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Abstract:In recent years, cancer therapy research has focused on molecular targets. For efficient
 

hyperthermic cancer therapy, potential targets of interest are molecules which respond to heat and
 

selectively activate signal transduction factors which can inhibit cancer cell proliferation. Signal
 

transduction pathways affected by heat include p53 mediated pathways,JNK (Jun N-terminal kinase)

mediated pathways,Akt (protein kinase B)mediated pathways,NBS1(Nijimegen breakage syndrome 1)

mediated pathways,classic MAP (mitogen activated protein)kinase mediated pathways,and p38 MAP
 

kinase mediated pathways. Events such as cell death,cell survival,cell proliferation,and/or cell cycle
 

arrest can be affected by these pathways. To learn more about heat-induced gene and protein expression,

cDNA arrays and protein microarrays were used to study cellular responses to heat. This paper briefly
 

reviews interactions of pro-and anti-apoptotic genes and proteins which are induced by heat shock and
 

are components of signal transduction pathways.
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Introduction
 

Hyperthermia now plays an important role as a therapy for human malignant tumors,particularly
 

when used in conjunction with recombinant adenovirus-p53 therapy, radiotherapy , or
 

chemo-radiotherapy . Responses of cells to heat shock or heat stress include cell death,cell survival,

cell proliferation, cell cycle arrest, etc., and these responses are induced through specific signal
 

transduction pathways. There are cellular adaptive responses, which help to maintain cellular
 

homeostasis under stress. Apoptosis,a programmed cell death pathway,is a natural process which is
 

essential during development and eliminates redundant or superfluous cells to allow normal patterning
 

and development of tissues and organs. Stressed and damaged cells, if they cannot be repaired, are
 

eliminated through this mechanism.
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Recently,attention has been focused on cancer therapies which could target specific molecules,and
 

theoretically be designed to selectively affect heat-related signal transduction factors. In view of this,it
 

would be very helpful to understand which genes and what classes of genes are induced by heat shock.

It has already been reported that p53 gene status affects heat sensitivity in human cancer cells. In
 

particular,wild-type p53 (wtp53)cells are heat sensitive when compared to mutated p53 (mp53)cells.

This was demonstrated by using two cell lines with identical genetic backgrounds except for their p53
 

gene status . In addition,studies have described the expression of apoptosis related genes and proteins
 

after hyperthermia treatments by using cDNA array analysis and protein microarray analysis .

This paper reviews recent work focused on interactions between pro-and anti-apoptotic genes and
 

proteins with components of heat induced signal transduction pathways.

Cell death pathways
 

p53-mediated pathways leading to apoptosis induction
 

The p53 protein,a tumor suppressor gene product,plays a crucial role in cellular responses during
 

apoptosis induction . It is evident that p53 is activated,not only by irradiation,but also by heat shock,

and this is drawing more attention to hyperthermia. Heat shock leads to the phosphorylation of p53 by
 

ATM (ataxia telangiectasia-mutated protein kinase),and its subsequent activation (Fig.1). Activated
 

p53 promotes the expression of Bax (Bcl-2 associated x protein),a pro-apoptotic gene . This sequence
 

of events then triggers the translocation of Bax from the cytoplasm to the mitochondria,and to the release
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Fig.1.Heat-induced signal transduction pathways for cell death,and the anti-apoptotic roles
 

of HSPs.
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of pro-death molecules such as cytochrome c and Smac/Diablo (second mitochondria-derived activator
 

of caspases/direct inhibitor of apoptosis-binding protein with low pI)into the cytoplasm. Cytochrome
 

c binds to Apaf-1 (apoptotic protease activating factor-1) leading to its oligomerization and to the
 

recruitment of procaspase-9 to form a functional apoptosome. At the same time,Smac/Diablo inhibits
 

IAPs (i.e.inhibitor of apoptosis proteins). The apoptosome complex proteolytically processes
 

procaspase-9 into an active form, which ultimately leads to cell death by activating the effector
 

Caspase-3 . Activated p53 also contributes to the Caspase-8 mediated activation of Bid (or the
 

truncated or tBid). tBid allows Bax to migrate to the mitochondrial membrane and trigger the release
 

of various death factors . p53 also activates Caspase-3 via another pathway,the Fas(FS-7-associated
 

surface antigen)mediated pathway. In this pathway,FADD (Fas-receptor)and its adaptor molecule
 

bind together . Eventually, a DISC (death inducing signal complex) is formed which activates
 

procaspase-8,which in turn triggers Caspase-3 mediated cell death events. The Fas-induced apoptosis
 

pathway can also recruit the adaptor protein DAXX (death domain-associated protein) instead of
 

FADD, to activate ASK-1 (apoptosis-signal-regulated kinase-1) , which activates SAPK/JNK

(stress-activated protein kinase/c-Jun N-terminal kinase) and thereby, triggers apoptosis ). In
 

p53-dependent pathways which induce apoptosis, other p53-regulated genes have been identified
 

including Noxa (noxious stresses inducible pro-apoptotic gene) ,PERP (p53 apoptosis effector related
 

to PMP-22) , PIDD (p53-induced death-domain-containing protein) , PUMA (p53-upregulated
 

modulator of apoptosis) , p53AIP1 (p53-regulated apoptosis induced-protein 1) and p53DINP1

(p53-dependent damage-inducible nuclear protein 1) .

DNA microarray analysis of apoptosis-related gene expression following a heat shock shows that
 

gene expression of anti-apoptotic genes such as IL (interleukin)-12 p35 decreased in wtp53 cells,and
 

IL-12Rβ1 increased in mp53 cells,although the pro-apoptotic genes Caspase-9,CD30 and CD40 were
 

induced independently of p53 gene status by hyperthermia . The protein microarrays used here
 

indicated that anti-apoptotic proteins such as Bcl-2,Bcl-xL and IL6 were highly induced in mp53 cells
 

after heat treatment when compared to their induction in wtp53 cells. However, the pro-apoptotic
 

proteins Baxαand cytochrome c were also induced by heat shock in the presence of mp53 .

JNK-mediated pathways for apoptosis induction
 

In the phosphorylation pathway going from ceramide to MEKKs(MAP(mitogen activated protein)

kinase-ERK kinase kinases),and ASK-1/MKKs(MAP kinase kinases),phosphorylated JNK ultimately
 

triggers Caspase-3 dependent or independent apoptosis (Fig.1). When cells are heat-treated,

sphingomyelin undergoes hydrolysis by Smase (sphingomyelinase), and as a result, ceramide levels
 

increase. Ceramide plays a role as a second messenger in the activation of JNK .

Cell survival pathways
 

Akt-mediated pathways for cell survival
 

One of the signal cascades which promotes cell survival utilizes a serine/threonine kinase, Akt

(protein kinase B), which is activated via PI(3)K (phosphoinositide 3 kinase) and PDK1

(3-phosphoinositide-dependent kinase-1) in the presence of various growth factors (Fig.2). In
 

normal cells,PTEN(phosphatase and tensin homologue deleted on chromosome 10)inhibits the activity
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of Akt. Many cancer cells have a PTEN deficiency, and show a tendency to have a high level of
 

activation of Akt. Because excessive activation of Akt can lead to tumor formation and abnormal cell
 

proliferation,a cancer cell specific cytotoxic reaction could result from the specific inhibition of Akt.

Phosphorylation stabilizes Akt , which activates NF-κB (nuclear factor-κB) and induces the
 

phosphorylation of Bad(Bcl-2-antagonist of cell death protein),which results in the latter’s dissociation
 

from Bcl-xL. Phosphorylated Bad is sequestered by the cytosolic 14-3-3 protein,and this prevents its
 

translocation into the mitochondria. Consequently,downstream apoptotic events are not triggered .

Under normal conditions,NF-κB remains bound and sequestered in the cytosol by its inhibitor IκB
 

kinase . However,upon exposure to stimuli,including TNF(tumor necrosis factor),IκB is degraded,

resulting in release of NF-κB,which can then translocate into the nucleus and activate the transcription
 

of cell survival genes . Although TNF is a crucial inducer of apoptosis,it may also stimulate cell
 

survival through NF-κB,an important link between various biological processes which include stress
 

response,cell growth or cell death . Phosphorylation and inactivation are mediated by a protein kinase
 

complex,IKK (IκB kinase). TNF induces the activation of IKK through its association with signal
 

transducing molecules like RIP (receptor interacting protein), and TRAF2 (TNF receptor-associated
 

factor 2) . Activated Akt up-regulates kinase activity of the IKK complex triggering NF-κB
 

mediated cell survival .

Hsp90 enhances cell survival through its involvement in different steps which occur in the formation
 

of active NF-κB(Fig.2). Hsp90 is an important factor in the generation of a stable state for RIP,which
 

is then recruited by activated TNFR-1(TNF receptor 1)after that binds with its ligand,TNF,and this

 

Fig.2.Heat-induced signal transduction pathways for cell survival and for cell growth
 

inhibition.
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leads to sustained NF-κB activity . Hsp90 also directly interacts with and preserves the activity of
 

Akt by preventing its dephosphorylation . In addition, Hsp90 and its co-chaperone Cdc37
 

participate in the formation of active IKK and Akt complexes,each of which can phosphorylate IκB and
 

trigger dissociation of NF-κB from its inhibitor . The Hsp90-Akt complex can also indirectly promote
 

cell survival through the suppression of JNK-mediated apoptosis. It does this through the
 

phosphorylation and resulting inactivation of ASK-1,which is one of the activators of JNK . Hsp90
 

also prevents the formation of an active apoptosome complex by suppressing the oligomerization of
 

Apaf-1,and plays a role in modulating apoptosis . Hsp27 regulates apoptosis in neutrophils through
 

an interaction with Akt:Hsp27 is phosphorylated by Akt which results in dissociation of Hsp27 and the
 

stabilization of Akt. Disruption of interactions between Akt and Hsp27 depresses Akt activation,which
 

triggers enhanced constitutive apoptosis in neutophils .

Protein microarray analysis showed an over-expression of PI(3)K,TRAF-2,NF-κB and Hsp90 in
 

heat-treated mp53 cells in this pathway . This indicates that the Akt-mediated pathway may work
 

effectively after heat shock,if p53 does not function normally.

p53 mediated pathways and cell cycle arrest
 

p53 plays a crucial role in cellular responses towards DNA repair and the regulation of the cell
 

cycle . p21 is the major gene which responds downstream of p53 and is the principle mediator of cell
 

cycle arrest in response to DNA damage (Fig.2). p21 primarily mediates G cell cycle arrest by
 

inactivating G -associated cyclin A-and cyclin E-containing cyclin/cdk complexes. It was reported that
 

p21 was induced by heat as well as other genotoxic stresses (ionizing radiation and DNA-damaging
 

agents) . The possibility that heat can also induce DNA DSB (double-strand break) formation has
 

been supported by previous studies ofγ-H2AX (histone H2AX phosphorylated at serine 139) foci
 

formation .

NBS1-mediated pathways for cell cycle arrest
 

Homologous recombination and non-homologous end joining both functions as DNA DSB repair
 

systems. If DNA damage occurs, ATM phosphorylates histone H2AX in the neighborhood of the
 

damaged sites resulting in the foci formation ofγH2AX. The MRN complex which consists of MRE11

(meiotic recombination 11), Rad50, and NBS1 (Nijimegen breakage syndrome 1) then binds with

γH2AX,and foci are formed. NBS1 plays an important role in the formation of the MRN complex. In
 

addition,NBS1 is associated with the G check point through the phosphorylation of Chk2(checkpoint
 

kinase 2). NBS1 is also phosphorylated by ATM following heat shock (Fig.2). Although heat
 

treatment causes early the translocation of Nbs1,Mre11 and Rad50 proteins from the nucleus to the
 

cytoplasm as previously reported ,both phospho-Nbs1 and Mre11 co-localized withγH2AX foci,which
 

were already present, in the nucleus at 8 h after heat treatment . It is possible that the biological
 

responses which lead to the formation of DSBs are different after exposure to X-rays or heat. For
 

example,heat inducesγ-H2AX and MDC1 foci but not 53BP1 or SMC1 foci .

Other anti-apoptotic proteins
 

Hsp70 acts primarily as an anti-apoptotic factor. It inhibits apoptosis through chaperone dependent
 

as well as chaperone-independent activities . Hsp70 protects cells from cytotoxicity which is induced
 

by TNF, monocytes, oxidative stress, chemotherapeutic agents, ceramide and radiation . The
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apoptosis cascade initiated by heat stress triggers the translocation of Bax from the cytoplasm to the
 

mitochondria, and this cascade is suppressed by an increased expression of Hsp70 . Moreover,

downstream, Hsp70 inhibits the formation of a functional apoptosome complex through a direct
 

interaction with Apaf-1 . Hsp70 inhibits late Caspase dependent events such as the activation of
 

cPLA2 (cytosolic phospholipase A2) and changes in nuclear morphology;it can rescue cells from
 

apoptosis which is induced by the enforced expression of Caspase-3 . Hsp70 can suppress JNK
 

mediated apoptosis by inhibiting JNK phosphorylation either directly, and/or through the upstream
 

SEK kinase(also known as MKK4 and JNK kinase),independently of its chaperone activity . In
 

addition, independently of its chaperone function , Hsp70 can also regulate the activation of Bid.

Furthermore,various death-inducing stimuli,TNF-α,Fas and many others are known to cause apoptosis
 

via ASK-1 activation. Hsp70 prevents TNF mediated cell death by suppressing ASK-1 . Hsp70 binds
 

with AIF(apoptosis inducing factor)released by the mitochondria following death-inducing stimuli,and
 

restricts its translocation into the nucleus,thereby inhibiting apoptosis . Cytosolic Hsp60 in rat cardiac
 

myocytes inhibits the triggering of the apoptotic machinery . Increases in Hsp60 act primarily in
 

anti-apoptotic roles because it binds with pro-apoptotic Bax and Bak proteins. Increased expression
 

levels of Hsp27 during stress responses correlate with improved survival rates after exposure to cytotoxic
 

stresses. Hsp27 negatively regulates the activation of procaspase-9 by blocking cytosolic cytochrome c
 

from Apaf-1, after its release from mitochondria and, suppresses the assembly of apoptosomes .

Hsp27 can prevent the release of cytochrome c from mitochondria in cells exposed to staurosporine,

etoposide or cytochalasin D . It also mediates the suppression of procaspase-3 . In addition,Hsp27
 

maintains the integrity of the actin network and inhibits tBid (i.e.translocation of pro-apoptotic factors
 

like activated Bid)from reaching the mitochondrial membrane .

Classic MAP kinase pathways
 

The cascade from ceramide to Ras/Raf/MEK (MAP kinase-ERK kinase) /ERKs (extracellular
 

signal-regulated kinases)is considered to exemplify a classic pathway for MAP kinases. This pathway
 

is influenced by heat shock and transcription factors such as Elt-1(Ets-like protein 1),c-Jun,and ATF2

(activating transcription factor 2) . Heat shock produced a rapid activation of ERK1/2 kinases (Fig.

2).

p38 MAP kinases mediated pathway
 

The pathway from ceramide to MEKKs/ASK-1/MKKs/p38 is also activated by heat shock (Fig.

2). This pathway is being studied as a potential molecular target for thermal sensitization because p38
 

is related to cell proliferation. Protein microarray data indicated up-regulated p38 activity was present
 

in heat-treated mp53 cells .

Closing comments
 

As previously indicated,a number of heat-induced genes or/and proteins can serve two distinct and
 

seemingly opposite functions:the promotion of cell survival and of cell death. However,living systems
 

are constructed to ensure an optimum homeostasis, and many complex aspects are present in these
 

systems.

Ideally,it will be possible to use hyperthermia to induce signal transduction activity leading to the
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efficient induction of apoptosis and cell death in cancer cells,and to the inhibition of cell proliferation.

Any such mechanism-based drug or therapy which can target appropriate signal transduction pathways
 

would also be expected to have minimal side effects,and produce an efficient mode of therapy.

Acknowledgments
 

This work was supported by Grants-in-Aid from the Ministry of Education,Science,Sports,Culture
 

and Technology of Japan. This work was also funded in part by a grant from the Central Research
 

Institute of the Electric Power Industry of Japan,and by a grant for Exploratory Research for Space
 

Utilization from the Japan Space Forum.

References
 

1)Zhang S.,Xu G.,Liu C.,Xiao S.,Sun Y.,Su X.,Cai Y.,Li D.,Xu B.:Clinical study of recombinant adenovirus-p53

(Adp53)combined with hyperthermia in advanced cancer(a report of 15 cases).Int J Hyperthermia,21:631-636,2005.

2)Hurwitz M.D.,Kaplan I.D.,Hansen J.L.,Prokopios-Davos S.,Topulos G.P.,Wishnow K.,Manola J.,Bornstein B.A.,

Hynynen K.:Hyperthermia combined with radiation in treatment of locally advanced prostate cancer is associated
 

with a favourable toxicity profile.Int J Hyperthermia,21:649-656,2005.

3)Franckena M.,Stalpers L.J.,Koper P.C.,Wiggenraad R.G.,Hoogenraad W.J.,van Dijk J.D.,Warlam-Rodenhuis C.C.,

Jobsen J.J.,van Rhoon G.C.,van der Zee J.:Long-term improvement in treatment outcome after radiotherapy and
 

hyperthermia in locoregionally advanced cervix cancer:an update of the Dutch Deep Hyperthermia Trial.Int J Radiat
 

Oncol Biol Phys,70:1176-1182,2008.

4)Aktas M., de Jong D., Nuyttens J.J., van der Zee J., Wielheesen D.H., Batman E., Burger C.W., Ansink A.C.:

Concomitant radiotherapy and hyperthermia for primary carcinoma of the vagina:a cohort study. Eur J Obstet
 

Gynecol Reprod Biol,133:100-104,2007.

5)Horsman M.R.,Overgaard J.:Hyperthermia:a potent enhancer of radiotherapy.Clin Oncol,19 :418-426,2007.

6)Westermann A.M., Jones E.L., Schem B.C., van der Steen-Banasik E.M., Koper P., Mella O., Uitterhoeve A.L.,

de Wit R.,van der Velden J.,Burger C.,van der Wilt C.L.,Dahl O.,Prosnitz L.R.,van der Zee J.:First results of
 

triple-modality treatment combining radiotherapy,chemotherapy,and hyperthermia for the treatment of patients with
 

stage IIB,III,and IVA cervical carcinoma.Cancer,104:763-770,2005.

7)Kamisawa T., Tu Y., Ishiwata J., Karasawa K., Matsuda T., Sasaki T., Funata N., Tsuruta K., Okamoto A.,

Takahashi T.: Thermo-chemo-radiotherapy for advanced gallbladder carcinoma. Hepatogastroenterolgy, 52:1005-

1010,2005.

8)Kamisawa T.,Tu Y.,Egawa N.,Karasawa K.,Matsuda T.,Tsuruta K.,Okamoto A.:Thermo-chemo-radiotherapy for
 

advanced bile duct carcinoma.World J Gastroenterol,11:4206-4209,2005.

9)Xia H.,Karasawa K.,Hanyu N.,Chang T.C.,Okamoto M.,Kiguchi Y.,Kawakami M., Itazawa T.:Hyperthermia
 

combined with intra-thoracic chemotherapy and radiotherapy for malignant pleural mesothelioma.Int J Hyperthermia,

22:613-621,2006.

10)Milani V., Pazos M., Issels R.D., Buecklein V., Rahman S., Tschoep K., Schaffer P.,Wilkowski R., Duehmke E.,

Schaffer M.:Radiochemotherapy in combination with regional hyperthermia in preirradiated patients with recurrent
 

rectal cancer.Strahlenther Onkol,184:163-168,2008.

11)Yasumoto J.,Kirita T.,Takahashi A.,Ohnishi K.,Imai Y.,Yuki K.,Ohnishi T.:Apoptosis-related gene expression
 

after hyperthermia in human tongue squamous cell carcinoma cells harboring wild-type or mutated-type p53.Cancer
 

Lett,204:41-51,2004.

Heat-induced signal transduction・A.Kajihara et al.

― ―7



 

12)Kajihara A., Takahashi A., Ohnishi K., Imai Y., Yamakawa N., Yasumoto J., Ohnishi T., Kirita T.:Protein
 

microarray analysis of apoptosis-related protein experssion following heat shock in human tongue squamous cell
 

carcinomas containing different p53 phenotypes.Int J Hyperthermia,24:605-612,2008.

13)Ohnishi K.,Ohnishi T.:Heat-induced p53-dependent signal transduction and its role in hyperthermic cancer therapy.

Int J Hyperthermia,17:415-427,2001.

14)Ota I.,Ohnishi K.,Takahashi A.,Yane K.,Kanata H.,Miyahara H.,Ohnishi T.,Hosoi H.:Transfection with mutant
 

p53 gene inhibits heat-induced apoptosis in a head and neck cell line of human squamous cell carcinoma.Int J Radiat
 

Oncol Biol Phys,47:495-501,2000.

15)Budihardjo I.,Oliver H.,Lutter M.,Luo X.,Wang X.:Biochemical pathways of caspase activation during apoptosis.

Annu Rev Cell Dev Biol,15:269-290,1999.

16)Zou H.,Li Y.,Liu X.,Wang X.:An APAF-1.cytochrome c multimeric complex is a functional apoptosome that
 

activates procaspase-9.J Biol Chem,274:11549-11556,1999.

17)van Gurp M.,Festjens N.,van Loo G.,Saelens X.,Vandenabeele P.:Mitochondrial intermembrane proteins in cell
 

death.Biochem Biophys Res Commun,304:487-497,2003.

18)Yan N.,Shi Y.:Mechanisms of apoptosis through structural biology.Annu Rev Cell Dev Biol,21:35-56,2005.

19)Li H.,Zhu H.,Xu CJ.,Yuan J.:Cleavage of BID by caspase 8 mediates the mitochondrial damage in the Fas pathway
 

of apoptosis.Cell,94:491-501,1998.

20)Luo X.,Budihardio I.,Zou H.,Slaughter C.,Wang X.:Bid,a Bcl2 interacting protein,mediates cytochrome c release
 

from mitochondria in response to activation of cell surface death receptors.Cell,94:481-490,1998.

21)Locksley R.M.,Killeen N,Lenardo M.J.:The TNF and TNF receptor superfamilies:integrating mammalian biology.

Cell,104:487-501,2001.

22)Screaton G.,Xu X.N.:T cell life and death signaling via TNF-receptor family members.Curr Opin Immunol,12:

316-322,2000.

23)Chang H.Y.,Nishitoh H.,Yang X.,Ichijo H.,Baltimore D.:Activation of apoptosis signal-regulating kinase 1(ASK1)

by the adapter protein Daxx.Science,281:1860-1863,1998.

24)Yang X.,Khosravi-Far R.,Chang H.Y.,Baltimore D.:Daxx,a novel Fas-binding protein that activates JNK and
 

apoptosis.Cell,89 :1067-1076,1997.

25)Oda E.,Ohki R.,Murasawa H.,Nemoto J.,Shibue T.,Yamashita T.,Tokino T.,Taniguchi T.,Tanaka N.:Noxa,a
 

BH3-only member of the Bcl-2 family and candidate mediator of p53-induced apoptosis.Science,288:1053-1058,2000.

26)Attardi L.D., Reczek E.E., Cosmas C., Demicco E.G., McCurrach M.E., Lowe S.W., Jacks T.:PERP, an
 

apoptosis-associated target of p53,is a novel member of the PMP-22/gas3 family.Genes Dev,14:704-718,2000.

27)Lin Y., Ma W., Benchimol S.:Pidd, a new death-domain-containing protein, is induced by p53 and promotes
 

apoptosis.Nat Genet,26:122-127,2000.

28)Nakano K.,Vousden K.H.:PUMA,a novel proapoptotic gene,is induced by p53.Mol Cell,7:683-694,2001.

29)Oda K., Arakawa H., Tanaka T., Matsuda K., Tanikawa C., Mori T., Nishimori H., Tamai K., Tokino T.,

Nakamura Y., Taya Y.:p53AIP1, a potential mediator of p53-dependent apoptosis, and its regulation by
 

Ser-46-phosphorylated p53.Cell,102:849-862,2000.

30)Okamura S.,Arakawa H.,Tanaka T.,Nakanishi H.,Ng C.C.,Taya Y.,Monden M.,Nakamura Y.:p53DINP1,a
 

p53-inducible gene,regulates p53-dependent apoptosis.Mol Cell,8:85-94,2001.

31)Mosser D.D.,Caron A.W.,Bourget L.,Denis-Larose C.,Massie B.:Role of the human heat shock protein hsp70 in
 

protection against stress-induced apoptosis.Mol Cell Biol,17:5317-5327,1997.

32)Staal S.P.:Molecular cloning of the akt oncogene and its human homologues AKT1 and AKT2:amplification of
 

AKT1 in a primary human gastric adenocarcinoma.Proc Natl Acad Sci USA,84:5034-5037,1987.

33)Beere H.M.:Death versus survival:functional interaction between the apoptotic and stress-inducible heat shock

― ―8

 

Thermal Med.25〔1〕:2009



 

protein pathways.J Clin Invest,115:2633-2639,2005.

34)Paez J.,Sellers W.R.:PI3K/PTEN/AKT pathway.A critical mediator of oncogenic signaling.Cancer Treat Res,115:

145-167,2003.

35)Shaw M., Cohen P., Alessi D.R.:The activation of protein kinase B by H O or heat shock is mediated by
 

phosphoinositide 3-kinase and not by mitogen-activated protein kinase-activated protein kinase-2.Biochem J, 336:

241-246,1998.

36)Stokoe D., Stephens L.R., Copeland T., Gaffney P.R., Reese C.B., Painter G.F., Holmes A.B., McCormick F.,

Hawkins P.T.:Dual role of phosphatidylinositol-3,4,5-triphosphate in the activation of protein kinase B.Science,277:

567-570,1997.

37)Zha J.,Harada H.,Yang E.,Jockel J.,Korsmeyer S.J.:Serine phosphorylation of death agonist BAD in response to
 

survival factor results in binding to 14-3-3 not BCL-X(L).Cell,87:619-628,1996.

38)DiDonato J.A.,Hayakawa M.,Rothwarf D.M.,Zandi E.,Karin M.:A cytokine-responsive IκB kinase that activates
 

the transcription factor NF-κB.Nature,388:548-554,1997.

39)Regnier C.H.,Song H.Y.,Gao X.,Goeddel D.V.,Cao Z.,Rothe M.:Identification and characterization of an IκB
 

kinase.Cell,90:373-383,1997.

40)Chen Z.J.,Parent L.,Maniatis T.:Site-specific phosphorylation of IκBαby a novel ubiquitination-dependent protein
 

kinase activity.Cell,84:853-862,1996.

41)Wang C.Y., Mayo M.W., Korneluk R.G., Goeddel D.V., Baldwin A.S., Jr.:NF-κB antiapoptosis:induction of
 

TRAF1 and TRAF2 and c-IAPI and c-IAP2 to suppress caspase-8 activation.Science,281:1680-1683,1998.

42)Ghosh S.:Regulation of inducible gene expression by the transcription factor NF-κB. Immunol Res,19 :183-189,

1999.

43)Zhang S.Q.,Kovalenko A.,Cantarella G.,Wallach D.:Recruitment of the IKK signalosome to the p55 TNF receptor:

RIP and A20 bind to NEMO (IKKγ)upon receptor stimulation.Immunity,12:301-311,2000.

44)Devin A., Cook A., Lin Y., Rodriguez Y., Kelliher M., Liu Z.:The distinct roles of TRAF2 and RIP in IKK
 

activation by TNF-R1:TRAF2 recruits IKK to TNF-R1 while RIP mediates IKK activation.Immunity,12:419-429,

2000.

45)Romashkova J.A.,Makarov S.S.:NF-κB is a traget of AKT in anti-apoptotic PDGF signalling.Nature,401:86-90,

1999.

46)Ozes O.N.,Mayo L.D.,Gustin J.A.,Pfeffer S.R.,Pfeffer L.M.,Donner D.B.:NF-κB activation by tumour necrosis
 

factor requires the Akt serine-threonine kinase.Nature,401:82-85,1999.

47)Chen G.,Cao P.,Goeddel D.V.:TNF-induced recruitment and activation of the IKK complex require Cdc37 and
 

Hsp90.Mol Cell,9 :401-410,2002.

48)Lewis J.,Devin A.,Miller A.,Lin Y.,Rodriguez Y.,Neckers L.,Liu Z.G.:Disruption of hsp90 function results in
 

degradation of the death domain kinase, receptor-interacting protein (RIP), and blockage of tumor necrosis
 

factor-induced nuclear factor-κB activation.J Biol Chem,275:10519-10526,2000.

49)Basso A.D.,Solit D.B,Chiosis G.,Giri B.,Tsichlis P.,Rosen N.:Akt forms an intracellular complex with heat shock
 

protein 90(Hsp90)and Cdc37 and is destabilized by inhibitors of Hsp90 function.J Biol Chem,277:39858-39866,

2002.

50)Sato S.,Fujita N.,Tsuruo T.:Modulation of Akt kinase activity by binding to Hsp90.Proc Natl Acad Sci USA,97:

10832-10837,2000.

51)Zhang R., Luo D.,Miao R., Bai L., Ge Q., Sessa W.C., Min W.:Hsp90-Akt phosphorylates ASK1 and inhibits
 

ASK1-mediated apoptosis.Oncogene,24:3954-3963,2005.

52)Pandey P.,Saleh A.,Nakazawa A.,Kumar S.,Srinivasula S.M.,Kumar V.,Weichselbaum R.,Nalin C.,Alnemri E.S.,

Kufe D.,Kharbanda S.:Negative regulation of cytochrome c-mediated oligomerization of Apaf-1 and activation of

 

Heat-induced signal transduction・A.Kajihara et al.

― ―9



 

procaspase-9 by heat shock protein 90.EMBO J,19 :4310-4322,2000.

53)Rane M.J.,Pan Y.,Singh S.,Powell D.W.,Wu R.,Cummins T.,Chen Q.,McLeish K.R.,Klein J.B.:Heat shock
 

protein 27 controls apoptosis by regulating Akt activation.J Biol Chem,278:27828-27835,2003.

54)Ohnishi T.,Wang X.,Ohnishi K.,Matsumoto H.,Takahashi A.:p53-dependent induction of WAF1 by heat treatment
 

in human glioblastoma cells.J Biol Chem,271:14510-14513,1996.

55)Takahashi A.,Matsumoto H.,Nagayama K.,Kitano M.,Hirose S.,Tanaka H.,Mori E.,Yamakawa N.,Yasumoto J.,

Yuki K.,Ohnishi K.,Ohnishi T.:Evidence for the involvement of double-strand breaks in heat-induced cell killing.

Cancer Res,64:8839-8845,2004.

56)Takahashi A., Yamakawa N., Mori E., Ohnishi K., Yokota S., Sugo N., Aratani Y., Koyama H., Ohnishi T.:

Development of thermotolerance requires interaction between polymerase-βand heat shock proteins.Cancer Sci,99 :

973-978,2008.

57)Takahashi A.,Mori E.,Somakos G.I.,Ohnishi K.,Ohnishi T.:Heat inducesγH2AX foci formation in mammalian
 

cells.Mutat Res,656:88-92,2008.

58)Ohnishi K.,Scuric Z.,Yau D.,Schiestl R.H.,Okamoto N.,Takahashi A.,Ohnishi T.:Heat-induced phosphorylation
 

of NBS1 in human skin fibroblast cells.J Cell Biochem,99 :1642-1650,2006.

59)Seno J.D.,Dynlacht J.R.:Intracellular redistribution and modification of proteins of the Mre11/Rad50/Nbs1 DNA
 

repair complex following irradiation and heat-shock.J Cell Physiol,199 :157-170,2004.

60)Takahashi A.,Mori E.,Ohnishi T.:Phospho-Nbs1 and Mre11 proteins which recognize DSBs co-localize withγH2AX
 

in the nucleus after heat treatment.Ann Cancer Res Ther,15:50-53,2007.

61)Hunt C.R.,Pandita R.K.,Laszlo A.,Higashikubo R.,Agarwal M.,Kitamura T.,Gupta A.,Rief N.,Horikoshi N.,

Baskaran R., Lee J.H., Lobrich M., Paull T.T., Roti Roti J.L., Pandita T.K.:Hyperthermia activates a subset of
 

ataxia-telangiectasia mutated effectors independent of DNA strand breaks and heat shock protein 70 status.Cancer Res,

67:3010-3017,2007.

62)Ohtsuka K.,Kawashima D.,Asai M.:Dual functions of heat shock proteins:molecular chaperones inside of cells and
 

danger signals outside of cell.Thermal Med,23:11-22,2007.

63)Karlseder J.,Wissing D.,Holzer G.,Orel L., Sliutz G.,Auer H., Jaattela M.,Simon M.M.:HSP70 overexpression
 

mediates the escape of a doxorubicin-induced G cell cycle arrest.Biochem Biophys Res Commun,220:153-159,1996.

64)Simon M.M.,Reikerstorfer A.,Schwarz A.,Krone C.,Luger T.A.,JaattelaM.,Schwarz T.:Heat shock protein 70
 

overexpression affects the response to ultraviolet light in murine fibroblasts.Evidence for increased cell viability and
 

suppression of cytokine release.J Clin Invest,95:926-933,1995.

65) Jaattela M., Wissing D.:Heat-shock proteins protect cells from monocyte cytotoxicity:possible mechanism of
 

self-protection.J Exp Med,177:231-236,1993.

66) JaattelaM.,Wissing D.,Bauer P.A.,Li G.C.:Major heat shock protein hsp70 protects tumor cells from tumor necrosis
 

factor cytotoxicity.EMBO J,11:3507-3512,1992.

67)Stankiewicz A.R., Lachapelle G., Foo C.P., Radicioni S.M., Mosser D.D.:Hsp70 inhibits heat-induced apoptosis
 

upstream of mitochondria by preventing Bax translocation.J Biol Chem,280:38729-38739,2005.

68)Gotoh T.,Terada K.,Oyadomari S.,Mori M.:Hsp70-DnaJ chaperone pair prevents nitric oxide-and CHOP-induced
 

apoptosis by inhibiting translocation of Bax to mitochondria.Cell Death Differ,11:390-402,2004.

69)Saleh A.,Srinivasula S.M.,Balkir L.,Robbins P.D.,Alnemri E.S.:Nagative regulation of the Apaf-1 apoptosome by
 

Hsp70.Nat Cell Biol,2:476-483,2000.

70)Beere H.M.,Wolf B.B.,Cain K.,Mosser D.D.,Mahboubi A.,Kuwana T.,Tailor P.,Morimoto R.I., Cohen G.M.,

Green D.R.:Heat-shock protein 70 inhibits apoptosis by preventing recruitment of procaspase-9 to the Apaf-1
 

apoptosome.Nat Cell Biol,2:469-475,2000.

71) JaattelaM.,Wissing D.,Kokholm K.,Kallunki T.,Egeblad M.:Hsp70 exerts its anti-apoptotic function downstream

― ―10

 

Thermal Med.25〔1〕:2009



 

of caspase-3-like proteases.EMBO J,17:6124-6134,1998.

72)Meriin A.B.,Yaglom J.A.,Gabai V.L.,Zon L.,Ganiatsas S.,Mosser D.D.,Sherman M.Y.:Protein-damaging stresses
 

activate c-Jnn N-terminal kinase via inhibition of its dephosphorylation:a novel pathway controlled by HSP72.Mol
 

Cell Biol,19 :2547-2555,1999.

73)Volloch V.,Gabai V.L.,Rits S.,Sherman M.Y.:ATPase activity of the heat shock protein hsp72 is dispensable for its
 

effects on dephosphorylation of stress kinase JNK and on heat-induced apoptosis.FEBS Lett,461:73-76,1999.

74)Mosser D.D.,Caron A.W.,Bourget L.,Meriin A.B.,Sherman M.Y.,Morimoto R.I.,Massie B.:The chaperone function
 

of hsp70 is required for protection against stress-induced apoptosis.Mol Cell Biol,20:7146-7159,2000.

75)Gabai V.L.,Mabuchi K.,Mosser D.D.,Sherman M.Y.:Hsp72 and stress kinase c-jun N-terminal kinase regulate the
 

bid-dependent pathway in tumor necrosis factor-induced apoptosis.Mol Cell Biol,22:3415-3424,2002.

76)Park H.S.,Cho S.G.,Kim C.K.,Hwang H.S.,Noh K.T.,Kim M.S.,Huh S.H.,Kim M.J.,Ryoo K.,Kim E.K.,Kang
 

W.J.,Lee J.S.,Seo J.S.,Ko Y.G.,Kim S.,Choi E.J.:Heat shock protein hsp72 is a negative regulator of apoptosis
 

signal-regulating kinase 1.Mol Cell Biol,22:7721-7730,2002.

77)Gurbuxani S., Schmitt E., Cande C., Parcellier A., Hammann A., Daugas E., Kouranti I., Spahr C., Pance A.,

Kroemer G., Garrido C.:Heat shock protein 70 binding inhibits the nuclear import of apoptosis-inducing factor.

Oncogene,22:6669-6678,2003.

78)Kirchhoff S.R., Gupta S., Knowlton A.A.:Cytosolic heat shock protein 60, apoptosis, and myocardial injury.

Circulation,105:2899-2904,2002.

79)Concannon C.G.,Orrenius S.,Samali A.:Hsp27 inhibits cytochrome c-mediated caspase activation by sequestering
 

both pro-caspase-3 and cytochrome c.Gene Expr,9 :195-201,2001.

80)Bruey J.M., Ducasse C., Bonniaud P., Ravagnan L., Susin S.A., Diaz-Latoud C., Gurbuxani S., Arrigo A.P.,

Kroemer G.,Solary E.,Garrido C.:Hsp27 negatively regulates cell death by interacting cytochrome c.Nat Cell Biol,

2:645-652,2000.

81)Paul C.,Manero F.,Gonin S.,Kretz-Remy C.,Virot S.,Arrigo A.P.:Hsp27 as a negative regulator of cytochrome c
 

release.Mol Cell Biol,22:816-834,2002.

82)Pandey P.,Farber R.,Nakazawa A.,Kumar S.,Bharti A.,Nalin C.,Weichselbaum R.,Kufe D.,Kharbanda S.:Hsp27
 

functions as a negative regulator of cytochrome c-dependent activation of procaspase-3.Oncogene,19 :1975-1981,2000.

83)Seger R.,Krebs E.G.:The MAPK signaling cascade.FASEB J,9 :726-735,1995.

84)Gorostizaga A.,Brion L.,Maloberti P.,Poderoso C.,PodestaE.J.,Maciel F.C.,Paz C.:Molecular events triggered by
 

heat shock in Y1 adrenocortical cells.Endocr Res,30:655-659,2004.

85)Dorion S.,Lambert H.,Landry J.:Activation of the p38 signaling pathway by heat shock involves the dissociation of
 

glutathione S-transferase Mu from Ask1.J Biol Chem,277:30792-30797,2002.

Heat-induced signal transduction・A.Kajihara et al.

― ―11


