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Abstract

Purpose: Transforming growth factor-b-activated kinase 1 (TAK1) plays a role in inhibiting
apoptosis in response to multiple stresses. In the present study, we investigated the role of
TAK1 in cell death induced by heat stress (HS). Materials and methods: TAK1 knockdown HeLa
cells and their parental cells were exposed to HS at 44 �C for 15, 30, 45 min followed by colony
formation assay. Heat shock proteins (HSPs) induction, NF-kB phosphorylation, and caspase-3
cleavage were estimated by western blotting using specific antibodies. Global gene expression
analysis was performed using the GeneChip� system. The anti-apoptotic roles of the identified
genes were elucidated using small interfering RNAs targeting those genes. Results: Heat
sensitivity estimated by colony formation assay and caspase-3 cleavage increased in TAK1
knockdown cells. This sensitisation was not due to alterations in HSP induction or NF-kB
phosphorylation as the expression levels of these proteins did not differ significantly between
the TAK1 knockdown and the parent cells after HS exposure. The GeneChip� analysis revealed
differences in gene expression between both cell variants after HS exposure and defined
the genetic network associated with cell death. TNF-a interacting protein 3 (TNFAIP3) and
Interleukin 8 (IL-8) are two of the identified genes. RNA interference against these genes
increased the cleavage of caspase-3 and cell death after HS exposure. Conclusion: Our findings
reveal the role of TAK1 in thermoresistance and show that the mediation is independent
of NF-kB phosphorylation but is dependent on TNFAIP3 and IL-8 induction.
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Introduction

Transforming growth factor-b-activated kinase 1 (TAK1) was

identified as a MAPK kinase kinase (MAP3K), which can be

activated by transforming growth factor-b [1]. TAK1 is also

activated by TNF-a, interleukin-1, and ligands of Toll-like

receptors, such as lipopolysaccharides [2]. TAK1 is essential

for activating the IkB kinase (IKK)/nuclear factor kB (NF-

kB) pathways and the stress kinases (i.e. JNK and p38

MAPK) pathways in response to various stimuli [3,4]. TNF

receptor-associated factor 6 (TRAF6) facilitates the synthesis

of non-degradative lys-63-linked polyubiquitin chains to

recruit and activate TAK1 through its really interesting new

gene (RING)-dependent ubiquitin ligase activity; this recruit-

ment in turn activates IKK to initiate the NF-kB pathway and

activates MKK6 and MKK7 to induce the JNK, p38 MAPK

and ERK pathways, respectively [5–8]. Although activation of

the JNK pathway is involved in apoptosis [9,10], simultaneous

activation of the IKK/NF-kB pathway and MEK/ERK

pathway negatively modulates TNF-a-mediated apoptosis

[11,12].

Hyperthermia induced by HS inhibits the proliferation

of cancer cells and induces their apoptosis [13]. The best

characterised heat stress response is induction of heat shock

proteins (HSPs). The HSPs are implicated in cell cycle

regulation, in resistance to stress-induced apoptosis or

necrotic cell death, and in antioxidative defence. A number

of studies have shown that HSPs such as Hsp27, 70, 90 might

modulate the homeostasis of TAK1 in response to different

physiological conditions [14,15].

Previous studies showed that TAK1 is likely involved in

cell survival in response to multiple stimuli such as TNF-a,

IL-1b, ligands of several TLRs and X-radiation [16–18].

However, it has not been demonstrated whether or not TAK1

is involved in cell survival after heat stress (HS) exposure.

The present study was designed to examine the role of TAK1

in HeLa cells exposed to HS. The work provides a better

understanding of the molecular mechanism of TAK1 pathway

as triggered by HS. The work also suggests TAK1 as a

therapeutic target in cancer therapy.
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Materials and methods

Cell culture and treatments

The TAK1 knockdown and control HeLa cells were

transfected with luciferase as previously described [19].

Regarding the establishment of stable cell lines, HeLa

cells were transfected with pSUPERgfp/neo vectors con-

taining short hairpin RNAs (shRNAs) against human

TAK1 and firefly luciferase GL2 (Luc) using lipofectamine

reagent. The target sequence for TAK1 is 50-ATGACGATT

CATGAGTGTTAG-30, which is located in the 30 untrans-

lated region. Stable cell lines were selected by G418 at

1 mg/mL, and green fluorescent protein (GFP) expression

was confirmed by flow cytometer (Epics XL, Beckman-

coulter, Miami, FL). Cells were maintained in Dulbecco’s

modified Eagle’s medium (DMEM)(high glucose) (044-

29765, Wako, Osaka, Japan) supplemented with 10% fetal

calf serum, 100 units/mL penicillin, and 100 mg/mL

streptomycin at 37 �C in 5% CO2. The G418 antibiotic

(400mg/mL) was added to the medium to maintain

selection for the transfected plasmids.

Heat stress exposure

Cells were cultured 12 h before treatment in 6-well plates at a

density of 0.5� 106 cells/mL. The plates were sealed with

paraffin film and placed in a hot water bath at 44 �C for 15, 30

or 45 min. Cells were then transferred to an incubator at 37 �C
until analysis.

Colony formation assay

Cell survival after HS exposure was measured by colony

formation assay. For all experiments, cells were seeded into

60-mm culture dishes on day 0 and allowed to attach for

12 h at 37 �C. The cells were then exposed to HS at the

desired dose (day 1), immediately returned to the incubator,

and cultured for 12 days. Colonies were stained with Giemsa,

and visible colonies containing approximately 50 or more

cells were counted. The survival fraction was calculated

relative to the number of control cells to determine the plating

efficiency in each experiment (number of HS-exposed

colonies/number of colonies in control).

Cell counting assay

A cell counting assay was performed using a Cell

Counting Kit-8 (CCK-8) according to the protocol

provided by the manufacturers (Dojindo, Kumamoto,

Japan). Briefly, after transfection with siTNFAIP3 and

IL-8, the cells were exposed to HS. After 48 h incubation,

cells were trypsinised, then seeded in a 96-well plate and

allowed to adhere overnight. Then the cells were incubated

in 100 mL DMEM medium (containing 10 mL CCK-8) per

well for 2 h at 37 �C in 5% CO2. The absorbance at

450 nm was determined by using Microplate Reader (Bio-

Rad, Hercules, CA).

Western blot analysis

Western blotting was performed as described previously [20].

Cells were collected, washed with cold phosphate buffer

saline (PBS), and lysed with radio immunoprecipitation

assay (RIPA) buffer (50 mM Tris-HCl, 150 mM NaCl,

1% Nonidet P-40 (v/v), 1% sodium deoxycholate, 0.05%

SDS, 1 mg/mL each of aprotinin, pepstatin, and leupeptin, and

1 mM phenylmethylsulphonyl fluoride (PMSF)). Lysates were

centrifuged at 3,000 rpm for 10 min at 4 �C. Antibodies

against caspase-3, phospho-NF-kB Ser536, TNFAIP3 were

obtained from Cell Signaling Technology (Danvers, MA).

Antibody against TAK1 was obtained from Santa Cruz

Biotechnology (CA). Antibodies against Hsp70, 40, and

27 were obtained from MBL (Woburn, MA). Antibody

against NF-kB (p65) was from Millipore (Tokyo, Japan).

Antibody against IL-8 was obtained from Sigma-Aldrich.

With secondary horseradish peroxidase (HRP)-conjugated

anti-rabbit and anti-mouse IgGs (Cell Signaling Technology),

band signals were visualised using a luminescent image

analyser (LAS4000, Fujifilm, Tokyo, Japan) with a chemi-

luminescence detection system (Nacalai Tesque, Kyoto,

Japan). When necessary, band density was quantified and

expressed as fold changes over the untreated control using

Image J software.

Microarray analysis

Microarray analysis was performed as previously described

[20–23]. Cells were exposed to HS and collected after 6 h.

Total RNA was extracted using an RNeasy Total RNA

Extraction kit (Qiagen, Valencia, CA). Gene expression

was analysed using a GeneChip� system with a Human

Genome U133-plus 2.0 array (Affymetrix, Santa Clara,

CA) spotted with 54,675 probe sets. The scanned chip was

analysed using GeneChip analysis suite software

(Affymetrix). Data were further analysed using

GeneSpring software (Silicon Genetics, Redwood City,

CA) to extract the genes with significant expression. To

examine molecular functions and genetic networks, the

obtained data were analysed using Ingenuity Pathways

Analysis tools (Ingenuity Systems, Mountain View, CA), a

web-delivered application that enables the identification,

visualisation, and exploration of molecular interaction

networks in gene expression data.

Real-time quantitative polymerase chain reaction
(qPCR) assay

Real-time qPCR assay was performed on a Real-Time PCR

system (Mx3000P, Stratagene, Tokyo, Japan) using SYBR

PreMix ExTaq (TaKaRa Bio, Otsu Shiga, Japan) or qPCR

Master Mix (for the use of TaqMan probes; Eurogentec,

Seraing, Belgium) according to the manufacturers’ protocols.

Reverse transcriptase reaction (ExScript RT reagent Kit,

TaKaRa Bio) was carried out with DNase-treated total RNA

using a random primer pd(N)6. Real-time qPCR assay was

performed by using the following specific primers; TNFAIP3

Sense 50-CGGAAGCTTGTGGCGCTGAA-30, Antisense

50-AGCGTGCTGAACAGCGCCTT-30. IL-8 Sense 50-GAGT

GATTGAGAGTGGACC-30, Antisense 50-ACTTCTCCACA

ACCCTCTG-30. Each mRNA expression level was normal-

ised to that of glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) [24].
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Transfection of small interfering RNA (siRNA)

siRNA targeting luciferase, TNFAIP3 (50-AGACACACGCA

ACUUUAAA-30), and IL-8 (50-ACCACCGGAAGGAACCA

UC-30) were obtained from Nippon Gene (Toyama, Japan).

siRNA was transfected using RNAimax reagent (Invitrogen,

Carlsbad, CA) in accordance with the manufacturer instruc-

tions. In brief, siRNA was mixed with 3.2 mL of RNAimax

reagent in 200 mL of Opti-MEM (Wako) in a 35-mm culture

dish, allowing the formation of complexes for 15 min, then

added to resuspended cells (1� 105 cells/1.8-mL reverse

transfection protocol). After 24 h incubation, cells were

exposed to HS and incubated for 6 h, then subsequently

analysed. Knockdown efficiency was confirmed by real-time

PCR analysis.

Statistical analysis

Statistical significance was estimated by two-tailed Student’s

t-test using Microsoft Excel software. Statistical significance

was set at p50.05.

Results

Increased heat sensitivity of TAK1 knockdown
HeLa cells

TAK1 depletion has been shown to promote cell death

induced by various stimuli [16–18], but the role of TAK1

in HS-induced cell death has not been demonstrated. To

determine the effect of the TAK1 knockdown on heat

sensitivity, we performed the cell colony formation assay.

The data showed that TAK1 knockdown had significant

effect in cell survival as compared to parent cells. This

corresponded with the enhanced cleavage of caspase-3

which was clearly detected in the TAK1 knockdown cells,

conforming that increased heat sensitivity was associated

with enhanced apoptosis induced by HS exposure (Figure

1A, 1B).

Increased heat sensitivity independently of HSPs
induction and NF-iB phosphorylation in TAK1
knockdown HeLa cells

HS activates responses such as raising signalling pathways

and reprogramming gene expression to return to their internal

milieu. The most well-characterised heat shock response is

the induction of a highly conserved set of polypeptides

termed the heat shock proteins (HSPs) [25,26]. The degree of

thermotolerance correlates well with the degree of induced

HSPs [27,28]. Hsp70 has been shown to play a critical role in

the cell survival and thermotolerance in response to stresses,

possibly through inhibiting a number of anti-survival path-

ways such as the SAPK/JNK pathway [29–34] or chaperoning

misfolded proteins by interacting with DnaJ/Hsp40 [35].

Hsp27 has also been implicated in acquired thermotolerance

[36–38].

The knockdown of TAK1 was confirmed by western

blotting (Figure 2A). To determine whether TAK1 was

involved in HSP induction, we detected the expression levels

of Hsp70, 40, and 27 in TAK1 knockdown and parental cells

after HS treatment (44 �C, 30 min). Consistently with other

studies, the HSP induction markedly increased in a

time-dependent manner, especially for Hsp70 and 40, whereas

the increase of Hsp27 was slight in both cell lines regardless

of TAK1 status (Figure 2B). HS is also known to activate NF-

kB signaling to promote cell survival [39]. The phosphoryl-

ation of NF-kB induced by HS was not significantly

suppressed by TAK1 inhibition (Figure 2C). Taken together,

these findings suggest that TAK1 is involved in counteracting

apoptosis progression in an independent manner from HSPs

and NF-kB phosphorylation.

Global gene expression analysis in control and TAK1
knockdown cells exposed to HS

Our results showed that TAK1 depeletion promoted HS-

induced cell death independently of HSP induction and

NF-kB-phosphorylation. In order to clearly determine the

mechanisms underlying the regulation of HS-induced cell

death by TAK1, we analysed the genes involved in driving

the apoptotic machinery under the lack of a functional TAK1

compared to the parental cells at 6 h after exposure to HS

(44 �C, 30 min). Using cDNA microarrays, we identified 536

and 376 differentially expressed probes in each cell line

after treatment. Among the identified genes there were 326

and 468 genes up-regulated in response to HS in TAK1

knockdown cells and parental cells, respectively. Of the

up-regulated genes, there were 245 probes common between

both cell variants (Figure 3A). Next, to find TAK1 responsive

genes we excluded the 81 up-regulated probes of TAK1

knockdown cells and fed the remaining 468 probes into a

Figure 1. Decreased cell survival in TAK1 knockdown cells
(shTAK1) in comparison to parental cells (shLuc) after HS-exposure.
(A) Clonogenic survival assay. Cells were exposed to HS for 15, 30,
or 45 min. After 12 days incubation, colonies containing approximately
50 or more cells were counted. Data are presented as mean� SD (n¼ 3).
*indicates statistical significance compared to shLuc (*p50.05,
**p50.01). (B) Western blots for caspase-3. Control and HS-treated
cells were incubated for 24 h before analysis.
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bioinformatics analytical tool. The analysis using ingenuity

pathway analysis (IPA) identified two genetic networks that

were associated with molecular function/maintenance or

cell death (Figure 3B). Network I consisted of the 245

common up-regulated genes including many HSPs genes,

such as the HSPA family genes encoding the Hsp70 family

proteins (HSPA1A, 1 L, 5, 6), DNAJ family genes encoding the

Hsp40 family proteins (DNAJB1, 4, 9, and DNAJC7),

and HSPB family genes encoding the Hsp27 family

proteins (HSPB8) (For full gene names, see Table I). The

expression levels of the respective mRNAs were slightly

different between the parent and TAK1 knockdown

cells exposed to HS, supporting the western blot data (Figure

2B). On the other hand, the network II consisted of 223 genes

that were predominantly up-regulated in parent cells. The

network contained several genes known to be associated with

apoptosis regulation among which TNFAIP3 and IL-8 were

markedly different from TAK1 knockdown cells in induction

rate and expression level (Figure 3B and Table II).

To confirm the results of microarray experiments,

we examined the expression levels of TNFAIP3 and IL-8

by western blotting. Although the expression levels of these

two proteins were not completely comparable to that found

by microarray analysis, the expression levels of these two

proteins were significantly increased in parent cells after HS

exposure (Figure 3C).

Knockdown of TNFAIP3 or IL-8 by siRNA promoted
caspase-3 cleavage and cell death after HS exposure

IL-8 is an important member of the ELRþ CXC family of

chemokines and is a HS-responsive gene that requires HSF-1

and multiple 50-flanking HSEs for optimal HS-responsiveness

[40]. IL-8 protein was found to decrease the apoptosis rate of

human airway smooth muscle cells in vitro [41]. TNFAIP3

(A20), a zinc finger protein originally identified as a tumour

necrosis factor (TNF)-responsive gene in endothelial cells

(ECs), serves as a dual cytoprotective molecule; providing

protection against tumour necrosis factor (TNF)-mediated

apoptosis and inhibiting inflammation via blocking the

transcription factor NF-kB [42]. To determine whether

TNFAIP3 or IL-8 are involved in reversing apoptosis in

response to HS, we used siRNA targeting TNFAIP3 or IL-8 in

parent HeLa cells. Transfection of siRNA targeting TNFAIP3

(siTNFAIP3) abrogated mRNA levels of TNFAIP3 in both

unexposed and HS-exposed cells (Figure 4A). For IL-8,

the constitutive expression of the protein was markedly low,

so that the effect of the transfected siRNA targeting IL-8

(siIL-8) was marginal; however, siIL-8 decreased the mRNA

levels of IL-8 following HS dramatically (Figure 4B).

Simultaneous to TNFAIP3 or IL-8 abrogation, the expression

level of cleaved caspase-3 following HS-exposure was

markedly enhanced in case of siTNFAIP3, while only slight

enhancement was observed with siIL-8 (Figure 4C). The

result of cell survival analysis by CCK-8 was also consistent

with these findings (Figure 4D). These results confirm that

both TNFAIP3 and IL-8 function as anti-apoptotic molecules

in cells exposed to HS and, therefore, the inability of TAK1

knockdown cells to transcribe these proteins might account

for the increased heat sensitivity observed.

Discussion

It has been reported that NF-kB can promote cell cycling and

inhibit apoptosis induced by a range of stress stimuli [43,44].

Activated TAK1 can phosphorylate inhibitors of NF-kB

kinase (IKK) to activate the NF-kB pathway [7]. Also, the

induction of heat shock proteins (HSPs) is the most well-

characterised and typical heat shock response. In the present

study it was demonstrated that the knock down of TAK1

could not affect the association of NF-kB phosphorylation

and HSP induction with heat stress response. The independ-

ence of NF-kB on TAK1 functionality has been also observed

in response to X-radiation [18]. Consequently, it seems that

the reported dependence of NF-kB phosphorylation on TAK1

may be specific to some cell type and degree of stimuli.

The question that poses itself here would be: what are the

novel targets of TAK1 that mediate cell survival other than

NF-kB phosphorylation and HSPs? In pursuing an answer

for this question we carried out a genetic microarray analysis

of parent and TAK1 knockdown cells exposed to similar HS.

We have been able to identify several genes which were

differentially expressed in both cell variants such as IL-8,

TNFAIP3, CXCL2, MMP10, for example. All these genes

were members of the genetic network II associated with

molecular function/maintainance or cell death and were

up-regulated in the parent cells. The knockdown of IL-8

and TNFAIP3 with siRNA resulted in sensitisation of the

Figure 2. HSP induction and NF-kB phosphorylation in TAK1
knockdown cells in comparison to parental cells exposed to HS.
(A) Expression level of TAK1 in control TAK1 knockdown versus its
expression in control parent cells. (B) Time-dependent induction
of Hsp70, 40, and 27 in cells exposed to HS. (C) Phosphorylation
levels of NF-kB induced by HS. Band density was quantified
and expressed as fold changes over the untreated control using Image J
software.
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Figure 3. Global gene expression and bioinformatics analyses of TAK1 knockdown cells in comparison to parental cells after HS exposure. (A) The
number of differentially expressed genes by a factor of �3.0 in HS-treated cells. Venn diagram indicates the commonly and specifically up-regulated
genes in each cell line. (B) The identified responsive genetic networks to HS. The up-regulated genes by a factor of �3.0 in treated parent cells are
included in the networks. Relative gene expression ratios are shown in Tables I and II. (C) Differential induction levels of TNFAIP3 and IL-8 proteins
in control cells and TAK1 knockdown cells 6 h after HS exposure. Band density was quantified and expressed as fold changes over the untreated control
using Image J software.

Table I. Relative gene expression levels of differentially expressed genes in identified gene network I.

Probe set ID
A. shLuc

log
B. shLuc
HS log

C. shTAK1
log

D. shTAK1
HS log

B vs
A fold

D vs C
fold

D vs B
fold Gene symbol Gene title

213418_at �5.07 5.07 �5.28 5.38 1126.4 1613.2 0.8 HSPA6 Heat shock 70 kDa protein 6
(HSP70B’)

117_at �4.34 4.34 �5.05 4.72 411.6 869.6 0.8 HSPA6 Heat shock 70 kDa protein 6
(HSP70B’)

233694_at �2.23 2.34 �2.58 2.23 23.8 28.1 1.1 HSPA1L Heat shock 70 kDa protein 1-like
230031_at �1.98 2.38 �2.06 1.98 20.6 16.5 1.3 HSPA5 Heat shock 70 kDa protein 5 (glu-

cose-regulated protein, 78 kDa)
210189_at �2.15 2.15 �2.70 2.66 19.6 41.3 0.7 HSPA1L Heat shock 70 kDa protein 1-like
200664_s_at �1.84 2.21 �2.39 1.84 16.6 18.7 1.3 DNAJB1 DnaJ (Hsp40) homolog, subfamily

B, member 1
202581_at �1.86 1.86 �2.38 1.98 13.2 20.5 0.9 HSPA1A///

HSPA1B
Heat shock 70 kDa protein 1 A///

heat shock 70 kDa protein 1B
200666_s_at �1.50 1.50 �1.98 1.56 8.0 11.6 1.0 DNAJB1 DnaJ (Hsp40) homolog, subfamily

B, member 1
203810_at �1.31 1.31 �1.73 1.55 6.1 9.7 0.8 DNAJB4 DnaJ (Hsp40) homolog, subfamily

B, member 4
200800_s_at �1.22 1.24 �2.39 1.22 5.5 12.2 1.0 HSPA1A///

HSPA1B
Heat shock 70 kDa protein 1 A///

heat shock 70 kDa protein 1B
1556053_at �1.06 1.14 �0.93 0.93 4.6 3.6 1.2 DNAJC7 DnaJ (Hsp40) homolog, subfamily

C, member 7
221667_s_at �1.47 0.62 �0.62 1.22 4.3 3.6 0.7 HSPB8 Heat shock 22 kDa protein 8

The italic values indicate expression levels in TAK1 knockdown (shTAK1) or their parental cells (shLuc) with or without HS-exposure. The other three
columns indicate the fold changes in shTAK1 or shLuc or both after HS-exposure.

Differentially expressed genes by a factor of 3 or more in either HS-treated TAK1 knockdown (shTAK1) or their parental cells (shLuc) were shown as
fold changes.

B vs A fold: the fold changes in shLuc after HS-exposure.
D vs C fold: the fold changes in shTAK1 after HS-exposure.
D vs B fold: the fold changes between two cell lines after HS-exposure.
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parent HeLa cells to HS, confirming their anti-apoptotic role.

TNFAIP3, a zinc finger protein, can negatively regulate IKK

and NF-kB signalling pathway which is activated by TAK1

[45,46]. And its deficiency in mice results in excessive NF-kB

activity and multi-organ inflammation [46,47]. In contrast to

its so far universal inhibitory effect on NF-kB activation,

the anti-apoptotic activity of TNFAIP3 remains controversial

and appears to be specific to cell type and stimulus [42].

Figure 4. Involvement of TNFAIP3 and IL-8 in apoptosis of HeLa cells exposed to HS. (A, B) Densitometric quantification of TNFAIP3 and IL-8
expression analysed by qPCR following knockdown of TNFAIP3 and IL-8 using siRNAs and / or exposure to HS (44 �C, 30 min). Cells were
transfected with siRNA 24 h before HS exposure. (C) Promotion of caspase-3 cleavage by knockdown of TNFAIP3 and IL-8 in cells 24 h after HS
exposure. Band density was quantified and expressed as fold changes over the untreated control using Image J software. (D) Depression of cell survival
by knockdown of TNFAIP3 and IL-8 in cells 48 h after HS-exposure. Cell survival analysis was performed by CCK-8. Data are presented as mean� SD
(n¼ 3). *Statistical significance from siLuc with or without HS treatment (*p50.05, **p50.01).

Table II. Relative gene expression levels of differentially expressed genes in identified gene network II.

Probe Set ID
A. shLuc

log
B. shLuc
HS log

C. shTAK1
log

D. shTAK1
HS log

B vs A
fold

D vs C
fold

D vs B
fold

Gene
symbol Gene title

211506_s_at �2.40 4.26 �1.58 1.58 101.2 9.0 6.4 IL8 Interleukin 8
205680_at �1.24 3.58 �3.49 1.24 28.1 26.5 5.1 MMP10 Matrix metallopeptidase 10 (stro-

melysin 2)
236561_at �0.20 1.50 0.20 �0.56 3.2 0.6 4.2 TGFBR1 Transforming growth factor, beta

receptor 1
1559529_at �0.48 2.25 �0.71 0.48 6.6 2.3 3.4 PTK2 PTK2 protein tyrosine kinase 2
202859_x_at �2.57 2.47 �1.05 1.05 32.8 4.3 2.7 IL8 Interleukin 8
232098_at �1.59 1.87 �0.60 0.60 11.0 2.3 2.4 DST Dystonin
202644_s_at �1.08 1.71 �0.45 0.45 6.9 1.9 2.4 TNFAIP3 Tumour necrosis factor, alpha-

induced protein 3
202643_s_at �0.67 1.41 �0.29 0.29 4.3 1.5 2.2 TNFAIP3 Tumour necrosis factor, alpha-

induced protein 3
209774_x_at �0.84 1.51 �0.47 0.47 5.1 1.9 2.1 CXCL2 Chemokine (C-X-C motif) ligand 2
240221_at �0.42 1.25 �0.96 0.42 3.2 2.6 1.8 CSNK1A1 Casein kinase 1, alpha 1
222043_at �0.73 1.27 �0.78 0.73 4.0 2.9 1.5 CLU Clusterin
205207_at �1.47 0.73 �0.45 0.45 4.6 1.9 1.2 IL6 Interleukin 6 (interferon, beta 2)
226333_at �0.96 0.71 �0.44 0.44 3.2 1.8 1.2 IL6R Interleukin 6 receptor
1556006_s_at �1.10 0.91 �0.64 0.64 4.0 2.4 1.2 CSNK1A1 Casein kinase 1, alpha 1
211924_s_at �1.75 0.17 0.00 0.00 3.8 1.0 1.1 PLAUR Plasminogen activator, urokinase

receptor
201110_s_at �1.39 0.48 �0.42 0.42 3.7 1.8 1.0 THBS1 Thrombospondin 1
204420_at �1.95 0.70 �0.70 0.85 6.3 2.9 0.9 FOSL1 FOS-like antigen 1
202912_at �1.18 0.55 �0.55 0.93 3.3 2.8 0.8 ADM Adrenomedullin

The italic values indicate expression levels in TAK1 knockdown (shTAK1) or their parental cells (shLuc) with or without HS-exposure. The other three
columns indicate the fold changes in shTAK1 or shLuc or both after HS-exposure.
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It has been reported that overexpression of TNFAIP3 can

protect from TNF-mediated apoptosis by blocking the acti-

vation of the apical caspase-8 and 2, preventing subsequent

activation of downstream effectors (caspase-3, 6 and Bid) and

maintaining the mitochondrial integrity [42]. In this study it

was found that knockdown of TNFAIP3 could increase HS-

induced cleavage of caspase-3 and sensitise cells to HS.

IL-8 (CXCL-8), a member of the human CXC family of

ELRþ chemokines, was identified as a new HS-responsive

gene to delineate a novel pattern of HS responsiveness [40].

Heat shock factor-1 (HSF-1) could act to regulate IL-8 gene

transcription. However, unlike the classical HSP genes, HS is

not sufficient to activate IL-8, but requires co-activation with

a proinflammatory agonist. IL-8 protein increases the

expression of mouse CXCL-2 (MIP-2) protein that is also

increased by thioglycolate in peritoneum [48]. Combined IL-6

and sIL-6R can induce the expression of IL-8 in endothelial

cells [49]. The type I TGF-beta receptor (TGFbR 1) engages

TRAF6 to activate TAK1 in a receptor kinase-independent

manner [50]. Using an in vitro model, TGFb1 and TGFb
receptors expression was up-regulated by IL-8, IL-1, and

TGFb1 itself. However, IL-8 receptor expression was

decreased by IL-8 and TGFb1. This suggests that in a

cascade IL-8 would feed forward to promote the TGFb
system, whereas TGFb1 feeds backward to inhibit respon-

siveness to IL-8 [51].

The detailed mechanisms by which TAK1 regulates

TNFAIP3 and IL-8 expression independently of NF-kB

phosphorylation remains unclear; however, for the first

time, we demonstrated that the defect in TAK1-TNFAIP3/

IL-8 pathway was involved, at least in part, in the increased

heat sensitivity of TAK1 knockdown HeLa cells. Moreover,

our findings support the idea that TAK1 might be a promising

target for cancer therapy in not only chemo- or radiotherapy,

but also in hyperthermia.
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