identified between groups C and F (P =
0.001). These results indicated that p53 expression was
significantly down regulated in group F in comparison
to other groups and the combined therapy had a greater
ability to down regulate p53 expression than any single
therapy.

Change in Bcl-2 gene expression

Down regulation of Be/-2 expression was demonstrated in
six groups. The lowest level of Be/-2 expression was first
observed in group F. Hyperthermia by itself (in group A)
could not greatly down regulate Be/-2 expression. Down
regulation of Be/-2 could be enhanced when hyperthermia
was combined with chemotherapy (in group C) or radiation
(in group E), but obvious effect of down regulation was
found in group E compared to group C.

Dynamic analysis indicated that down regulation
of Bel-2 expression was observed in group F 2 h after
treatment and the greatest reduction occurred 48 h
after treatment and then elevated. In group A, Be/-2
expression was down regulated temporarily 4 h after
hyperthermia, then began to increase at 8 h and returned
to the original level at 12 h. Down regulation of Be/-2
gene was observed again at 24 h following hyperthermia.
There was no significant difference at various time
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Figure 3 Expression of Bcl-2 in different groups at the different time points after
hyperthermia (A), chemotherapy (B), themochemotherapy (C), radiation (D),
themoradiotherapy (E), and themochemoradiotherapy (F).

Figure 4 Expression of Bcl-2 before (A) and after thermochemoradiotherapy (B)
(SP, x 400).

points. Down regulation of Be/-2 gene was identified 8
h after chemotherapy (in group B) and Be/-2 expression
was down regulated in group D after an additional 4 h.
Bel-2 expression increased at 48 h after chemotherapy
and kept stable at 48 h following radiation (in group D).
Down regulation of Be/-2 gene was demonstrated 4 h after
themoradiation (in group E) and Be~2 decreased in group
C after an additional 4 h. Be/-2 expression increased at 48 h
following treatment in groups C and E (Figures 3 and 4).
The average optical densities of Be/-2 in different
groups 48 h after treatment were analyzed by SNQ test
(Table 1). Statistical differences were found between
groups A and B, groups A and D, groups A and C, groups
A and E, group A and F (P = 0.03, P = 0.021, P = 0.008,
P = 0.003, P = 0.001). However, there were no statistical
differences between groups B and D, groups B and C,
groups B and E, groups B and F (P = 0.339, P = 1.000,
P = 1.000, P = 0.054). No statistical differences existed
between groups D and C, groups D and E (P = 0.905,
P = 0.356). On the other hand, statistical differences
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Figure 5 Expression of Bax in different groups at the different time points after
hyperthermia (A), chemotherapy (B), themochemotherapy (C), radiation (D),
themoradiotherapy (E), and themochemoradiotherapy (F).

were shown between groups D and F (P = 0.040). There
were no statistical differences between groups C and E
(P = 0.999) though statistical differences were indicated
between group C and F (P = 0.040). Finally, there were no
statistical difference between groups E and F (P = 0.078).
The results indicated that Be/-2 expression was significantly
down regulated in groups E and F in comparison to other
groups and the combined therapy demonstrated its greater
ability to down regulate Be/-2 expression than any single
therapy.

Change in Bax gene expression
Up regulation of Bax expression was observed in six
groups. The highest Bax expression was first found in
group F. Once again hyperthermia by itself could not
obviously up regulate Bax expression which occurred at
last. Chemotherapy increased Bax expression (in group
B) followed by radiation (in group D). Bax expression
increased more significantly in group E than in group C.

Dynamic analysis indicated that Bax expression was
up-regulated gradually in group F 2 h after treatment.
The highest level was observed 48 h after treatment
and then decreased. Bax expression was up regulated 24
h after hyperthermia treatment (in group A), 4 h after
themoradiation (in group E), 8 h after themochemotherapy
(@in group C), 8 h after chemotherapy (in group B), and
12 h after radiation (in group D), respectively (Figures 5
and 6).

The average optical densities of Bax in different groups
48 h after treatment were analyzed by SNQ test (Table 1).
Statistical differences were shown between groups A and
B, groups A and D, groups A and C, groups A and E,
groups A and I (P = 0.01, P = 0.012, P = 0.000, P = 0.029,
P = 0.000). However, there were no statistical differences
between groups B and D, groups B and C, groups B and
E (P =0.988, P =0.242, P = 0.952). On the other hand,
statistical differences existed between groups B and F
(P = 0.008). No statistical differences were observed
between groups D and C, groups D and E (P = 0.134,
P = 0.767), though statistical difference occurred between
groups D and F (P = 0.004). There were no statistical
differences between groups C and E (P = 1.000), but there
was between groups C and F (P = 0.028). Finally, there
was no statistical difference between groups E and F (P
= 0.059). The results indicated that Bax expression was
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Figure 6 Expression of Bax before (A) and after (B) thermochemoradiotherapy
(SP, x 400).

significantly up regulated in groups E and F compared
to other groups and the combined therapy had a greater
ability to up regulate Bax expression than any single
therapy.

DISCUSSION

p53 seems to play an important role in mediating DNA
damage induced by various drugs because mutations
in p53 are associated with decreased susceptibility to
chemotherapeutic agents', and there is evidence that p53
expression is also related to multidrug resistance (MDR) o,
It was reported that human non-small-cell lung cancer
cell lines with mutant p53 have become more sensitive
to cisplatin following transduction of wild-type p53"".
Finally, p53 molecule has been fused to chemotherapeutic
prodrugs to enhance its chemosensitizing properties. It
was originally shown that thymocytes readily undergo
apoptosis following exposure to y-irradiation, but loss
of wild-type p53 dramatically reduces the number of
apoptosis cells"". Therefore, efforts to combine P53 gene
therapy with radiotherapy have focused on enhancing
the radiosensitivity of cancer cells lacking functional p53
to render them!”. In our experiment, mutant p53 was
detected by immunohistochemical staining. We found that
themochemotherapy and themoradiation could significantly
down regulate mutant p53 expression. Down regulation
of mutant p53 enhances radio- and chemosensitivity
indirectly with the similar therapeutic effect produced
by p53 gene therapy combined with chemotherapy and
radiation. Furthermore, hyperthermia has a greater ability to
down regulate mutant p53 expression than radiotherapy or
chemotherapy. Combined hyperthermia with chemotherapy
and radiation can achieve the best result. A recent report

also indicates that heat-induced growth inhibition of
transplanted neck squamous cell carcinoma (HNSCC) may
be correlated with the induction of p53-dependent Bax-
mediated apoptosis. Thus, p53 status appears to be one of
the useful parameters for predictive assays in hyperthermic
cancer therapy[lal.

Bel-2 family is a huge family comprising various members,
which are key regulators of apoptosis, tissue homeostasis,
and protection against pathogens'*. High levels and
aberrant patterns of Be/2 expression have been reported in
colorectal, lung, gastric, renal and other cancers"”. Elevation
of Bel-2 protein expression contributes not only to the
development of cancer, but also to resistance against a wide
variety of anti-cancer agents''”. The protection afforded by
Bel-2 against chemotherapeutic agents defines a novel type
of drug resistance in which Be~-2 over-expression does not
prevent drug entry and accumulation in tumor cells or the
interaction of drugs with their primary molecular targets.
Bel-2 appears to block the transmission of signals originating
from cellular damage to molecular effectors of apoptosiss[w].
This allows cells to survive in the presence of other lethal
damage, repairing drug-induced damage after withdrawal
of the drugs. [7a this mechanism, Be/-2 essentially converts
anti-cancer drugs from cytotoxic to cytostatic, thus
increasing the chances of acquiring genetic alterations and
favoring the development of a more malignant phenotype.
Bel-2 protein expression is negatively correlated with the
radiosensitivity of nasopharyhgeal carcinoma'”. Our study
suggested that hyperthermia combined with chemotherapy
could enhance the ability of B¢/-2 to down regulate its
expression, although hyperthermia itself could not change
the expression of Be¢/-2 gene significantly. This may be
one of the mechanisms of hyperthermia underlying the
enhancement of radiosensitization and cytotoxicity of many
chemotherapeutic agents.

In contradiction to the Be/-2 gene, Bax enhances cell
death. It was reported that when expression or mutation of
Bax gene is low in tumor tissue, cells resist apoptosis and
have no response to radiation and chemotherap'”. On the
other hand, over-expression of Bax in human cancer cell
lines has been reported to induce apoptosis independently of
endogeneous p53 status and to enhance the chemosensitivity
or radiosensitivity of selected tumor lines'”. Research in cell
line of childhood acute lymphoblastic leukemia indicates
that down regulation of Be/-2 expression and up regulation
of Bax expression by radiation tend to be correlated with
increased radiosensitivity!"”.

In the present study, expression of Be/-2 gene was
relatively high and expression of Bax gene was low, the
ratio of B¢/-2 and Bax was high. However, the expression
of Bax was up-regulated significantly after treatment. Be/-2
gene expression was down regulated in groups B-F. Down
regulation of Be/-2 expression in group F was more obvious
than that in groups E and C as well as in groups D and B.
Although hyperthermia itself did not change Be/-2 gene
expression, hyperthermia in combination with radiation
and chemotherapy increased down regulation of Be/-2 gene
expression significantly, suggesting that hyperthermia can
enhance radio- and chemosensitivity.

Anti-cancer therapy itself can influence the expression
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of apoptosis-associated genes. Radiation and chemotherapy
can change the level of apoptosis”™. A recent report indicates
that apoptosis induced by abating HSP70 expression may
enhance the sensitivity of human bladder cancer cells to
MMC?". In vitro study with malignant histiofibrocytoma cell
line has illustrated that the expression of Bax is up-regulated
in protein 30 min after 43°C hyperthermia, accompanying
the change in mRNA. In the present study, the extent of
up regulation of Bax expression in themoradiation group 24
h after treatment was greater than that in the hyperthermia
and radiation treatment groups. This phenomenon was not
found in the thermochemotherapy group.

In conclusion, hyperthermia in combination with
radio-and chemotherapy can achieve a better effect and
enhance changes in apoptosis-related genes though its
definite mechanism is still unknown. Further research is
required to determine the precise effect of hyperthermia
in combination with other therapies.
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COMMENTS

Background

In the past two decades there has been a great interest in application of
hyperthermia in conjunction with radiotherapy or/and chemotherapy in cancer
treatment. This is associated with a better understanding of several biological
parameters such as radiosensitization, chemoxicity, thermotolerance, as well
as complete changes in micromilieu, especially involving the microvasculature.
However, the pathways between apoptosis and hyperthermia remain unclear.

Research frontiers

We observed that hyperthermia at 43°C for 60 min up regulated E-cadherin and
y-catenin expression but down regulated B-catenin expression. Anti-cancer therapy
itself can influence the expression of apoptosis-associated genes. Radiation and
chemotherapy can change the expression of apoptosis.

Innovations and breakthroughs

The results of this study show that hyperthermia combined with chemotherapy
or/and radiation can change the expression of apoptosis genes such as p53,
Bcl-2 and Bax significantly when combined with chemotherapy or/and radiation
compared to hyperthermia itself. To our knowledge, no similar studies are available
at present.

Applications

According to the results of this study, the molecular mechanism of hyperthermic
radiosensitivity and chemosensitivity can be understood. In clinical practice,
hyperthermia in combination with radiation and chemotherapy can achieve a better
effect.

Terminology

(1) Hyperthermia: A therapeutic method by increasing tissue temperature
(range 40-43°C), potentially induces tumor cell death by a spectrum of
molecular, metabolic, cellular, and tumor tissue changes. (2) p53 gene: Itis a
tumor suppressor gene, which is mutated or deleted in over half of all human
malignancies. Therefore, one strategy in cancer therapy focuses on the
replacement or over-expression of tumor suppressor genes. (3) Bcl-2: It is a huge
family composed of various members, which are key regulators of apoptosis. High
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levels and aberrant patterns of Bcl-2 expression have been reported in a wide
variety of human caners. (4) Bax: It is a pro-apoptosis member of the Bc/-2 family,
thought to induce apoptosis. Loss of Bax in genetically engineered mice results
in increased tumor incidence, suggesting that Bax may play a role in suppressing
tumor growth in vivo.

Peer review

The study investigated the expression of three apoptosis-related genes (Bcl-2,
Bax, p53) in human colon cancer transplanted into nude mice after hyperthermia,
chemotherapy and radiotherapy. The authors tried to set up an in vivo tumor
model, in which the effect of various treatment modalities and their combination
could be investigated. The authors used a histology based model to study the
protein expression related to the above mentioned three genes.
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