
Full Terms & Conditions of access and use can be found at
https://informahealthcare.com/action/journalInformation?journalCode=ihyt20

International Journal of Hyperthermia

ISSN: 0265-6736 (Print) 1464-5157 (Online) Journal homepage: informahealthcare.com/journals/ihyt20

Global gene expression analyses reveal changes
in biological processes after hyperthermia in a rat
glioma model

Erling Dahl Borkamo, Olav Dahl, Ove Bruland & Øystein Fluge

To cite this article: Erling Dahl Borkamo, Olav Dahl, Ove Bruland & Øystein Fluge (2008)
Global gene expression analyses reveal changes in biological processes after hyperthermia
in a rat glioma model, International Journal of Hyperthermia, 24:5, 425-441, DOI:
10.1080/02656730802081997

To link to this article:  https://doi.org/10.1080/02656730802081997

Published online: 09 Jul 2009.

Submit your article to this journal 

Article views: 503

View related articles 

Citing articles: 3 View citing articles 

https://informahealthcare.com/action/journalInformation?journalCode=ihyt20
https://informahealthcare.com/journals/ihyt20?src=pdf
https://informahealthcare.com/action/showCitFormats?doi=10.1080/02656730802081997
https://doi.org/10.1080/02656730802081997
https://informahealthcare.com/action/authorSubmission?journalCode=ihyt20&show=instructions&src=pdf
https://informahealthcare.com/action/authorSubmission?journalCode=ihyt20&show=instructions&src=pdf
https://informahealthcare.com/doi/mlt/10.1080/02656730802081997?src=pdf
https://informahealthcare.com/doi/mlt/10.1080/02656730802081997?src=pdf
https://informahealthcare.com/doi/citedby/10.1080/02656730802081997?src=pdf
https://informahealthcare.com/doi/citedby/10.1080/02656730802081997?src=pdf


Int. J. Hyperthermia, August 2008; 24(5): 425–441

Global gene expression analyses reveal changes in biological processes
after hyperthermia in a rat glioma model

ERLING DAHL BORKAMO1,2, OLAV DAHL1,3, OVE BRULAND2,3,

& ØYSTEIN FLUGE2,3

1Section of Oncology, Institute of Medicine, University of Bergen, Bergen, 2Center for Medical

Genetics and Molecular Medicine, Haukeland University Hospital, Bergen, and 3Department of Oncology,

Haukeland University Hospital, Bergen, Norway

(Received 27 June 2007; accepted 25 March 2008)

Abstract
Purpose: To elucidate the thermal impact on biological processes the first three hours after hyperthermia (HT).
Materials and methods: Tumor samples from BT4An rat tumors were transplanted subcutaneously to the right hind foot of
BD IX rats, treated with local water-bath HT (mean tumor temperature of 43�C) for one hour, and analyzed for changes in
global gene expression the first three hours after treatment with HT. Samples from a corresponding in vitro experiment were
also analyzed. Differentially expressed genes in vivo were mapped to a gene ontology (GO) database in search for biological
processes overrepresented after treatment with HT. Selected genes were verified using Taqman quantitative RT-PCR.
Results: 1213 genes were differentially expressed after HT treatment in vivo. Processes overrepresented by GO mapping
could be sorted into 10 main functional groups; apoptosis, transcription, immune system, blood vessels, metabolism/protein
modifications, differentiation, cell signaling, response to stimulus, transport and cytoskeleton. We detected reduced mRNA
levels of a wide range of T-cell, natural killer cell and antigen presenting cell-related genes after HT.
Conclusion: To our best knowledge, this is the first global microarray analysis of a malignant tumor treated with HT in vivo.
We highlight biological processes affected by HT. RNA expression profiles also indicate a rapid suppression of the immune
system within tumors by local HT.

Keywords: Hyperthermia, microarray, immune response, glioma, biological processes

Introduction

Hyperthermia (HT), i.e. elevation of temperature

above 41�C, has for a long time been investigated for

the treatment of solid neoplasms. HT has limited

anti-tumor effect alone, but potentiates, by more

than an additive effect, radiation and many

chemotherapeutics [1, 2]. HT may also be used to

enhance liposomal drug delivery to tumors [3],

especially when administered concomitantly [4].

HT inhibits the endothelial cell proliferation

(angiogenesis) in vitro and in vivo, in a dose

dependent manner [5], destroys tumor blood vessels

(angiotoxic effect) and may reduce tumor blood

perfusion [5–8]. The cell membrane, cytoskeleton,

cytoplasm and nucleus are targets for hyperthermic

therapy [9–12]. HT interacts with the immune

defense [13] and interferes with mitosis [9,12].

Protein denaturation and aggregation, proposed to

be important for cytotoxicity, heat radiosensitization

as well as thermotolerance, have also been reported

[10]. Heat shock proteins (HSPs) play an important

part in development of thermotolerance [10,14], but

they also have a role in innate and adaptive immunity

[13, 15–17]. HT is a strong challenge for the tumor

cells, which may respond dually by signaling towards

both survival and cell death [10]. The sum of all

these signals determines the fate of the cell.
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Realizing the power of HT combined with

chemotherapeutics, there is a need for better under-

standing of the molecular basis for the effects of HT.

Several biological processes are affected by

hyperthermia, but the genes involved have not been

thoroughly investigated. To address this issue, we

therefore performed the first global scale cDNA

microarray screen of a malignant tumor treated with

HT in vivo versus sham treatment. The data is

expanded by corresponding experiments in vitro.

Analyses of early gene expression changes within

three hours after end of treatment day zero were

performed on fresh frozen tissue samples from a

collection of tumors harvested in a previous study.

In this study, HT alone or combined with

metronomic cyclophosphamide (CTX), significantly

delayed tumor growth of a glioblastoma-like tumor

model in rats [18]. Tumor cells were also exposed to

HT in culture, and cells harvested for gene

expression analyses. In the in vivo material, we

focused on genes differentially expressed after

treatment with HT. These genes were sorted for

association with biological processes, and selected

overrepresented processes are discussed.

Differentially expressed genes in vivo were compared

with corresponding genes in vitro to highlight

whether the intact tumor cell microenvironment

influenced expression of the genes involved.

Selected findings were qualitatively verified by

quantitative RT-PCR. Immunohistochemistry of

CD8 and MHC Class II Ia was performed to verify

infiltration of immune cells in the tumors.

Materials and methods

Tumor tissue

Tissue was taken from tumors treated as previously

described [18]. In short, we used BDIX/HanFoss rats

bearing a BT4An tumor (an aggressive glioma)

subcutaneously on the hind leg. Animals were

allocated to the following groups: HT at

44.1�� 0.1�C water-bath for one hour (HT)

(yields mean tumor temperature of 43�C), CTX

35 mg/kg intraperitoneally administered as repeated

doses 3 times a week for a total of 6 treatments

(CTX), combined therapy with HT immediately

following the first injection of CTX (day zero)

(CTX-HT), or controls injected with saline.

Samples were collected at 0, 45, 90 and 180 min

after end of treatment. The animals had then

received the HT treatment and/or a single low dose

of CTX or saline. The rats were killed using CO2

gas, tumor harvested and frozen directly on

liquid nitrogen.

Cell line

To establish a cell line, the BT4An tumor was

trypsinized and the cells were plated in 25 cm2

culture bottles (Nunc Inc.) with 10 ml Dulbecco’s

minimal essential medium (D-MEM,þ 4500 mg/l

glucose,þGlutaMax,þPyruvate) (Gibco) with

10% heat inactivated fetal calf serum. Non-adherent

cells were washed off the following day and the cells

left to grow until confluence. To remove rat

fibroblasts, cells were trypsinized and plated on

Soft-Agar, 0.5% agarose in D-MEM, for two weeks.

In vitro hyperthermia

We used 20 x 106 cells, and changed to conditioned

medium two hours before the experiment. The cells

were dissociated from the bottle using a cell scraper

and centrifuged at 1100 rpm for 3 min. The cells

were then resuspended in 24 ml of the same medium,

and 0.5 ml was transferred to each of 44 sample tubes

(1.5 ml Eppendorf tubes). We randomly selected 24

of these as controls for further culture at 37�C.

Twenty samples received HT, precisely controlled in

a water-bath at 43.0�þ/� 0.1�C for 60 min.

Following treatment, the samples were further

cultivated at 37�C, similar to the controls. Four

control samples were harvested at start of the

experiment (�60 min). Next, four samples were

harvested from each of the two groups at the

following time points after initiation of hyperthermia:

�30, 0 (end of treatment), 60, 180 and 300 min

(Figure 1). Each sample was homogenized before

250 ml was centrifuged for 30 s and the pellet

dissolved in 350 ml lysisbuffer (RNeasy Mini Kit,

Qiagen, Valencia, CA, USA) for extraction of RNA.

DNA sequencing

PCR primers were either chosen based on previous

information (p53 [19] and CDKN2A [20,21]) or

designed (Table I). RT-PCR was performed using

10 x PCR buffer II, Amplitaq Gold Polymerase,

ddH2O, MgCl2 and dNTP mix. In some of the

reactions betain was added (all reagents from

Applied Biosystems). 35 RT-PCR cycles were

performed on a thermal cycler using the following

programs: 14 min denaturation (denat.) at 94�C; for

p53, CDKN2A and Hras 35 cycles of (20 s denat. at

94�C, 20 s annealing (anneal.) at X�C, 30 s elonga-

tion (elong.) at 72�C) and for Nras, Kras2 and Braf

35 cycles of (30 s denat. at 94�C, 30 s anneal. at X�C,

90 s elong. at 72�C); then 7 min elong. at 72�C and

hold at 4�C. CDKN2A, Hras, Nras and KRAS2

were annealed at 58�C, p53 at 55�C and Braf at

61�C. The products were separated on a 1% agarose

gel. Excess primers and nucleotides were removed by

adding 1ml Exosap (Applied Biosystems) and
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incubated at 37�C for 15 min and then 80�C for

15 min. DNA sequencing reactions (program: 20 s

denat. at 96�C; 25 cycles of (10 s denat. at 96�C, 5 s

anneal. at X�C, 4 min elong. at 60�C); then hold at

4�C) were performed on ABI 3100 or 3730 genetic

analyzers (Applied Biosystems) using BigDye

version 3.1 (Applied Biosystems) following standard

protocols. Sequencing clean-up was performed

using Millipore Multiscreen 384-SEQ plates as

recommended by the manufacturer.

RNA purification and cDNA synthesis

Total RNA from tumor tissue and cell culture was

extracted using protocol ‘Animal Tissue’ and

‘Animal Cells I’, respectively, from the RNeasy

Mini Kit (Qiagen, Valencia, CA, USA). Total RNA

concentrations and quality of both the in vivo and the

in vitro samples were assessed using Nanodrop

Spectrophotometer (Nanodrop Technologies) and

all samples (total RNA) had OD260/280 in the range of

2.04–2.13. Samples to be used for real time RT-PCR

were DNase I treated (Ambion), and cDNA

synthesis was performed according to standard

protocols [18]. The inputs were 80 ng DNase I

treated RNA from the tissue samples and 60 ng

DNase I treated RNA from the cell culture

samples, and final volumes of the cDNA reactions

were 50ml. Quality of samples (cRNA) to be

used for microarrays was assessed with Nanodrop

Spectrophotometer and OD260/280 were all in the

range of 2.19–2.28. Total RNA from the tissue

samples were also assessed with Agilent

Technologies 2100 Bioanalyzer.

Microarray experiment

For analyses of global gene expression we used

Applied Biosystems Rat Genome Survey Microarray

analyzing 26.857 rat genes. In vitro we had four

Group Total

Group Total

Analyzed

by MA

Analyzed

by MA

None

Sample collected

CTX 35 mg/kg i.p.

Sample collected

HT 44.1 ± 0.1°C

Sample collected

HT 44.1 ± 0.1°C

CTX 35 mg/kg i.p.

Sample collected

Time (min.)

37°C

Sample collected

HT 43.0 ± 0.1°C

Sample collected

Time (min.)

Treatment and sample collection

180 300

1

1

4* 4*

4* 4*

1

180

1

0 60

4* 4*

4* 4

1 1

45 90

1 1

1 1

1 1

4

4

−30

1

0

Treatment and sample collection

1

1

1

−60

−60

3*

4*

In vitro experiment

24

20HT

Control
4

Control

CTX

HT

CTX-HT

8

8

In vivo experiment

4

4

4

4

Figure 1. Outline of sample collection. We analyzed global gene expression at 0, 45, 90 and 180 min in the four treatment
groups in vivo, at 0, 180 and 300 min in the in vitro control group (3 samples), and at 0, 60, 180 and 300 minutes in the
in vitro HT group (4 samples). *, equal amounts of total RNA from four parallel samples were mixed and analyzed as one by
the microarrays; bar, indicate HT treatment session; arrow, CTX or saline injected at start of HT; MA, microarray.

Table I. RT-PCR primer sequences

Gene Codon Sequence Strand Ref.

p53 124–222 50 acgtactcaatttccctcaa 30 þ [19]

50 ctcaggtggctcatacggta 30 �

202–294 50 gagtatctggacgacaggca 30 þ [19]

50 caatgctcttcttttttgcg 30 �

280–347 50 cgtcggacagaggaagaaaa 30 þ [19]

50 tccaaggcctcattcagctc 30 �

p16 1–41 50 atggagtcctctgcagataga 30 þ [21]

50 atcggggtacgaccgaaagtgtt 30 �

43–146 50 gtgatgatgatgggcaacgt 30 þ [20]

50 gggcgtgcttgagcagaag 30 �

28–72 50 cttcaccaaacgccccgaacac 30 þ [21]

50 cgggagagggtggtggggtc 30 �

Hras 50 agcccctgtagaagcgatg 30 þ

50 tggtgttgttgatggcaaat 30 �

Kras2 50 aaggcctgctgaaaatgactgag 30 þ

50 agccctccccagttctcatgta 30 �

Nras 50 ggcgggtctgcggagttt 30 þ

50 cccgcttaatttgctccctgta 30 �

Braf 50 tggcgacgtggcagtgaaaatg 30 þ

50 gcgggccagcagctcaataga 30 �

sense (þ) and antisense (�).

Global gene expression analyses of hyperthermia 427



parallel samples at each time point. Equal amounts of

total RNA from the four parallels were mixed and

analyzed as one sample on the microarrays. Two mg

total RNA was used as input in the cDNA reaction,

using Applied Biosystems Chemiluminescence

RT-IVT Labeling Kit (Part no. 4346877 Rev D).

Gene expression was detected using Applied

Biosystems Chemiluminescence Detection Kit (Part

no. 4346875 D) and an Applied Biosystems 1700

Chemiluminiscent Analyzer. Files were imported as

single channel data and analyzed with J-Express Pro

2.7 (Molmine AS, Bergen, Norway). The Gene

Ontology Mapping Module sorts genes into three

main groups: molecular function, cellular compo-

nent and biological process, based on a database

from the Gene Ontology Consortium [22]. Within

each main group, there are several thousand sub-

groups (GO terms). To use this module we imported

a GO OBO v1.2 file and a gene_association RGD file

of rats, on the 20th February 2007 from the Gene

Ontology Consortium homepage: www.geneontolo-

gy.org. The Gene Ontology Mapping module

reported GO terms with a relative over-representa-

tion of genes in the subset of differentially expressed

genes compared to all detected genes.

Real time RT-PCR

Real time RT-PCR was conducted as described

previously [18]. The samples were analyzed using the

standard curve method [23]. All samples were

expressed as ratios of relative amount of probe of

interest versus an internal control probe. As

internal control, we used ß-actin (NM_031144)

(Applied Biosystems Assay ID Rn00667869_m1)

for analyses of the tissue samples and acidic

ribosomal phosphoprotein P0 (ARBP)

(NM_022402) (50 ctggctcccaccttgtctccagtctttatc 30

(primer), 50cattgaaatcctgagcgatgtg 30 (sense),

50agatgttcaacatgttcagcggtgt 30 (antisense), (Custom

designed OliGold oligonucleotides from Eurogentec,

Belgium) for analyses of cell samples. We investi-

gated gene expression of early growth response 1

(EGR1) (NM_012551) (Rn00561138), jun onco-

gene (JUN) (NM_021835) (Rn00572991_s1), acti-

vating transcription factor 3 (ATF3) (NM_012912)

(Rn00563784) and FBJ murine osteosarcoma viral

oncogene homolog (FOS) (NM_012954)

(Rn00564121_m1). (All probes except ARBP from

Applied Biosystems.)

Immunohistochemical staining of CD8 and MHC

Class II Ia

Immunohistochemical staining of Major

Histocompatibility Complex (MHC) Class II Ia

(ab6403, Abcam Inc., UK) and CD8 alpha

(MCA48G, AbD Serotec, Oxford, UK) antigen

was performed on formalin fixed and paraffin

embedded tissue, incubated at 60�C for one hour

and rehydrated with xylene and ethanol in decreasing

concentrations. Target retrieval was achieved using a

heat mediated pressure cooker method with 0.05%

Citraconic anhydride buffer, pH 7.4 (Fluka, Sigma-

Aldrich, Switzerland) for MHC Class II. CD8

staining did not require target retrieval. The slides

were incubated one hour with primary antibody

diluted 1:50 (MHC Class II Ia) and 1:400 (CD8) in

Antibody Diluent (cat. no. S0809). Endogenous

peroxidase was blocked using 3% hydrogen peroxide

and detection was performed using biotin-linked

LSAB2� System-HRP for use on rat specimens

(cat. no. K0609). The slides were further processed

by incubation with 3,30-diaminobenzidine (DAB,

from LSAB� System-HRP kit, cat. no. K0673),

and after rinsing, counterstained with Hematoxylin

(cat. no. S2020). They were then dehydrated using

increasing concentrations of ethanol and xylene, and

mounted using Eukitt quick-hardening mounting

medium (cat. no. 03989, Fluka, Sigma-Aldrich,

Switzerland). (All reagents from Dako, Denmark,

when not otherwise specified.)

The microscopy slides were scored by two

investigators blinded for the treatment groups, and

counted in ten visual fields (x400) per slide, five from

the periphery and five from the center of each tumor.

Some tumors had a rim of mononuclear cells

infiltrating the periphery of the tumor. Average

number of cells per x400 field in each tumor was

counted, and the average percentages of CD8

positive cells (cytotoxic T-cells and NK cells) and

MHC Class II Ia positive cells (B-lymphocytes,

various epithelial cells, dendritic cells and macro-

phages) per slide were estimated (Figure 2D–E).

Ethics

All the experiments and procedures described

regarding the treatment of animals were approved

by the local responsible laboratory animal science

specialist under the surveillance of the Norwegian

animal research authority. The experiments were

conducted in accordance with the laws and

regulations controlling experiments on live animals

in Norway.

Statistics

Statistical analysis of microarrays (SAM) [24] was

conducted using J-Express pro 2.7 software package

(Molmine AS, Bergen, Norway). The SAM analysis

ranked the genes after a false discovery rate (FDR)

indicating the percentage of genes in the list

differentially expressed by chance. Since the analysis

incorporates the probability of random findings in

a large dataset, the FDR value is higher than the
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p-value for an individual gene. The FDR threshold

was set at 2.5%. Genes found to be differentially

expressed were also analyzed with a Student’s t-test

(feature subset selection (FSS) in J-Express) to

calculate the p-value of individual genes. For

statistical analysis of changes in single gene expres-

sion, we refer to the p-value of the Student’s t-test.

Over-representation of gene clusters, mapped to GO

terms, was analyzed by the Gene Ontology Mapping

module (J-Express) using a Student’s t-test. In vitro,

four samples from tumors treated with HT and three

from controls (Figure 1) were analyzed. The number

was too small for a formal SAM analysis, and we

therefore used the Student’s t-test (FSS) for the

analysis of difference, setting the significance level at

alpha¼ 0.05.

Real time RT-PCR and IHC results were analyzed

with a Student’s t-test to verify the hypothesis that

there is a difference between the two groups

(HT versus control) (�¼ 0.05). Real time RT-PCR

and IHC statistics were performed using SPSS 14.02

statistical package (SPSS Inc.).

Results

Mutational status and characteristics of the tumor

Tumor protein p53, cyclin-dependent kinase

inhibitor 2A (CDKN2A) (encoding p16INK4 and

p14ARF), v-raf murine sarcoma viral oncogene

homolog B1 (BRAF), v-Ki-ras2 Kirsten rat sarcoma

viral oncogene homolog (KRAS2), neuroblastoma

ras oncogene (NRAS) and Harvey rat sarcoma viral

(v-Ha-ras) oncogene homolog (HRAS) genes were

sequenced to characterize the mutational status of

the tumor. DNA sequencing of RT-PCR products of

p53, CDKN2A, BRAF, KRAS2, NRAS and HRAS

genes, revealed an activating heterozygote mutation

in BRAF (V600E). No other mutations were

detected in the six genes investigated.
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Figure 2. Supervised screen for HSP and genes involved in the immune system in the dataset of 1213 genes found
differentially expressed after HT by SAM analysis in vivo. (A) HSPs differentially expressed in vivo and (B) the
corresponding HSP genes in vitro. (C) genes involved in the immune system, especially HSP, T-cell, NK cell and APC
related genes. Only a few genes involved in this immune system cluster were also differentially expressed in vitro (data not
shown).Genes analyzed and displayed as single channel data, p-values, Student’s t-test. (D) and (E) Immunohistochemical
staining of CD8 positive cells (cytotoxic T-lymphocytes and NK cells) (D) and MHC class II Ia positive cells
(B-lymphocytes, dendritic cells and macrophages) (E), pictures display representative staining from the periphery of a tumor
treated with hyperthermia, percentage of positive cells displayed in the graphs. Pictures taken at x400 resolution, 25 mm
scale bar. The figures have been proportionally adjusted in size after composition. No other adjustments of pictures.
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Microarray analyses

A total of 23 microarray analyses were performed, 16

from the in vivo experiment (one sample of the C,

CTX, HT and CTX-HT treatment groups for each

of the four time-points), and 7 from the in vitro

experiment (one sample from four time-points from

the HT group and one sample from three time points

from the C group) (Figure 1).

In vivo, mRNA expression of 21,385 genes was

detected by the microarrays. There were marked

differences in mRNA expression of the samples

treated with HT or CTX-HT versus those treated

with CTX or saline. Only subtle differences in gene

expression were seen between tumors treated with

CTX and saline, and between HT treated tumors

with or without CTX. To find genes differentially

expressed due to the HT treatment in vivo, the

samples were therefore sorted in two groups, one

with samples from tumors treated with HT alone or

the combination of HT and CTX, the other group

with samples from tumors treated with CTX

alone or saline (Figure 1). We refer to this grouping

(HT/CTX-HT versus saline/CTX) when we discuss

HT-induced changes in gene expression. A formal

SAM analysis of the samples treated with HT versus

those treated without HT, revealed 1,213 differen-

tially expressed genes. Individual p-values for single

genes in this group varied from <0.001 to 0.014.

The 1,213 genes were imported into the Gene

Ontology Mapping Module. We focused on

biological processes, and identified a total of 120

GO terms that were overrepresented in this subset of

genes. Some of these terms were subgroups of others

identifying the same genes. The overrepresented GO

terms were classified in ten groups; apoptosis,

transcription, immune system, blood vessels, meta-

bolism/protein modifications, differentiation, cell

signaling, response to stimulus, transport and cytos-

keleton (Table II). Selected processes are highlighted

in Table III. Genes in the immune system cluster

displayed quite uniform mRNA expressions. Of the

50 different genes detected by the unsupervised

analysis, 80% had reduced and 20% had increased

mRNA levels after HT.

In vitro, mRNA expression of 26,038 genes was

detected by the microarrays. The Student’s t-test

disclosed 1,620 genes that were differentially

expressed after treatment with HT in vitro. Of the

1,213 genes found in vivo, 127 were also found

in vitro. The majority of genes involved in the large

‘immune system’ group in vivo were not found

differentially expressed in vitro.

From a supervised analysis of the 1,213 differen-

tially expressed genes in vivo, we identified a

number of HSPs. All of these had a marked

increase in mRNA expression, both in vivo and

in vitro (Figure 2A-B). Clustered with the HSPs, we

also identified DNAJB4 mRNA 2.7 times up

regulated in vivo and 2.6 times up regulated

in vitro. Several genes involved in the interplay

between natural killer (NK) cells, antigen presenting

cells (APC), cytotoxic T-lymphocytes and HSP were

also found to be differentially expressed in HT/CTX-

HT samples (Figure 2C). We detected four receptors

for HSP on APC cells [17]; low density lipoprotein

receptor-related protein 1 (Lrp1), toll-like receptor 2

(Tlr2), CD14 antigen (CD14) and CD36 antigen

(CD36). We registered increased mRNA levels of

Lrp1 and decreased mRNA levels of Tlr2, CD14 and

CD36 after HT. Three important NK cell receptors

[15], killer cell lectin-like receptor, subfamily D,

member 1 (Klrd1) alias CD94, killer cell lectin-like

receptor subfamily B member 1B (Klrb1b) alias

CD161, and CD69 antigen all had reduced mRNA

levels after HT. We also detected reduced mRNA

levels of IFN� receptor, IL2 receptor alpha chain

(IL2R�) and beta chain (IL2Rß), the important

common � subunit (IL2R�), IL7R, IL9R and

IL21R. Important members of the CD3 complex

found in cytotoxic T-lymphocytes also displayed

reduced mRNA levels after HT, including CD3

antigen, � polypeptide (CD3�) and " polypeptide

(CD3"). Furthermore, we also detected some

chemokines and chemokine receptors differentially

expressed after treatment with HT; Chemokine, CC

motif, Ligand 3 and 4 (CCL3 and CCL4) and the

Chemokine, CC motif, Receptor 1, 2, 5, 7 (CCR1,

CCR2, CCR5, CCR7). All except CCL4 had

reduced mRNA levels after HT. Reduced mRNA

levels after HT of the T-cell receptor ß chain

(TCRß), and CD2 antigen (receptor on T-cells

and some NK cells) and Fc receptor, IgG, low

affinity III (Fcgr3) (receptor on NK cells) were also

registered.

Unsupervised analysis (GO mapping) revealed up

regulation of a range of dual specificity phosphatases

(DUSPs) among the 1,213 differentially expressed

genes, and we sorted them into the protein

amino acid dephosphorylation cluster (Table III).

An additional DUSP gene was found by supervised

analysis of the 1,213 genes. This gene was DUSP1

which was induced 10- fold in vivo and 17-fold

in vitro.

Real time – RT-PCR

Real time quantitative RT-PCR confirmed a marked

increase in gene expression of EGR1, ATF3, JUN

and FOS in vivo (Figure 3). In vitro, quantitative RT-

PCR confirmed a marked increase in expression of

EGR1 and ATF3 and a minor increase in expression

of FOS. There was no increase in expression of JUN

in vitro (Figure 3).

430 E. D. Borkamo et al.



Table II. GO biological processes overrepresented (p< 0.05) in a cluster of 1213 genes differently expressed
(SAM analysis) after hyperthermia in a rat glioblastoma like tumor model.

GO terms sorted in groups

(hierarchi indicated when close relationship)

Exact test

p-value

Genes in selection

(n ¼ 1213)

Genes in reference

(n¼ 21358)

Fold

change

MAIN GO PROCESSES

biological process 0.0040 412 6464 1.1

cellular process 0.0070 280 4293 1.1

cell communication 0.0040 132 1827 1.3

signal transduction 0.0030 129 1764 1.3

multicellular organismal process 0.0360 82 1170 1.2

regulation of cellular process 0.0320 69 956 1.3

DIFFERENTIATION AND APOPTOSIS

cell development 0.0290 24 271 1.6

cell death 0.0130 23 237 1.7

programmed cell death 0.0120 22 222 1.7

apoptosis 0.0100 22 216 1.8

regulation of apoptosis 0.0006 13 72 3.2

negative regulation of programmed cell death 0.0020 19 151 2.2

negative regulation of apoptosis 0.0020 19 149 2.2

anti-apoptosis 0.0040 15 115 2.3

positive regulation of programmed cell death 0.0130 18 170 1.9

positive regulation of apoptosis 0.0120 18 168 1.9

induction of apoptosis 0.0110 15 130 2.0

induction of apoptosis by extracellular signals 0.0480 4 22 3.2

negative regulation of developmental process 0.0070 5 18 4.9

negative regulation of cell differentiation 0.0140 4 14 5.0

oligodendrocyte differentiation 0.0260 2 3 11.7

regulation of myoblast differentiation 0.0370 2 4 8.8

TRANSCRIPTION

RNA biosynthetic process 0.0250 47 605 1.4

transcription, DNA -dependent 0.0250 47 605 1.4

regulation of transcription, DNA-dependent 0.0420 32 400 1.4

positive regulation of transcription from RNA

polymerase II promoter

0.0420 13 129 1.8

IMMUNE SYSTEM

Immune system process 0.0002 20 132 2.7

leukocyte activation 0.0001 20 120 2.9

myeloid leukocyte activation 0.0110 4 13 5.4

lymphocyte activation 0.0004 17 108 2.8

regulation of lymphocyte activation 0.0030 8 39 3.6

positive regulation of lymphocyte activation 0.0100 6 29 3.6

positive regulation of T cell activation 0.0040 6 23 4.6

T cell costimulation 0.0370 2 4 8.8

T cell activation 0.0090 8 47 3.0

T cell differentiation 0.0100 6 29 3.6

thymic T cell selection 0.0360 3 11 4.8

lymphocyte proliferation 0.0180 5 24 3.7

T cell proliferation 0.0240 4 17 4.1

localization of cell 0.0300 19 202 1.7

cell motility 0.0300 19 202 1.7

cell migration 0.0320 11 98 2.0

leukocyte migration 0.0150 6 32 3.3

leukocyte chemotaxis 0.0180 5 24 3.7

lymph node development 0.0090 4 12 5.9

immune response -regulating cell surface receptor

signaling pathway

0.0040 5 16 5.5

immune response -activating cell surface receptor 0.0040 5 16 5.5

antigen receptor -mediated signaling pathway 0.0040 5 16 5.5

T cell receptor signaling pathway 0.0030 4 8 8.8

B cell receptor signaling pathway 0.0370 2 4 8.8

homeostasis of number of cells 0.0430 3 12 4.4

leukocyte homeostasis 0.0430 3 12 4.4

lymphocyte homeostasis 0.0300 3 10 5.3

T cell homeostasis 0.0100 3 6 8.8

activated T cell apoptosis 0.0260 2 3 11.7

(continued)
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Table II. Continued.

GO terms sorted in groups

(hierarchi indicated when close relationship)

Exact test

p-value

Genes in selection

(n ¼1213)

Genes in reference

(n¼21358)

Fold

change

BLOOD VESSELS

vasculature development 0.0170 15 137 1.9

blood vessel development 0.0140 15 134 2.0

blood vessel morphogenesis 0.0120 14 119 2.1

angiogenesis 0.0110 12 94 2.2

positive regulation of angiogenesis 0.0300 3 10 5.3

blood vessel remodeling 0.0240 3 9 5.9

regulation of vascular permeability 0.0370 2 4 8.8

CELL SIGNALING

intracellular signaling cascade 0.0220 50 644 1.4

activation of MAPKKK activity 0.0370 2 4 8.8

calcium -mediated signaling 0.0100 5 20 4.4

regulation of calcium-mediated signaling 0.0140 3 7 7.5

positive regulation of calcium-mediated 0.0140 3 7 7.5

Cell recognition 0.0140 3 7 7.5

compartment specification 0.0070 3 5 10.6

interspecies interaction between organisms 0.0240 3 9 5.9

symbiosis, encompassing mutualism through 0.0240 3 9 5.9

cytokine production 0.0450 8 66 2.1

positive regulation of tumor necrosis factor-alpha 0.0370 2 4 8.8

Notch signaling pathway 0.0130 5 22 4.0

RESPONSE TO STIMULUS

response to stimulus 0.0000 128 1194 1.9

immune response 0.0000 29 202 2.5

inflammatory response to antigenic stimulus 0.0160 2 2 17.6

defense response 0.0002 14 72 3.4

cellular defense response 0.0030 8 38 3.7

response to stress 0.0260 15 145 1.8

response to heat 0.0170 4 15 4.7

response to biotic stimulus 0.0230 13 117 2.0

response to other organism 0.0120 13 106 2.2

antimicrobial humoral response 0.0260 6 37 2.9

antimicrobial humoral response (sensu Vertebrata) 0.0210 6 35 3.0

response to external stimulus 0.0000 39 309 2.2

response to wounding 0.0002 31 257 2.1

wound healing 0.0290 10 84 2.1

blood coagulation 0.0320 6 39 2.7

inflammatory response 0.0010 19 145 2.3

taxis 0.0140 9 62 2.6

chemotaxis 0.0140 9 62 2.6

response to chemical stimulus 0.0050 29 296 1.7

response to protein stimulus 0.0004 8 26 5.4

response to unfolded protein 0.0004 8 26 5.4

response to organic substance 0.0190 7 44 2.8

response to mercury ion 0.0370 2 4 8.8

TRANSPORT

Golgi to secretory vesicle transport 0.0370 2 4 8.8

polyol transport 0.0160 2 2 17.6

vesicle -mediated transport 0.0110 19 180 1.9

endocytosis 0.0140 12 97 2.2

serotonin secretion 0.0260 2 3 11.7

sulfate transport 0.0020 4 7 10.1

gas transport 0.0100 3 6 8.8

oxygen transport 0.0070 3 5 10.6

CYTOSKELETON

cytoskeletal anchoring 0.0370 2 4 8.8

Actin cytoskeleton reorganization 0.0370 2 4 8.8

stress fiber formation 0.0370 2 4 8.8

(continued)
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Immunohistochemical staining

CD8 positive cells had in general strong staining of

the cell membrane and displayed clear lymphocyte

morphology. These cells represent cytotoxic T-cells

and NK cells and were generally found at the

periphery of the tumors. We detected variable

degrees of CD8 positive cell infiltration in the sham

tumors and tumors treated with CTX, median

0.07% (range: 0.00–0.75%). A higher amount of

CD8 positive cells were detected in the peripheral

rim of tumors treated with HT/CTX-HT, but the

overall median number of CD8 positive cells in these

tumors, 0.48% CD8 positive cells (range: 0.00–

0.84%), was not significantly different from controls

and CTX treated tumors (Figure 2 D). A median of

0.13% MHC class II Ia positive cells (B-cells, various

epithelial cells, dendritic cells and macrophages)

were detected in controls and CTX treated tumors

(Range: 0.02–0.34%). In accordance with the stain-

ing of CD8, there was a higher amount of MHC class

II Ia positive cells in the periphery of the tumors

treated with HT/CTX-HT, but the overall median of

0.55% positive cells (Range 0.02–0.91) was not

significantly increased compared to controls and

CTX treated tumors (Figure 2E).

Discussion

We designed this study to elucidate early molecular

mechanisms responsible for the effects of HT.

In general, treatment of an aggressive tumor will

always induce a stress response to facilitate survival

of the cells. However, the goal of cancer therapy is to

overcome survival mechanisms by growth inhibitory

and death signals. In previous work [18], we have

shown a growth inhibitory effect of HT, especially

when combined with two weeks’ treatment with low

doses of CTX. TUNEL analysis disclosed apoptosis

as early as 90 min after treatment with HT, indicating

that growth inhibitory and apoptotic signals were

stronger than those of survival, and that differentially

regulated genes in the first hours after treatment may

have been involved in directing to cell death.

Mutational status

Sequence analyses of six genes often mutated in

malignancies revealed the most common activating

mutation of BRAF (V600E) [25]. Mutations in genes

may affect biological processes such as cell survival,

oncogenic and apoptotic signaling. The activating

BRAF mutation indicates a constitutive activation of

the Mitogen activated protein kinase (MAPK)

signaling pathway. This regulates gene expression

and is involved in a wide range of biological

processes inside the cell. Wild-type (wt) p53 is

important for induction of apoptosis, as will be

discussed in more detail later.

Gene expression

After treatment with HT, 1,213 genes in vivo and

1,620 genes in vitro were differentially expressed.

The Student’s t-test used to analyze the in vitro

results does not incorporate the statistical uncertainty

of large datasets. To minimize the risk of false

positive findings, we therefore analyzed the in vitro

results in light of the in vivo results and found 127

genes that were differentially expressed both in vivo

and in vitro. Many responses inside the cells are

dependent on cell to cell communication and

signaling in the microenvironment that are lost

in vitro. This may be a reason for retrieving as few

as 127 genes in vitro, and highlights the importance

of in vivo assays.

Table II. Continued.

GO terms sorted in groups

(hierarchi indicated when close relationship)

Exact test

p-value

Genes in selection

(n ¼ 1213)

Genes in reference

(n¼ 21358)

Fold

change

METABOLIC/PROTEIN MODIFICATIONS

protein amino acid dephosphorylation 0.0050 11 72 2.7

protein folding 0.0390 8 64 2.2

positive regulation of protein metabolic process 0.0470 5 32 2.8

positive regulation of peptidyl-tyrosine 0.0170 4 15 4.7

glycoprotein metabolic process 0.0280 9 71 2.2

glycoprotein biosynthetic process 0.0170 8 54 2.6

protein amino acid glycosylation 0.0350 7 51 2.4

regulation of a molecular function 0.0260 14 132 1.9

regulation of catalytic activity 0.0100 14 115 2.1

positive regulation of enzyme activity 0.0070 3 5 10.6

coenzyme metabolic process 0.0370 4 20 3.5

hyaluronan metabolic process 0.0370 2 4 8.8

Processes are sorted in ten main groups. Subgroups are hierarchically indicated. p-value, statistical overrepresentation of genes involved in a
biological process in the subgroup compared to the reference group (all genes), Student’s t test. Fold change, relative overrepresentation.
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Table III. Selected biological processes representing five main groups of GO terms overrepresented after HT.

ABI probe

NCBI

RefSeqs Gene symbol FDR[i]

Fold change

(in vivo)

p-value

(in vivo)

Fold change

(in vitro)

p-value

(in vitro) Subgroups

Immune system

21548910 NM_134327 Cd69 <0.001 �5.33 <0.001

21152019 Vegfa 0.268 1.76 <0.001

22095143 XM_237999 Gadd45g 0.963 2.01 0.002

21828181 NM_053843 Fcgr3 1.661 �1.40 0.001

22029786 NM_012758 Syk 1.840 1.73 0.004

21416213 NM_001011912 Polm 0.666 �2.32 0.001

21706219 Bcl2 <0.001 �2.04 <0.001

22258004 NM_021866 Ccr2 <0.001 �3.61 <0.001

21879663 NM_053960 Ccr5 0.878 �2.23 0.002

21383549 NM_198769 Tlr2 <0.001 �2.44 <0.001

21475372 NM_207604 Tlr6 <0.001 �3.34 <0.001

20987091 NM_021744 Cd14 <0.001 �1.90 <0.001 �2.37 0.001

22207732 NM_001001969 Ly6g6c <0.001 2.13 <0.001

21363695 NM_053469 Hamp <0.001 1.89 <0.001

21374705 NM_013049 Tnfrsf4 0.311 �3.49 0.001 Immune response (p< 0.001)

22410097 Col4a3bp_predicted 0.246 �1.37 <0.001

21875447 Ccr7 0.475 �2.84 0.001

21878860 NM_031674 Ctla4 0.425 �2.36 0.001

22409902 Notch1 0.619 1.91 0.001

21315092 NM_001004210 Xbp1 0.734 �1.45 <0.001

21660673 NM_017097 Ctsc 0.718 �1.76 0.001

20862268 NM_013163 I l2ra 1.168 �2.26 0.003

21595006 NM_212507 Ltb 1.210 �2.17 0.003

22348045 XM_234930 Edg6_predicted 1.390 �3.12 0.006

21993897 Il7r_predicted 1.540 �2.01 0.004

22129016 NM_080889 Il2rg 1.853 �1.61 0.003

21997851 II18M_predicted 2.048 �1.89 0.006

21671727 NM_133624 Gbp2 2.216 �2.04 0.008

21760369 NM_017167 Oprk1 0.700 2.03 0.001

21130826 NM_012830 Cd2 0.457 �3.05 0.001

21552382 NM_001012469 Il21r <0.001 �3.11 <0.001

22117831 NM_022610 I cos <0.001 �4.24 <0.001

21765894 Tcrb 1.331 �2.26 0.004

22257881 NM_012922 Casp3 1.110 �1.49 0.001

20862268 NM_013163 Il2ra 1.168 �2.26 0.003

22029786 NM_012758 Syk 1.840 1.73 0.004

21295294 Cd3e_predicted 0.282 �3.77 0.001

21811167 NM_138507 Ptprc 1.931 �1.69 0.004 Lymfocyte activation

(p< 0.001)

21856159 NM_013169 Cd3d 2.304 �2.16 0.009

20730028 NM_012551 Egr1 0.810 3.84 0.003 11.21 0.030

21697087 NM_139194 Tnfrsf6 1.179 �1.90 0.002

21440771 XM_232763 Lck_mapped 1.353 �2.01 0.004

21371521 NM_022205 Cxcr4 <0.001 �1.93 <0.001

21103539 NM_019295 Cd5 0.789 �2.79 0.003

21887404 NM_001013191 Cbfb 1.597 �1.39 0.001 1.29 0.012

21416213 NM_001011912 Polm 0.666 �2.32 0.001

Apoptosis

21706219 Bcl2 <0.001 �2.04 <0.001

22257881 NM_012922 Casp3 1.110 �1.49 0.001

21937474 NM_080906 Ddit4 0.243 �2.35 0.001

21274662 NM_001008321 Gadd45b 1.547 1.94 0.004 2.70 0.002

22363901 XM_573634 Hdh 2.337 1.51 0.004

20862268 NM_013163 Il2ra 1.168 �2.26 0.003

21150134 NM_019163 Psen1 0.777 �1.83 0.001

22136990 NM_012908 Tnfsf6 2.236 �1.85 0.007

21622943 NM_001025696 Yars 1.105 1.40 <0.001

22205126 NM_001011936 Bag3 <0.001 4.71 <0.001 6.64 <0.001

22406016 Bcl2l2 2.251 �1.82 0.007 Apoptosis (p¼ 0.010)

22039472 NM_017258 Btg1 0.541 �1.62 <0.001

21295294 Cd3e_predicted 0.282 �3.77 0.001

(continued)
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Table III. Continued.

ABI probe

NCBI

RefSeqs Gene symbol FDR[i]

Fold change

(in vivo)

p-value

(in vivo)

Fold change

(in vitro)

p-value

(in vitro) Subgroups

21723217 Creb1 0.472 �1.49 <0.001

21632602 Hip1 1.949 �1.45 0.002

21880142 NM_022229 Hspd1 0.403 1.81 <0.001 1.55 0.004

22248260 NM_001013101 Moap1 1.611 �1.53 0.002

21821093 NM_172322 Pycard 2.339 �1.43 0.002

21986321 NM_031831 Rtn4 1.491 �1.42 0.001

22024288 NM_053360 Sh3kbp1 1.529 1.33 <0.001

21541068 Tcf7_predicted <0.001 �1.94 <0.001

21374705 NM_013049 Tnfrsf4 0.311 �3.49 0.001

Transcription

20795343 Arid3a_predicted 0.276 �1.93 <0.001

21030397 NM_012912 Atf3 <0.001 9.55 <0.001 10.49 0.007

22037258 Bbx_predicted 0.816 �1.59 0.001

21291776 Ccnt2_predicted 0.308 1.50 <0.001 1.64 0.036

21612923 Cic_predicted 1.837 2.02 0.006

21268234 Cpsf6_predicted 0 �1.98 <0.001

21723217 Creb1 0.472 �1.49 <0.001

21320369 NM_001005562 Creb3l1 1.581 1.63 0.002 �1.25 0.042

20730028 NM_012551 Egr1 0.810 3.84 0.003 11.21 0.030

21663546 NM_001017381 FN1 0.433 �1.85 <0.001

22022961 NM_022197 Fos 0.306 7.24 0.001

20977804 Heyl_predicted 1.549 2.53 0.006

21906936 XM_216426 Jmjd2c_predicted 0.641 �1.76 0.001

22313734 NM_021835 Jun 0.953 2.72 0.003

21423437 NM_053777 Mapk8ip 2.043 2.11 0.008

22421138 MGC72997 0.312 �2.16 <0.001 Regulation of transcription

21405916 NM_020087 Notch3 <0.001 2.06 <0.001 DNA dependent (p¼ 0.042)

21844607 XM_344662 Nrg2 <0.001 4.39 <0.001

21821093 NM_172322 Pycard 2.339 �1.43 0.002

22379717 NM_001012468 Rab18 0.453 �1.46 <0.001

20915253 XM_235439 RGD1311188_predicted 0.714 �1.80 0.001

21541068 Tcf7_predicted <0.001 �1.94 <0.001

22012172 XM_342644 Tfec 1.027 �1.83 0.002

21315092 NM_001004210 Xbp1 0.734 �1.45 <0.001

21858810 NM_213564 Zbtb9 0.695 �1.51 <0.001

21624224 NM_133323 Zfp111 0.661 �2.23 0.001

21372383 NM_001012169 Zfp143 1.848 1.30 <0.001

21903027 Zfp161 <0.001 �1.79 <0.001

22270825 Zfp212 2.08 �1.35 0.001 �1.82 0.005

20927543 XM_345907 Zfp426 1.464 �1.74 0.003

21809729 Znf124_predicted 0 �2.49 <0.001

22016522 NM_019620 Znf386 0 �2.04 <0.001

Blood vessels

22039472 NM_017258 Btg1 0.541 �1.62 <0.001

21371521 NM_022205 Cxcr4 <0.001 �1.93 <0.001

21321753 NM_031327 Cyr61 1.506 4.58 0.008 8.92 0.003

21584942 NM_017301 Edg1 2.455 �1.87 0.008

21798241 NM_053599 Efna1 0.750 �1.64 <0.001

21010125 NM_012580 Hmox1 0.507 5.88 0.002 14.54 <0.001 Angiogenesis (p¼ 0.011)

21389601 NM_012797 Id1 1.255 �1.99 0.003

22409902 Notch1 0.619 1.91 0.001

21986321 NM_031831 Rtn4 1.491 �1.42 0.001

20957826 NM_001001513 Tnfsf12 <0.001 1.78 <0.001

21152019 Vegfa 0.268 1.76 <0.001

21996686 Vegfb 2.058 1.43 0.002

(continued)
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Validity

To confirm external validity, we compared our data

with the results from a study by Kato et al. [26]. They

performed gene expression analyses (Agilent Human

1 cDNA microarray analyzing 12,814 genes) of

HeLa cells cultivated for up to six hours after

treatment with HT at 44.0�C for one hour in vitro

[26]. In HeLa cells, 664 genes were differentially

expressed after HT, and the authors focused on

DNAJ (Hsp40) homolog, subfamily B, member 4

(DNAJB4), heat-shock 70-kD protein (Hsp70),

heat-shock 90-kD protein (Hsp90, HSPC), growth

arrest and DNA damage-inducible protein 45

(GADD45), EGR1, JUN and FOS which all

displayed increased mRNA levels after treatment

with HT. We had a similar discovery rate in our

material, revealing 1,213 differentially expressed

genes (analyzing 26,857 genes) and largely our data

comply with these previously published results [26].

We detected increased gene expression of a range of

HSPs (Table III) both in vivo and in vitro, among

them DNAJB4 and HSPA1B (Hsp70). Gene expres-

sion of both GADD45G and GADD45B was

induced in vivo, but only GADD45B was induced

in vitro. Elevated mRNA levels of EGR1 were

detected after HT in vivo and in vitro. FOS and

JUN exhibited elevated mRNA levels in vivo but

not in vitro. The expression profiles of EGR1, FOS

and JUN were analyzed with real time RT-PCR to

support the internal validity of the microarray

analysis. Real time RT-PCR confirmed the results

of the microarrays, with the exception of FOS.

Biological processes overrepresented after treatment

with hyperthermia

Apoptosis. GO mapping revealed three large clusters

involved in apoptosis overrepresented in the sub-

group of differentially expressed genes, indicating

that apoptotic mechanisms are affected by the

therapy. However, these genes displayed mixed

alterations in gene expression, and therefore we

cannot make a conclusion about the impact on the

cells based on these data alone. We previously

reported TUNEL (terminal deoxynucleotidyl biotin

– dUTP nick-end labeling) analysis which clearly

indicated high rate of apoptosis as early as 90

minutes following end of treatment [18] and thus

conclude that HT induces an apoptotic response.

EGR1 is central for tumor growth, but has also been

implicated in pro-apoptotic signaling [27]. The effect

of EGR1 is dependent on type of malignancy and

stimulus [27]. In human glioblastoma, constitutively

expressed EGR1 suppresses growth and transforma-

tion [28]. EGR1 induces growth arrest via expression

of TGFß1, and signals apoptosis by p53 dependent

and independent mechanisms [27, 29]. The pro-

apoptotic effects of FOS, often co-regulated with

EGR1, are dependent on wt p53 [29] which was

present in our tumor model. EGR1 interacts with

the transcription factor JUN and augments its

Table III. Continued.

ABI probe

NCBI

RefSeqs Gene symbol FDR[i]

Fold change

(in vivo)

p-value

(in vivo)

Fold change

(in vitro)

p-value

(in vitro) Subgroups

Protein modifications

22205126 NM_001011936 Bag3 <0.001 4.71 <0.001 6.64 <0.001

22357645 NM_012935 Cryab <0.001 7.55 0.001 25.22 0.005

20732724 XM_341663 Dnajb1_predicted <0.001 6.07 <0.001 18.68 <0.001

20816663 XM_342763 Fkbp4 0.288 1.49 <0.001 2.53 0.002 Protein folding (p¼0.039)

21290384 NM_001012174 Fkbp5 0.614 �1.92 0.001

21880142 NM_022229 Hspd1 0.403 1.81 <0.001 1.55 0.004

21605052 NM_012966 Hspe1 1.316 1.93 0.003

21544995 NM_022247 Pdcl 1.899 �1.45 0.002

21267573 XM_227618 Cdc14a_predicted 1.587 �1.77 0.004

21990429 Cdc14b_predicted 0.890 �2.16 0.002

21812963 Dusp19_predicted <0.001 2.71 <0.001

22408694 NM_001012089 Dusp2 1.799 �3.57 0.009

21327095 NM_022199 Dusp4 <0.001 8.41 <0.001 4.29 0.003 Protein amino acid dephosphorylation

(p¼ 0.005)

22323879 XM_341963 Dusp8_predicted 2.076 2.16 0.008

21800532 NM_022538 Ppap2a 0.296 �1.58 <0.001

21854294 NM_017041 Ppp3ca 0.516 �1.46 <0.001

21454610 NM_017309 Ppp3r1 1.381 �2.06 0.004

21811167 NM_138507 Ptprc 1.931 �1.69 0.004

21328078 Sbf1_predicted 0.545 1.51 <0.001

ABI probe, Applied Biosystems microarray probe ID; NCBI RefSeqs, National Center for Biotechnology Information (NCBI) gene ID;
FDR(i), false discovery rate from SAM analysis, cut off at 2.5 (%). Processes illustrated are: Regulation of transcription, DNA dependent
(GO:0006355), Angiogenesis (GO:0001525, Protein folding (GO:0006457) and Protein amino acid dephosphorylation (GO:0006470).
Apoptosis (GO:0006915), Immune response (GO:0006955), Lymfocyte activation (GO:00466449).
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pro-apoptoticactivity [27]. Phosphorylated EGR1 is

also known to increase the expression of the pro-

apoptotic protein ATF3 [30]. It is intriguing that we

found strong induction of all these genes in our study

after treatment with HT. Several external stimuli are

known to induce gene expression of ATF3, such as

IR, UV and MMS [31]. It is not surprising that heat

also induces EGR1 and ATF3, but the precise

mechanisms are not clear.

Transcription. The JUN, FOS, EGR1 and ATF3

genes discussed above are known transcription

factors. They were members of two clusters found

by GO mapping involved in regulation of transcrip-

tion. We detected diverse responses in these groups,

indicating that regulation of transcription by HT

might be more specific than merely global up or

down regulation of transcription.

Immune system. The biological process ‘immune

response’ is a wide term (classified under ‘response

to stimuli’), and our observations show a depression

of the immune system in general. This depression

was possibly directed toward the adaptive

immune defense, especially lymphocytes, based on

general depression of ‘lymphocyte activation’, ‘B cell

receptor signaling pathway’, ‘T cell receptor

signaling pathway’ and ‘T-cell homeostasis’, but

also the innate immune response with general

depression of mRNA levels of genes belonging to

‘Myeloid leukocyte activation’ and ‘Leukocyte

chemotaxis’.

The literature is ambiguous concerning the effects

of HT on the immune system, which are dependent

on thermal dose (magnitude and duration of treat-

ment), type of malignancy, model system (species),

microenvironmental factors and the time of recovery

before analysis [32]. The results are more consistent

in fever-range HT where enhancement of anti-tumor

immune responses (mediated directly or via HSPs)

and direct effects on the behavior of immune cells

have been described [13, 16, 17, 33].

HSPs interact with APC cells that present antigens

for cytotoxic T-lymphocytes [16, 17]. Three

receptors for HSP on APC cells (Tlr2, CD14 and

CD36) were detected at lower mRNA levels after

HT, in contrast to the up regulated Lrp1. Hsp70 is a

recognition structure for NK cells, and Hsp70

expression correlates with NK cell lysis [15, 34].

There is evidence that Klrd1 is a receptor on the NK

cells responsible for Hsp70 targeting [15]. Klrd1

heterodimers with other natural killer cell lectins

like Klrc1 and Klrc2 [15]. Klrd1, Klrb1b and CD69

are activating receptors on NK cells [15], and it is

interesting that they all exhibited reduced mRNA

levels after HT. NK cells secrete cytokines like

interferon � (IFN�), interleukin 2 (IL2), interleukin

12 (IL12), tumor necrosis factor � (TNF�) and

Granulocyte-macrophage colony-stimulating factor

(GM-CSF) without prior stimulation [15]. We found

a reduction in the mRNA levels of the IFN� receptor

and the IL2 receptor subunits after HT. IL2 affects

growth and differentiation of a range of cells in the

immune system as well as glioma cells. IL2R� is also
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points (in vivo) equals one. (I) statistical results in vitro, p-values from Student’s t-test are presented.
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an indispensable subunit of the functional IL21R

complex which activates JAK1, JAK3, STAT1 and

STAT3 [35]. Furthermore, important members of

the CD3 complex found in cytotoxic T-lymphocytes,

chemokines and chemokine receptors were detected

at reduced mRNA levels after HT.

These findings reveal a HT-induced suppression

in mRNA levels of important receptors found in cells

of the immune system, especially T-cells and NK

cells. As these receptors have a central role in

detection of Hsp70 (Tlr2, CD14, CD36, Klrd1),

activation of NK cells (Klrd1, Klrb1b and CD69)

and the subsequent signaling between immune cells

(IFN� receptor and IL2 receptor subunits), we

hypothesize that there is a heat induced functional

suppression of the immune system within tumors the

first hours after treatment.

Immunohistochemical staining verified the

presence of cytotoxic T-lymphocytes, NK-cells,

B-lymphocytes and macrophages in the tumors. We

detected a tendency towards increased numbers of

these cells in tumors treated with HT, probably

caused by some degree of inflammation in the

periphery of the tumors. Consequently, the down

regulated mRNA expression of immune cell

associated genes was neither caused by a simple

reduction in number of cells expressing these genes,

nor by aberrant expression in tumor cells as the pure

tumor cell culture only displayed minute mRNA

levels of most of these genes. In a previous study,

melanoma cells exposed to HT developed early

resistance to cytotoxic T-cell lysis due to reduced

antigen presentation by the tumor cells [36].

A transient reduction of antigen presentation was

found, but over time tumor cells remained

susceptible to CTL recognition [36]. In that study

the immune cells were not exposed to HT. In our

experiments, analyses of antigen presentation were

outside the scope of the study. As described above,

we reveal another mechanism in which the tumor cell

immune system interplay may be suppressed, and

further analyses will be done to disclose if this also is

a transient phenomenon, or if the impact on the

immune system is more long lasting. Only a few

genes involved in the immune clusters found in vivo

were also found in vitro as previously discussed.

Therefore, further studies should be done in vivo in

different malignancies, analyzing both gene expres-

sion and functional effects of the immune system and

its interplay with tumor cells.

Blood vessels. Our study confirms that HT has

impact on the angiogenesis of tumors. The under-

lying mechanisms for this effect of HT are not clear,

and as diverse gene expression changes were

detected in this cluster, we were not able to make

further assumptions of the mechanisms involved.

Protein metabolism. We found clusters involved in

protein modifications overrepresented after treat-

ment with HT. Interference of heat on protein

shape and stability is well known, and genes involved

in protein folding were induced both in vivo and

in vitro.

Amino acid phosphorylation is an important

regulatory mechanism of proteins. Many signaling

pathways (for instance MAPK signaling pathway) are

sequentially activated by kinases. Analyses of our

data revealed that genes involved in protein depho-

sphorylation were overrepresented after HT. Among

these genes was a group DUSPs involved in depho-

sphorylation of central key proteins in signal trans-

duction, such as the MAPK pathway. DUSP

induction indicates inhibiting of central signal

transduction pathways by HT. Three of the four

DUSP genes detected by this GO cluster, DUSP19,

DUSP8 and especially DUSP4, were strongly

induced by HT in vivo. The fourth DUSP gene in

this cluster, DUSP2, was strongly down regulated

in vivo. Only one gene in this cluster, DUSP4, was

also differentially expressed in vitro. A search among

the 1,213 genes for additional DUSPs also revealed

DUSP1. DUSP1 is important in a negative feedback

loop of ERK1 (MAPK3) and ERK2 (MAPK1), and

hence a key protein regulating their activity [37, 38].

ERK 1/2 were possibly activated in our tumors due

to the mutation of BRAF. DUSP1 is also involved in

regulation of immune function and cellular inflam-

matory responses [37, 39]. It is well documented that

heat shock desensitizes the cells for new heat shock

treatments (thermotolerance) lasting 2–3 days [40].

However, the reports on influence of heat shock on

other kinds of subsequent stresses are conflicting.

Some report that heat shock still renders the cells

responsive to a wide variety of other stress [40, 41],

but most reports show that heat shock attenuates

responses to other stresses as well, for instance

inflammatory stimuli [39, 42, 43]. In a monocyte cell

line, attenuated response to an inflammatory

stimulus subsequent to heat shock was conferred by

induction of DUSP1, leading to loss of activation of

ERK 1/2 and p38 by the inflammatory stimuli, and

subsequent loss of inflammatory cytokines like

TNF� [43].

The tumors responded to heat shock by induced

mRNA expression of both HSPs and DUSP1. These

are potentially involved in a common regulatory loop

(Figure 4). DUSP1 is regulated in a delicate manner

after HT and is proposed to play a crucial role in

determining the cell fate [44]. The activity of DUSP1

may initially be reduced by HT, but increases within

an hour leading to increased rate of ERK 1/2

dephosphorylation [39, 44]. DUSP1 is phosphory-

lated by ERK 1/2, but may also be phosphorylated by

Hsp27 and Hsp70 [45, 46]. DUSP1
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dephosphorylates ERK 1/2, which then fails to

phosphorylate Heat Shock Factor 1 (HSF-1). HSF-

1 is active upon dephosphorylation and is trans-

ported to the nucleus where it induces the expression

of Hsp27 and Hsp70, thereby creating a positive

feedback loop [46] (Figure 4). Therapies inducing

active DUSP1 may be an option for treatment of

cancers, and one way to achieve this is heat induced

high levels of HSPs.

Heat shock proteins

A panel of HSPs was upregulated after treatment

with HT. The most prominent was Hsp70

(HSPA1B), reported to be one of the most

termorespondent HSPs. HSPs are strong immune

modulators, for reviews see [13, 15–17, 32, 33, 47].

Enhancement of tumor antigen processing by

increase of extra-cellular Hsp70 and increased

susceptibility of NK-cells mediated tumor cell lysis

have been reported [13, 15–17, 34]. The HSPs also

have effects inside the cells where they act as

chaperons and inhibit apoptosis [14, 32, 48].

Stimulation of the immune system by HSPs indicate

HSPs as suitable agents for immunotherapy [13, 49]

while their stimulation of growth and apoptosis

implies that HSPs could be targets of therapy [14].

DNAJB4 is a Hsp40 kD protein, recently

postulated to be an inhibitor of invasion, metastasis

and angiogenesis [50,51]. In HeLa cells DNAJB4

had a peak in expression (2.9 times) six hours after

HT treatment [26]. We found similar results both

in vivo and in vitro, which indicates that DNAJB4

expression in tumor cells is independent of the

microenvironment.

Closing remarks

One gene may be capable of inducing several

biological processes. It is hard to distinguish which

of these processes have the most impact on tumor

growth. Nevertheless, we are confident that the

biological processes discussed in this study represent

processes that are affected by HT, directly or

indirectly. This study confirms previous knowledge

of the importance of several biological processes in

response to HT, but also sheds new light on these,

for instance by indicating early down regulation

of genes involved in the immune system by HT

at 43�C. This may be important in treatment

scheduling.
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