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Heat shock protein 27: its potential role in vascular disease
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Introduction

When cells are exposed to environmental stresses of various

kinds, several signalling pathways are activated. Some of

these promote cell survival, whilst others initiate cell death.

For example, exposure of cells to a high temperature cau-

ses an induction of a family of proteins termed heat shock

proteins (Hsps) such as Hsp27, Hsp40, Hsp72 and Hsp90

that act to protect the cell. They have the ability to protect

the structure and function of native macromolecules, partic-

ularly as they traffic across membranes. The upregulation

in the expression of the Hsps is mediated by heat shock

transcription factors (HSFs) reviewed by Christians et al.

(2002), and it appears that the small Hsps confer thermo-

tolerance when they are over-expressed (Mehlen et al.

1993; Iwaki et al. 1994; Lavoie et al. 1995) possibly via

an effect on actin microfilament stability (Lavoie et al.

1995).
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Summary

Heat shock proteins are molecular chaperones that have an ability to protect pro-

teins from damage induced by environmental factors such as free radicals, heat, isch-

aemia and toxins, allowing denatured proteins to adopt their native configuration.

Heat shock protein-27 (Hsp27) is a member of the small Hsp (sHsp) family of pro-

teins, and has a molecular weight of approximately 27 KDa. In addition to its role

as a chaperone, it has also been reported to have many additional functions. These

include effects on the apoptotic pathway, cell movement and embryogenesis. In this

review, we have focused on its possible role in vascular disease.
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The Hsps have been divided into several categories on the

basis of their molecular mass (Lindquist & Craig 1988).

Hsps with low molecular masses of 15–30 kD (small Hsps)

have been observed in most species. At least 10 mammalian

small Hsps have been identified (Table 1), among these are

Hsp27, aA- and aB-crystallin, p20 and MKBP (Hickey &

Weber 1982; Ingolia & Craig 1982; Hickey et al. 1986a,b;

Klemenz et al. 1991; Kato et al. 1994a; Suzuki et al. 1998;

Kappe et al. 2003b).

Heat shock protein-27 has a molecular weight of approxi-

mately 27 kDa, although it has been shown to form large

aggregates of up to 800 kDa in the cytosol (Mehlen et al.

1997a). Hsp27 is induced during the stress response, and its

expression has been shown to correlate with increased survi-

val in cells exposed to cytotoxic stimuli (Chretien & Landry

1988; Mehlen et al. 1993; Lavoie et al. 1995). Hsp27 is

found in several types of human cells, including tumour cells

(Yoshida et al. 1999; Bruey et al. 2000b; Kabakov et al.

2003). It is a molecular chaperone with an ability to interact

with a large number of different proteins. It has been shown

to prevent cell death caused by a wide variety of toxic

agents that promote apoptosis. Recent evidence has shown

that Hsp27 interferes with apoptosis through its ability to

interact with and inhibit key components of the apoptotic

signalling pathway, including the caspase activation com-

plex. Hsp27 plays a role in proteosome-mediated degrada-

tion of apoptosis-regulatory proteins. It may also participate

in oncogenesis, as suggested by the observation that over-

expression of heat shock proteins can increase the tumori-

genic potential of tumour cells (Arrigo 2000; Bruey et al.

2000a; Charette et al. 2000). Hence, several mechanisms

may account for the cytoprotective activity of Hsp27.

Gene structure and regulation

Analysis of the phylogeny of the small Hsp family of genes

indicates that multiple a-crystallin-like Hsps were present in

the last common ancestor of pro- and eukaryotes. It has been

postulated that during eukaryote evolution, animal and non-

animal a-Hsps originated from different ancestral gene copies,

and that repeated gene duplications gave rise to the multiple

alpha-Hsps present in most organisms (De Jong et al. 1998).

Ten small Hsp-like proteins have been identified from

nucleotide sequence in the human genome (Kappe et al.

2003b). These comprise Hsp27/HspB1, HspB2, HspB3,

alphaA-crystallin/HspB4, alphaB-crystallin/HspB5, Hsp20/

HspB6, cvHsp/HspB7, H11/HspB8, HspB9 and HspB10, a

sperm tail protein known as outer dense fibre protein 1

(ODF1). The HspB1-10 genes are dispersed over nine chro-

mosomes, reflecting their ancient origin. Two of the genes

(HspB3 and HspB9) are without introns, and the others

have one or two introns at various positions. The transcripts

of several sHsp genes, notably HspB7, display low levels of

alternative splicing, which may result in the elaboration of

small amounts of protein isoforms (Kappe et al. 2003b).

The small Hsps are characterized by a conserved amino acid

sequence of approximately 80–100 amino acids, known as

the a-crystallin domain (MacRae 2000; Horwitz 2003;

Augusteyn 2004). The beta sheet structure within the alpha

crystallin domain is involved in dimerization, and overall

there is a little alpha helical content.

The coding regions of the Hsp27 gene homologues are

highly conserved across species. In mice, the coding region is

interrupted by two introns of 128 bp and approximately

600 bp in length and which are found at identical positions

as for the human Hsp27 gene. The 5¢ flanking regions of the

mouse and human genes are also very strongly conserved

and contain several sequence motifs for the transcription fac-

tors, HSF and Spl (Frohli et al. 1993). In prokaryotes, the

major Hsp genes are transcriptionally regulated by positively

and negatively acting transcription factors. In eukaryotes,

the genes encoding Hsps contain a regulatory DNA motif

(inverted repeats of the pentameric sequence nGAAn) known

as the heat shock element (reviewed by Ciocca et al. 1993).

The first intron of the rat Hsp27 contains a consensus heat

shock regulatory element (HSE), and this intronic HSE

(i-HSE) is conserved among mammalian Hsp27 genes. i-HSE

bind heat shock transcription factor-1 (HSF1) in a manner

equivalent to that of HSE present in the Hsp27 promoter

(p-HSE) (Cooper et al. 2000).

Post-translational modification

A summary of the post-translational processing of Hsp27 is

shown in Figure 1 and Table 2 summarizes the factors that

are known to modulate Hsp expression and function. Three

forms of Hsp27 were originally identified by iso-electric

focusing. The two most acidic forms were subsequently

found to be phosphor–proteins representing post-transla-

tional modifications of the more basic species (Chretien &

Landry 1988).

Human Hsp27 and mouse Hsp25 form large oligomers

with molecular weights ranging from 100 to 800 kDa (Hic-

key et al. 1986a; Chaufour et al. 1996). Structural studies

have been difficult because the oligomeric structure is highly

dynamic, the high molecular weight oligomer being in equi-

librium with dimers or tetramers and showing a high rate of

subunit exchange. However, crystal structure analysis has

revealed that the oligomers, composed of up to 24 sub-

units, form as a result of multiple interactions within the
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a-crystalline domain, stabilised in some instances by interac-

tions with hydrophobic sequences in the amino terminal

domain.

Phosphorylation of Hsp27 appears to be brought about

by at least three mechanisms: via MAP kinase activated pro-

tein (MAPKAP) kinase 2/3, and protein kinases C (Kato

et al. 2001) and D (Doppler et al. 2005). Phosphorylation

alters the quaternary structure, and chaperone function of

Hsp27. Mammalian sHsps are rapidly phosphorylated at

two or three serine residues in response to various extracel-

lular stresses, and this has been reported to be important for

their protective function. Rogalla et al. (1999) have shown

that in vitro phosphorylation of recombinant sHsp causes a

significant decrease in the size of oligomers. However, it has

also been reported that both phosphorylated sHsps and a

mutant form of Hsp27 (Hsp27-S15D, S78D, S82D) which

has a tertiary structure that mimics phosphorylated Hsp,

have impaired chaperone function. Furthermore, the triple

mutant was found to have an impaired ability to protect

against oxidative stress when compared with the wild type

molecule. Data suggest that large oligomers of sHsps are

necessary for chaperone action and resistance against oxida-

tive stress, whereas phosphorylation downregulates these

activities by dissociation of sHsp complexes to tetramers

(Rogalla et al. 1999). Dissociation of the large oligomers of

Hsp27 to small complexes is enhanced by incubation of cells

with phorbol 12-myristate-13 acetate, interleukin-1a (IL-1a),

tumour necrosis factor-a (TNFa) or okadaic acid, all of

which are known to enhance or mimic the effects of phos-

phorylation of Hsp27 without stimulation of its synthesis.

Exposure of cells to chemical stressors, namely, sodium arse-

nite and cadmium chloride also enhance the dissociation of

the polymeric forms of Hsp27 (Hickey et al. 1986a; Kato

et al. 1994b).

Heat shock protein-27 phosphorylation state, its intracel-

lular distribution and structural organization are altered by

cellular growth and differentiation. Hsp27 is dephosphoryl-

ated in starved cells and exists in the form of small struc-

tures (<200 kDa) in the soluble phase of the cytoplasm.

Immediately after the addition of serum to starved cells, a

rapid phosphorylation and complex changes in the intracel-

lular distribution and structural organization of Hsp27 have

been reported. Phosphorylation essentially occurs at the level

of smaller Hsp27 structures (<200 kDa) and is concomitant

with an increase in molecular mass (up to 700 kDa) of

another intracellular pool. Serum treatment also induces the

association of another fraction of dephosphorylated Hsp27,

with other particulate cellular fractions. In contrast to

Hsp27, another molecular chaperone, Hsp70 appears to

relocalize to nucleoli during serum starvation (Hickey et al.

1986a; Mehlen & Arrigo 1994). In vascular smooth muscle

cells (VSMCs) thrombin induces phosphorylation of Hsp27

at a point downstream from p38 MAP kinase via Akt,

whereas the adenylyl cyclase-cAMP system is an upstream

regulator of the Hsp27 phosphorylation in these cells

(Nakajima et al. 2005).

The phosphorylatable serine residues appear to be key ele-

ments affecting Hsp27 structural organization and its inter-

action with other cyto-skeletal elements. Treatment of

endothelial cells with phosphatase inhibitors reduces Hsp27

de-phosphorylation and redistribution, and is associated

with damage to the actin cytoskeleton, causing morphologi-

cal changes to cells following ischaemia (Hickey et al.

1986a; Loktionova & Kabakov 2001). Only the large aggre-

P P P P P P

P P P

P P P

MAPKAP kinase
PKC
PKD

Stress, cytokines etc

Monomer Phospho
monomer

Dimer
Oligomer

Actin capping
and regulation
of filament
growth

Binding to
actin preventing
damage and
apoptosis

Targeting to
proteosome

Figure 1 Monomeric Hsp27 acts as a capping protein for actin,

limiting filament growth. It is phosphorylated by several mecha-

nisms, and the phosphorylated dimer is the active molecule in

chaperone activity, being involved in the renaturation of dam-

aged proteins, and in targeting denatured proteins to the protea-

some. Dimers may also be generated by the phosphorylation of

Hsp27 oligomers.
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gates of Hsp27 are able to confer protection against reactive

oxygen species (ROS). They also modulate cellular glu-

tathione content and protect cells against TNFa-induced

injury. Using drugs that modulate the intracellular level of

glutathione, Mehlen et al. (1997a) have shown that an

increase in glutathione by itself is sufficient to generate large

Hsp27 structures, indicating a reciprocal regulatory process.

Small changes in pH appears to have a dramatic effect on

ternary structure of Hsp27 and hence its function and local-

ization within cells (Chernik et al. 2004). Oligomer dissoci-

ation, appears to only require Ser90 phosphorylation, and the

replacement of Ser90 by Ala, which prevents the dissociation

of the oligomer upon stress, also causes a severe defect in the

protective activity of Hsp27. Dissociation, however, is not

sufficient to activate Hsp27. Replacement of Ser15 by Ala,

which causes a little effect on the oligomeric organization of

the protein, also yields an inactive protein. Analyses of gene

mutations of Hsp27 with short deletions in the amino termi-

Table 2 Modulators of Hsp27

expression and activity Agent Effect References

Angiotensin II Upregulation Chen et al. (2004)

Endothelin-1 Upregulation Kawamura et al. (1999)

Ethanol Inhibits expression in response

to heat shock

Iwaki et al. (1997);

Fontaine et al. (2003)

Glutathione Increased large aggregates Mehlen et al. (1996a)

Heat shock Upregulation Hickey and Weber (1982);

Inaguma et al. (1995)

Heavy metals

(arsenite and cadmium)

Disassociation of aggregates Hickey et al. (1986b);

Kato et al. (2001)

Hydrogen peroxide Increased phosphorylation Gaitanaki et al. (2003)

IL-1a Enhanced phosphorylation

and disassociation

Kato et al. (1994b)

Ischaemia reperfusion Upregulation Li et al. (2003);

Louapre et al. (2005)

LPS Increased phosphorylation Hirano et al. (2004a)

MG132 Enhanced expression, phosphorylation

and aggregation

Ito et al. (2002)

Midazolan Inhibits vasopressin induced increase

but enhances arsenic and heat-induced

upregulation

Tanabe et al. (2002)

Okadaic acid Enhanced phosphorylation

and disassociation

Kato et al. (1994b)

PDGF-BB Increased phosphorylation Takenaka et al. (2004)

PMA Enhanced phosphorylation

and disassociation

Ito et al. (1997b)

Prostaglandins Upregulationin rat glioma cells Ito et al. (1997a)

Reactive oxygen species Upregulation and increased

phosphorylation

Mehlen et al. (1995)

Serum Increased phosphorylation Mehlen and Arrigo (1994)

Simvastatin Upregulation in osteoblasts Wang et al. (2003)

Sodium arsenite Increased phosphorylation Crete and Landry (1990);

Ito et al. (1997a)

Sphingosine 1-phosphate Upregulation Kozawa et al. (1999)

Thrombin Upregulation and increased

phosphorylation

Hirade et al. (2002);

Nakajima et al. (2005)

Thyroxine Upregulation and increased

phosphorylation

Pantos et al. (2003a);

Pantos et al. (2003b)

TNFa Phosphorylation and cellular

redistribution

Mehlen et al. (1995)

Vasopressin Upregulation and increased

phosphorylation

Kaida et al. (1999);

Akamatsu et al. (2004)

c-Interferon Downregulation Yonekura et al. (2003)
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nus has identified the Hsp27-PF-rich domain as essential for

cell protection, maintenance of the oligomeric structure, and

in vitro chaperone activity of the protein. In the light of a

three-dimensional model of Hsp27 based on the crystallo-

graphic structure of wheat Hsp16.9, Theriault et al. (2004)

have proposed that the conserved WD/EPF motif of mamma-

lian Hsp27 mediates important intra-molecular interactions

with hydrophic surfaces of the alpha-crystallin domain of

Hsp27. These interactions are destabilized by Ser90 phos-

phorylation, making the motif free to interact with heterolo-

gous molecular targets upon the additional phosphorylation

of the nearby Ser15. Non-phosphorylated Hsp27 forms larger

oligomeric complexes than the phosphorylated Hsp27. Inter-

estingly, phosphorylation of Hsp27 seems not to play a role in

its ability to protect adult rat cardiomyocytes against ischae-

mic damage (Martin et al. 1999).

Tissue and development related expression of
Hsp27

In adults, Hsp27 is expressed at high levels in several normal

tissues including breast, uterus, cervix, placenta, skin, lung,

heart and platelets (Ciocca et al. 1993).

It is also expressed by various human tumour cells, inclu-

ding those derived from breast and prostate, and in some

cases its expression has been reported to predict clinical out-

come (Detoro & Luque 1997; Devaja et al. 1997; Garrido

et al. 1999; Jaattela 1999; Soldes et al. 1999; Bruey et al.

2000a; Cornford et al. 2000).

The expression of Hsp27 and MKBP changes rapidly in

the rat heart following birth, with a peak at 1 week after

birth, and a subsequent rapid decline by 13 weeks postnatal-

ly. Human myocardium shows a similar age-dependency

(Abu Shama et al. 1999).

In man, it has been reported that Hsp27 is expressed by

cells of the developing jaw and kidney (Khan et al. 1996;

Leonardi et al. 2004). In the neonatal piglets high levels of

expression of Hsp27 were observed in heart, liver and lung.

Hsp27 protein expression was observed in all the regions of

brain studied (David et al. 2000). Work by Mehlen et al.

(1997b) has indicated that Hsp27 may be involved in deter-

mining whether cells are directed to apoptosis, or to differ-

entiation. They propose that this process may be modulated

by the cellular glutathione content (Mehlen et al. 1997b).

This may be important in embryogenesis as shown by

Leonardi et al. (2004) who have suggested that the spatio-

temporal-restricted expression of Hsp27 in craniofacial

bones during development may be involved in the balance

between differentiation and apoptosis, by modulating the

viability of osteoblasts and chondrocytes.

Functions of Hsp27

Physiological stress may be induced by several processes

(e.g. heat shock, ischaemia and haemodynamics) and induces

many changes in a cell that affect metabolic processes and

cellular structures. The ability of Hsp27 to facilitate recov-

ery of protein synthesis and RNA synthesis following expo-

sure to heat shock may provide the cell with a survival

advantage (Carper et al. 1997). The elaboration of stress

proteins is thought to be cyto-protective through their role

as molecular chaperones. Hsps70, Hsps90, Hsps47, Hsps32

and Hsps27, in particular, appear to play an important role

following cardiac ischaemia, ischaemic preconditioning, car-

diac hypertrophy and vascular wall injury.

It has been proposed that the functions of Hsp27 include

• chaperonin activity, facilitating the refolding of partially

denatured proteins into active conformations (Ciocca

et al. 1993; Jakob et al. 1993; Rogalla et al. 1999);

• F-actin modulation, inhibiting F-actin polymerization

(Lavoie et al. 1993; Guay et al. 1997);

• protection against-apoptosis, acting by interfering with

the cell death pathway (Garrido et al. 1999; Jaattela

1999; Bruey et al. 2000a);

• involvement in the presentation of oxidized proteins to

the proteosome degradation machinery (Arrigo 2001).

Hsp as a molecular chaperone

Chaperonins, including the small Hsps, are oligomeric pro-

teins that assist in the folding of nascent or denatured proteins

(Ciocca et al. 1993; Jakob et al. 1993; Carver et al. 2003).

The chaperonins are expressed following heat shock (Hickey

& Weber 1982; Chowdary et al. 2004), and their role in

thermo-protection suggest that they may have a function in

the formation or maintenance of the native conformation of

cytosolic proteins (Mehlen et al. 1993; Lavoie et al. 1995).

They prevent the aggregation, denaturation and precipitation

of target proteins under stress by affecting the slow, off-fold-

ing protein pathway. It has been suggested that subunit

exchange may be important in regulating chaperone activity;

the dissociated form of the protein is probably the chaperone-

active species rather than the aggregated species. Chaperone

activity does not require the hydrolysis of ATP. Increased

expression of sHsps accompanies a range of diseases that arise

from protein mis-folding and deposition of highly structured

protein aggregates known as amyloid fibrils, e.g. Alzheimer’s,

Creutzfeldt–Jakob and Parkinson’s diseases. There is an inter-

action between sHsps and clusterin with fibril-forming species

that prevent fibril formation (Carver et al. 2003).

258 G. Ferns et al.

� 2006 Blackwell Publishing Ltd, International Journal of Experimental Pathology, 87, 253–274



From analysis of their crystal structures (Kim et al. 1998)

and the effects of mutations of human Hsp genes (Irobi

et al. 2004; Carra et al. 2005), it appears that the small

Hsps normally interact with intermediate filaments, and

these appear to be one of the key targets of their chaperone

activity (Van Den Ijssel et al. 1999).

A growing number of intracellular signalling molecules,

including various kinases, receptors and transcription fac-

tors, have also been constitutively associated with chaperone

molecules (Rutherford & Zuker 1994). On the basis of these

observations, the regulated folding or assembly of signalling

molecules by chaperone molecules is beginning to be recog-

nized as a general mechanism by which signal transduction

pathways are modulated. Hsp27 was recently shown to bind

and activate PKB/Akt/RAC-protein kinase in response to

heat or oxidative stress (Konishi et al. 1997).

MG-132, an inhibitor of the proteasome pathway, caused

an accumulation of Hsp27 and a-B-crystallin in both soluble

and insoluble fractions in U373 MG. Enhanced expression of

mRNAs for Hsp27 and a-B-crystallin was observed, suggest-

ing transcriptional activation. Phosphorylation of Hsp27 and

a-B-crystallin in cells treated with MG-132 was enhanced

concomitantly with activation of p38 and p44/42 MAP kin-

ase pathways. Immunofluorescence analysis has revealed that

cells exposured to proteasome inhibitors develop aggresomes,

to which Hsp27 and a-B-crystallin were recruited. However,

phosphorylation was not required for this.

F-actin modulating activity and cell movement

The Hsp27 is homologous to alpha-crystallin and has strong

sequence similarity with an in vitro inhibitor of actin poly-

merization. It appears to confer stress resistance, at least in

part, by stabilizing the actin cytoskeleton (Iwaki et al. 1994;

Lavoie et al. 1995). Hsp27 may regulate actin dynamics and

cross-bridge function in response to activation of the p21-

activated kinase and the p38 mitogen-activated protein kin-

ase (MAPK) signalling pathway by signalling events linked

to integrin proteins (Gerthoffer & Gunst 2001).

Heat shock protein-27, B-crystallin and p20 are highly

expressed in muscle cells and together form large oligomeric

complexes (Kato et al. 1994b). Hsp27 phosphorylation regu-

lates actin microfilament dynamics, fluid phase pinocytosis

and cell migration in human endothelial cells (Rousseau

et al. 1997). The Hsp27 gene products directly affect lamel-

lipodial microfilament polymerization, which in turn affects

lamellipodia formation and morphology, and thus cell moti-

lity. The phosphorylation of Hsp27 additionally contributes

to the regulation of microfilament dynamics following oxi-

dative stress and may be involved in mediating an adaptive

response to oxyradical-generating agents such as carcino-

gens, anticancer drugs and other xenobiotics (Huot et al.

1996).

The expression of a mutant form of Hsp27 has been

found to result in aberrant lamellipodial microfilament

structures, and an inhibition in the generation of microfila-

ment-dependent cellular extensions. Immunofluorescence

microscopy has shown that a pool of Hsp27 localizes to the

leading edge of the lamellipodia of migrating cells, suggest-

ing that wtHSP27 and muHSP27 have the potential to

directly affect microfilament dynamics within the lamellipo-

dia at these sites. Hsp27 homologues have been shown to be

barbed-end capping proteins and have the potential to affect

F-actin generation associated with lamella extension and cell

motility. The localization of Hsp27 to the leading edge of

the lamellipodia is consistent with the fact that lamellipodia

microfilaments are orientated with the barbed ends at this

edge. F-actin generation within the lamellipodia is crucial to

cell migration; likely Hsp27 expression affects cell migration

at this step. If Hsp27 activity is regulated by phosphoryla-

tion in vivo as it is in vitro, phosphorylation of Hsp27

within lamellipodia would be expected to release the inhibi-

tion of one factor controlling microfilament elongation.

Studies have shown that Hsp27 phosphorylation does not

result in translocation of membrane-associated Hsp27. Thus,

enhanced expression of Hsp27 should result in an increase

in the pool of phospho-Hsp27 and hence increase the poten-

tial for lamellipodia F-actin polymerization.

Vascular endothelial cell growth factor (VEGF) is a potent

chemokine for endothelial cells that acts via the activation

of p38 of the MAPK cascade. p38 activates MAPKAPK2

which is responsible for Hsp27 phosphorylation, and inhibi-

tion of p38 was found to abrogate the VEGF induction of

stress fibres, the phosphorylation of Hsp27 and cell migra-

tion. In response to a contractile agonist, Hsp27 undergoes

a rapid phosphorylation that may strengthen its interaction

with tropomyosin in smooth muscle cells (Somara & Bitar

2004).

Agonist-induced phosphorylation of Hsp27 modulates

actin–myosin interaction through thin-filament regulation of

tropomyosin (Bitar 2002). Adenovirus-mediated expression

of activated mutant MAPK kinase 6b(E), an upstream acti-

vator for p38 (MAPK), increased cell migration, whereas

over-expression of a p38 alpha MAPK dominant negative

mutant and an HSP27 phosphorylation mutant blocked cell

migration completely. This indicates that activation of the

p38 (MAPK) pathway by growth factors and pro-inflamma-

tory cytokines regulates smooth muscle cell migration and

may contribute to pathological states involving smooth mus-

cle dysfunction (Hedges et al. 1999).
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Proteomic analysis has shown that cofilin and Hsp27 may

be involved in the inhibition of endothelial cell proliferation

and migration, caused by endostatin and thrombospondin-1

(Keezer et al. 2003). Cells treated with these inhibitors had a

more extensive network of actin stress fibres and more

numerous focal adhesion plaques compared with untreated

cells. This more adherent phenotype may explain their ability

to block endothelial migratory signals (Keezer et al. 2003).

Non-phosphorylatable mutations of human Hsp27 have

no effect on heat shock-induced change in solubility and cel-

lular localization of the protein, indicating that phosphoryla-

tion is not involved in these processes (Lavoie et al. 1995).

However, induction of Hsp27 phosphorylation by stressing

agents or mitogens causes a reduction in the multimeric size

of the wild-type protein, an effect which was not observed

with the mutant protein. Hence, Lavoie et al. (1995) pro-

pose that early during stress, phosphorylation-induced con-

formational changes in the Hsp27 oligomers regulate the

activity of the protein at the level of microfilament dynam-

ics, resulting in both enhanced stability and accelerated

recovery of the filaments. The level of protection provided

by Hsp27 during heat shock may thus represent the contri-

bution of better maintenance of actin filament integrity to

overall cell survival.

The Hsp27 is associated with several intermediate filament

networks. Heat shock treatment induces a collapse of inter-

mediate filaments and associated with small heat shock pro-

teins. The presence of Hsp27 does not prevent filament

collapse. However, intermediate filaments form a gel in the

absence of small heat shock proteins, whereas in the pres-

ence of Hsp27 gel formation is prevented, indicating that

one of the major functions of the association of small heat

shock proteins with intermediate filaments is to help manage

the interactions that occur between filaments in their cellular

networks. Intermediate filaments are protected against non-

covalent interactions that may occur when they come into

very close proximity, and which have the potential to induce

filament aggregation that is seen in some disease processes

(Perng et al. 1999).

Over-expression of wild type Hsp27 enhances the migra-

tion of bovine endothelial cells compared with control cell

transfectants, whereas expression of a mutant Hsp27 retar-

ded migration. Homologues of the small heat shock protein

inhibit F-actin polymerization in vitro and may affect F-actin

distribution in vivo. It has been proposed that Hsp27 affects

microfilament extension essential for cell motility. Expres-

sion of the wild type protein promotes the generation of

long cellular extensions, whereas expression of the dominant

negative mutant protein resulted in a marked reduction of

lamellipodia and generated aberrant microfilament morphol-

ogy. Phalloidin staining demonstrated the co-localization of

the Hsp27 gene products with lamellipodial microfilament

structures. These data suggest that Hsp27 regulates migra-

tion by affecting the generation of lamellipodia microfila-

ments (Piotrowicz et al. 1998).

The Hsp27 regulates fibroblast adhesion, elongation and

migration (Hirano et al. 2004b). Hsp27 also confers resist-

ance to TNFa-independent (probably free radical-mediated)

lysis by monocytes. Moreover, Hsp27 may provide mono-

cytes with a protective mechanism against their own toxicity

(Jaattela & Wissing 1993).

Anti-apoptotic properties

The Hsp27 is an ATP-independent chaperone that can inter-

fere with an apoptotic signal transduction at several steps

(Figure 2). It is implicated in preserving mitochondrial integ-

rity and reducing cytochrome c release; it can bind directly

Cytochrome c
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Caspase 9

Caspase 3

Apoptosis

Heat shock/
oxidative stress

ERK           JNK
Akt

Caspase 8

Protein denaturation

Hsp 27
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Nucleus
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Figure 2 Effects of heat shock on apoptosis related pathways.

Heat shock stimulates apopotosis via several pathways. It also

induces Hsp27 expression, and its phosphorylation. Hsp27 in

turn acts to offset the potential damage induced by heat shock

in part through inhibition of apoptosis. It does so at several

steps in the apoptotic pathway.
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to cytochrome c, thus preventing activation of procaspase-9;

and it can bind to procaspase-3 and inhibit its activation.

Furthermore, Hsp27 can interact with Daxx, a component

of Fas-induced apoptotic pathway, and this interaction was

shown to be important for protection from apoptosis. How-

ever, which of these activities of Hsp27 are essential for pro-

tection against heat shock-induced cell death is yet to be

clarified. Data suggest that the regulation of apoptosis by

Hsps may not depend on its ability to cause the renaturation

of protein. Hsps may be more directly involved by a role in

the regulation of signalling pathways.

In many cell types, although moderate heat shock does

not cause apoptosis, cells die after several divisions and are

unable to form colonies; this is known as clonogenic or

reproductive cell death. Although reproductive cell death

and apoptosis have distinct morphological characteristics

and different mechanisms, the initial signalling events in

these two types of cell death may be very similar.

Elevated temperatures and other stresses can trigger death-

signalling pathways via activation of the stress kinase, c-Jun

NH2-terminal kinase (JNK) and survival pathways via activa-

tion of Akt and extracellular signal-regulated kinases (ERK).

The extent of activation of these pathways may determine the

fate of cells exposed to heat shock. Inhibition of JNK has been

shown to suppress heat-induced apoptosis of lymphoid cells

and fibroblasts, whereas inhibition of Akt or ERK strongly

increased apoptosis. A key process in the heat-activated apop-

totic cascade is efflux from mitochondria of cytochrome c,

which activates a cascade of caspases, including caspase-9 and

caspase-3 leading to apoptosis (Figure 2).

c-Jun NH2-terminal kinase, Akt and ERK kinases can also

regulate caspase-independent cell death pathways.When expo-

sed to severe heat shock, human fibroblasts have been shown

to undergo a death that is morphologically indistinguishable

from apoptosis but is independent of caspases. However, these

fibroblasts could survive such heat shock if JNK was inhibited.

In contrast, if ERK or Akt kinases were inhibited, much

milder heat shock that was not lethal to control cells, killed

almost 100% of the treated cell population via a caspase-

independent apoptosis. Furthermore, heat-induced clonogenic

cell death was also reduced when JNK activity was inhibited

and increased when the Akt pathway was blocked. Although

the mechanisms of caspase-independent apoptosis and clono-

genic cell death are still obscure, it seems that JNK, Akt and

ERK cascades play major roles in regulation of these modes of

death, as with caspase-dependent apoptosis. These data indi-

cate that it was not heat shock-induced protein damage itself

but rather activation of a death program (JNK) that evokes

cell death, whereas activation of survival pathways (ERK and

Akt) interfere with the death programme.

Small Hsp are expressed during the transition from cell divi-

sion to differentiation and this process is likely to prevent the

differentiating cells from undergoing apoptosis. The sHsps are

also known to interfere with programmed cell death induced

by TNFa and Fas ligand (Arrigo 2000). Phosphorylated

dimers of Hsp27 interact with Daxx, a mediator of Fas-

induced apoptosis, preventing the interaction of Daxx with

both Ask1 and Fas and blocking Daw-mediated apoptosis.

This was not observed with an Hsp27 phosphorylation mutant

that is only expressed as oligomers or when apoptosis was

induced by transfection of a Daxx mutant lacking its Hsp27

binding domain. Hsp27 expression had no effect on Fas-

induced FADD- and caspase-dependent apoptosis. However,

Hsp27 blocked Fas-induced translocation of Daxx from the

nucleus to the cytoplasm and Fas-induced Daxx- and Ask1-

dependent apoptosis. These observations revealed a new level

of regulation of the Fas pathway and suggest a mechanism for

the phosphorylation-dependent protective function of Hsp27

during cellular stress and differentiation (Charette et al. 2000).

Tumour necrosis factor activates NF-jB, which does not

drive any anti-apoptotic response, and p38, which plays an

anti-apoptotic function probably through Hsp27 phosphory-

lation. Moreover, PKC and PI3K are involved in the control

of survival pathways (Clermont et al. 2003).

Over-expression of Hsp27 prevents procaspase-9 activa-

tion (Garrido et al. 1999), and this is protective in the early

stage of post-ischaemic reperfusion (Kabakov et al. 2003).

Hsp27 inhibits cytochrome-c-mediated activation of caspases

in the cytosol, However Hsp27 does not interfere with gran-

zyme-B-induced activation of caspases, nor with apoptosis-

inducing factor-mediated, caspase-independent, nuclear

changes. Hsp27 binds to cytochrome c released from the

mitochondria and prevents cytochrome-c-mediated interac-

tion of Apaf-1 with procaspase-9. Thus, Hsp27 interferes

specifically with the mitochondrial pathway of caspase-

dependent cell death (Bruey et al. 2000a). Large oligomers

of Hsp27 are the required for its antiapoptotic activity and

cell–cell contacts induce the formation of large oligomers,

whatever the status of phosphorylatable serines (Bruey et al.

2000b). Constitutive expression of human Hsp27 in murine

L929 cells blocks Fas/APO-1-mediated cell death. Expression

of human Hsp27 prevented anti-APO-1-induced DNA frag-

mentation and morphological changes. These results strongly

suggest that Hsp27 acts as a cellular inhibitor of Fas/APO-1-

induced apoptosis (Mehlen et al. 1996b).

Heat shock protein-27 over-expression in various cell

types enhances the degradation of ubiquitinated proteins by

the 26S proteasome in response to stressful stimuli, such as

etoposide or TNFa. Hsp27 binds to polyubiquitin chains

and to the 26S proteasome in vitro and in vivo. The ubiqu-
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itin-proteasome pathway is involved in the activation of

transcription factor NF-jB by degrading its main inhibitor,

IjB. Hsp27 over-expression increases NF-jB nuclear translo-

cation, DNA binding and transcriptional activity induced by

etoposide, TNFa and IL-1b. Hsp27 does not affect IjBa

phosphorylation but enhances the degradation of phosphor-

ylated IjBa by the proteasome. The interaction of Hsp27

with the 26S proteasome is required to activate the protea-

some and the degradation of phosphorylated IjBa. A protein

complex that includes Hsp27, phosphorylated IjBa, and the

26S proteasome is formed. On the basis of these observa-

tions, it has been propose that Hsp27, under stress condi-

tions, favours the degradation of ubiquitinated proteins,

such as phosphorylated IjBa. This function of Hsp27 may

account for its anti-apoptotic properties through the

enhancement of NF-jB activity (Parcellier et al. 2003).

Thermo-tolerance

Over-expression of Hsp27 generates heat-resistant variants of

Chinese hamster. In these heat-resistant variants, the increased

content of Hsp27 was correlated with a twofold increase in

the constitutive level of the mRNA encoding Hsp27. Both the

content and phosphorylation status of Hsp27 appear to deter-

mine the ability of cells to survive hyperthermic treatments

(Chretien & Landry 1988). Arsenite, cycloheximide, A23187

and EGTA induce Hsp27 phosphorylation and thermoresis-

tance in Chinese hamster cells (Crete & Landry 1990).

A Hsp27 binding protein, Hic-5 (also known as ARA55) has

recently been found. Hic-5 is also a focal adhesion protein

and steroid receptor co-activator. The interaction between

Hsp27 and Hic-5 was confirmed by co-immunoprecipitation,

and critical protein–protein interaction regions were mapped

to the Hic-5 LIM domains and the Hsp27 C-terminal domain.

Initial analysis of the functional role of the Hsp27–Hic-5

interaction revealed that Hic-5 significantly inhibited the pro-

tection against heat-induced cell death conferred by Hsp27

over-expression (Jia et al. 2001).

Resistance to oxidative stress

The expression of sHsps is associated with a decrease in the

intracellular content of iron and hence reduced ability to gen-

erate hydroxyl radicals and oxidized proteins. In addition, it

has been proposed that Hsp27 may have a role in the presen-

tation of oxidized proteins to the proteasome degradation

machinery. An analysis of several Hsp27 mutants suggests

that the C-terminal part of Hsp27 is essential for its protective

activity against oxidative stress (Arrigo et al. 2005). Stable

transformants of an immortalized human fibroblast cell line

were isolated by transfection of Hsp27 expression vectors. Sur-

prisingly, clones expressing high levels of Hsp27 were reported

to be more sensitive to growth inhibition by a low dose of

hydrogen peroxide (0.1 mm) than those expressing low levels.

Clones expressing high levels of Hsp27 did not acquire obvious

resistance to high temperatures and cytotoxic agents, except

for one clone, that was resistant to cytotoxic agents. Over-

expression of a non-phosphorylatable mutant Hsp27 did not

affect sensitivity to oxidative stress. These results suggested

that a high constitutively expression of Hsp27 in this particular

cell line make them more susceptible to oxidative stress result-

ing in growth arrest, and this may be due to an effect on Hsp27

phosphorylation (Arata et al. 1995). Inhibition of stress-

induced Hsp27 dephosphorylation protects cells from isch-

aemia-induced damage (Loktionova & Kabakov 1998, 2001).

The Hsp27 stress protection requires neither its transloca-

tion into the nucleus nor the dissociation of its multimeric

complex (Borrelli et al. 2002). Phosphorylation of Hsp27 is

related to the regulation of microfilament dynamics following

oxidative stress and may be involved in mediating an adaptive

response to oxyradical-generating agents such as carcinogens,

anticancer drugs and other xenobiotics (Huot et al. 1996).

Agents that lower cellular levels of glutathione increase

the levels of mRNAs for Hsp27, aB crystallin and Hsp70 in

response to stress (Ito et al. 1998).

The presence of the sHsp decrease the intracellular level of

ROS, and also abolish the burst of intracellular ROS induced

by TNFa (Mehlen et al. 1996a). Several downstream effects

resulting from the TNFa-mediated ROS increment, such as

NF-j B activation, lipid peroxidation and protein oxidation,

are also inhibited by sHsp expression. The expression of these

sHsp is associated with a rise in the total cellular glutathione

levels. This was essential for the sHsp-mediated decrease in

ROS and resistance against TNFa.

Role in intracellular signalling

There is an interplay between the heat shock-induced Hsps

and the heat shock-activated signalling pathways. The latter

can modulate expression and chaperone function of Hsps,

whereas Hsps can modulate signalling events. The main

mechanism of induction of Hsps is through HSF1-mediated

activation of transcription of Hsps genes. Denatured cell

proteins, accumulate as a consequence of heat shock, inter-

act with Hsp70 and Hsp90 releasing them from their com-

plex with HSF1, thus activating the latter. The activity of

HSF1 is also regulated by reversible phosphorylation at

multiple sites. Many kinases are involved in this process,

including heat-activated Akt, ERK and JNK kinases. For

example, heat-induced activation of Akt was found to
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increase HSF1 activity, possibly through inhibition of glyco-

gen synthase kinase-3b, a negative regulator of HSF1. On the

other hand, heat shock-induced activation of ERK and JNK

decreased HSF1 activity through phosphorylation at distinct

sites. Therefore, it seems that regulation of Hsp transcription

by stress-activated signalling pathways may be an important

factor affecting the balance between cell death and survival

pathways. Besides transcriptional regulation of HSF1, heat-

activated kinases may be involved in post-transcriptional

modulation of chaperone activity and, in phosphorylation of

Hsp27. Hsp27 can be phosphorylated at serine residues by

MAPKAP-2/3 kinase, a distal component of the p38 kinase

pathway. Along with JNK and ERK, p38 kinase is a member

of the mitogen-activated protein stress kinase (MAPK) family,

which is strongly activated by heat shock and some other

stresses. It seems that phosphorylation of Hsp27 is important

for survival of cells after heat shock. Indeed, if over-expres-

sion of Hsp27 can confer thermo-resistance, over-expression

of a mutant Hsp27 lacking phosphorylation sites did not pro-

tect cells from heat shock. Therefore, both transcription of

Hsps and their activity appear to be regulated by stress-activa-

ted signalling pathways. Hsps, in their turn, can modulate cell

signalling, providing a feedback loop. Hsp27 may confer pro-

tection against heat-induced killing when over-expressed,

although this has not been found universally.

Chevalier et al. (2000) investigated the activation of the

MAPK pathways in cultured porcine aortic VSMCs induced

by stimulation with endothelin-1 (ET-1), phorbol 12-myri-

state 13-acetate (PMA), hydrogen peroxide or sodium arse-

nite. Multiple peaks of activity were revealed,

phosphorylating ERK1, c-Jun and Hsp27.

Anti-inflammatory properties of Hsp27

Heat shock treatment was found to protect against Angioten-

sin II (Ang II)-induced hypertension and inflammation in rat

aorta. This protection may be related to the interaction of

Hsps with the NF-jB pathway (Chen et al. 2004). Heat shock

treatment was found to block Ang II induced expression of

IL-6 and intercellular adhesion molecule-1 (ICAM-1) in the

heart and hence may play an important role in protecting the

heart against Ang II-induced inflammation (Chen et al. 2004).

The Hsp27 is a potent activator of human monocyte IL-10

production, but only a modest inducer of TNFa. Although

exogenous Hsp27 stimulation activated all three monocyte

MAPK pathways [extracellular signal-regulated kinase (ERK)

1/2, c-Jun N-terminal kinase, and p38], only p38 activation

was sustained and required for Hsp27 induction of monocyte

IL-10, while both ERK 1/2 and p38 activation were required

for induction of TNFa. Hsp27 induces IL-10 via activation

of p38 signalling independently of TNFa activation and may

be predominantly an anti-inflammatory monokine stimulus

(De et al. 2000).

Experimental studies in vitro

Endothelial cells

Kabakov et al. (2003) have reported that transfection of

human umbilical vein endothelial cells (HUVECs) with a

vector promoting high expression of Hsp27 was cyto-

protective when introduced before exposure to hypoxia but

was also protective up to 2 h afterwards. The increase in

Hsp27 levels in transfected cells correlated well with their

resistance to apoptosis under reoxygenation. Hsp27 phos-

phorylation is also increased in cultured rat pulmonary

arterial endothelial cells following treatment with TNFa,

lipopolysaccharide (LPS), or hydrogen peroxide (Hirano

et al. 2004a). Pretreatment with anti-TNFa antibody, which

has been shown to reduce lung injury, blocked increases in

Hsp27 phosphorylation at 3 h. This phosphorylation was

also blocked by pretreatment with SB203580, an inhibitor

of the upstream kinase, p38 MAP kinase.

In cultured aortic and saphenous vein human endothelial

cells, heat shock and ATP-depletion led to the translocation of

Hsp27 into the Triton X-100-insoluble cellular fraction. The

staining pattern for Hsp27 was reported to be distinctive for

each stress employed. Heating caused an association of Hsp27

with thick bundles of actin microfilaments (stress fibres), ATP

depletion rapidly resulted in the appearance of Hsp27-contain-

ing compact granules in the nucleus. The changes in Hsp27

disposition were reversible in both cases. The stress-induced

changes in Hsp27 isoform distribution indicate an increase in

phosphorylation of Hsp27 in heat-shocked cells and its dep-

hosphorylation in ATP-depleted cells. It has been suggested

that these stresses affect the phosphorylation status of endo-

thelial Hsp27, thus altering its localization, supra-molecular

organization and functional activity toward actin (Loktionova

et al. 1996). The cyto-skeletal and morphological changes

resulting from lack of ATP were suppressed in heat-precondi-

tioned (thermo-tolerant) cultures, this effect being sensitive to

quercetin, a blocker of Hsp induction. The longer preservation

of the cytosolic pool of phosphorylated Hsp27 during ATP

depletion in the protein phosphatase inhibitor-treated or

thermo-tolerant endothelial cells correlated with the acquired

resistance of F-actin and morphology. These data suggest that

protein phosphatase inhibitors as well as heat-inducible Hsp(s)

can protect ischaemia-stressed cells by preventing the ATP

loss-provoked protein dephosphorylation and breakdown of

the actin cytoskeleton (Loktionova & Kabakov 1998).
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Smooth muscle cells

The expression and phosphorylation of several a-crystallins,

including Hsp27, is high in cultured, asynchronously grow-

ing arterial SMCs (Negre-Aminou et al. 2002). Oxidative

stress induced by hydrogen peroxide caused membrane

translocation of Rac(1), p38 phosphorylation and phos-

phorylation of Hsp27. In these cells, simvastatin, an HMG-

CoA reductase inhibitor, blocked oxidative stress-induced

membrane translocation of Rac(1) in a mevalonate-depend-

ent way. Statin pretreatment before oxidative stress

increased the levels of p38 phosphorylation, Hsp27 mem-

brane translocation/phosphorylation, actin polymerization

and apoptosis in these cells, in a mevalonate-dependent way.

These results indicate that statin pretreatment has a stimula-

tory effect on the stress-activated p38/HSP27 pathway,

despite its blocking effect on Rac(1) activation (Negre-Ami-

nou et al. 2002).

Thrombin induces the phosphorylation of Hsp27 and an

increase in the level of Hsp27 mRNA. Actinomycin D sup-

pressed the thrombin-induced increase in mRNA level.

Thrombin also stimulates the dissociation of the aggregated

Hsp27 and an induction of Hsp27 via MAPK activation in

aortic smooth muscle cells (Hirade et al. 2002).

Vasopressin (AVP) stimulates the induction of Hsp27

and the dissociation of the aggregated forms of Hsp27

through protein kinase C activation in aortic smooth mus-

cle A10 cells (Kaida et al. 1999). In the A10 aortic smooth

muscle cell line, AVP was found to markedly stimulate the

phosphorylation of Hsp27 at Ser15 and Ser85. This was

attenuated by SB203580 and PD169316, inhibitors of p38

MAPK, but not by PD98059, an MEK (mitogen-activated

protein extracellular signal-related kinase) inhibitor. These

results strongly suggest that AVP phosphorylates Hsp27 via

MAPK in these cells (Akamatsu et al. 2004). Midazolam,

an intravenous anaesthetic, has dual effects on the Hsp27

induction stimulated by various stresses in VSMCs. It was

found to inhibit the accumulation of Hsp27 and level of

its mRNA induced by vasopressin but enhanced the

Hsp27-accumulation induced by heat or arsenite. Midazo-

lam also enhances the heat-induced level of the mRNA for

Hsp27 but no effect on the dissociation of the aggregated

form of Hsp27 following stimulation by vasopressin, heat,

or arsenite.

Cardiac myocytes

Several studies demonstrated that over-expression of Hsp27

protects cardiac myocyte against ischaemic injury (Bluhm

et al. 1998; Yamboliev et al. 2000; Vander Heide 2002).

Studies in experimental animal models

When rats were immersed in a water bath at 42 �C for

20 min, the levels of Hsp27 in most tissues, including central

nervous system, liver, lung, spleen, adrenal glands and hyp-

ophysis had increased dramatically by 8–16 h after the treat-

ment. The increase in the levels of Hsp27 in response to

heat stress was markedly inhibited when ethanol or an

a1-adrenergic antagonist, prazosin, was administered before,

but not after, the stress period. The expression of mRNA for

Hsp27 was suppressed in the livers of rats that had received

ethanol or prazosin. A b-adrenergic antagonist, propranolol

and a2-adrenergic antagonist, yohimbine, did not inhibit

induction of the synthesis of the two proteins (Inaguma

et al. 1995).

Gaitanaki et al. (2003) investigated the activation of

ERK, JNKs and p38-MAPK caused by oxidative stress in

the isolated perfused amphibian heart. Stimulation of

p38-MAPK and the consequent phosphorylation of Hsp27

may be important in cardioprotection under such

conditions.

There is evidence that the cardio-protective effects of Hsps

may be modified by ageing. Honma et al. (2003) showed

that although a combination of heat shock and hypoxic pre-

conditioning enhanced the translocation of PKC-delta in rep-

erfused rat hearts from young animals, resulting in further

improvement in functional recovery, this was not observed

in older rats. Hypoxia was associated with a translocation

of PKCd from the membrane to the cytosolic fraction, but

did not improve functional recovery. A combination of heat

shock with hypoxia induced Hsps and the translocation of

PKCd from the cytosol to the nuclear fraction but did not

protect function (Honma et al. 2003).

Pharmacological inducers of Hsps may have a therapeutic

role to play in cardioprotection. Intimal hyperplasia is a

major cause of re-stenosis postvascular intervention. Induc-

tion of Hsps by thermal preconditioning, reduces intimal

hyperplasia. Connolly et al. (2003) showed herbimycin A, a

pharmacological Hsp inducer, significantly attenuates intimal

hyperplasia in the rat carotid balloon injury model. Hsp27

may be the Hsp involved in mediating this response. Treat-

ment with thyroxine appears to increase the speed of

response to ischaemia in the myocardium, and Hsp27 is

thought to play an important role in this (Pantos et al.

2003a,b).

Sepsis may be associated with pulmonary oedema due to

the formation of gaps between endothelial cells. This is fol-

lowed by macrophage infiltration. Endothelial gap formation

has been proposed to involve changes in the structure of the

actin filament cytoskeleton. Hsp27 is believed to modulate
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actin filament dynamics or structure, in a manner dependent

on its phosphorylation status. Hsp27 may play a role in

endothelial gap formation, by affecting actin dependent on

events in endothelial cells (Hirano et al. 2004a), and this

may clearly be important in other vascular beds, and other

disease processes, including atherogenesis. Following LPS

injection, Hsp27was mainly localized to capillary endothelial

cells of the alveolus, and in smooth muscle cells of pulmon-

ary arteries. Hsp27 becomes significantly more phosphoryl-

ated at 3 h after LPS treatment, while the distribution of

Hsp27 was reported to remain unchanged. The amount of

actin associated with Hsp27 is reduced after treatment with

LPS. Hirano et al. concluded that endothelial barrier dys-

function caused by LPS correlates with phosphorylation of

Hsp27 in vivo.

In newborn piglets, hypoxia was associated with an

increase in the expression of aB-crystallin. The hypoxia-asso-

ciated factor HlF1a was also strongly and rapidly over-

expressed. Other stress-associated proteins including Hsp27

were not induced under the same conditions (Louapre et al.

2005).

Role in human disease

Hsp27 and cancer

Heat shock proteins are over-expressed in a wide range of

human cancers and are implicated in tumour cell prolifer-

ation, differentiation, invasion, metastasis, death and

recognition by the immune system (Ciocca et al. 1993).

Many lines of evidence indicate that the immortalization

step is critical for the neoplastic transformation of normal

human cells. Once normal human cells have been immor-

talized, they are easily transformed into neoplastic cells.

Sakaguchi et al. found that the expression and phosphory-

lation levels of the Hsp27 were in general downregulated

in the immortalized cells compared with those in their

normal counterparts (Sakaguchi et al. 2001). Cellular

stresses such as serum addition, treatment with a carcino-

genic agent like 4-nitroquinoline-1-oxide, and a high

osmotic pressure had no effects on the expression and

phosphorylation of Hsp27 in the immortalized cells. These

results suggest that an abnormal regulation of Hsp27

expression and phosphorylation may be one of the reasons

for facilitated neoplastic transformation of immortalized

cells.

Defects in the apoptosis signalling pathways are com-

mon in cancer cells. Such defects may play a role in

tumour initiation because apoptosis is the normal means

by which cells with damaged DNA or dysregulated cell

cycle, i.e. cells with increased malignant potential, may be

eliminated (Jaattela 1993; Jaattela & Wissing 1993).

Impaired apoptosis may also enhance tumour progression

and promote metastasis by enabling tumour cells to sur-

vive the process of migration in the bloodstream and to

grow in ectopic sites. It may also make the cells resistant

to the various modalities of therapy.

Heat shock protein concentrations may be useful biomark-

ers for assessing the degree of differentiation and the aggres-

siveness of some cancers. Hsp27 expression is associated

with poor prognosis in gastric, liver and prostate carcinoma,

and osteosarcomas. Increased Hsp expression may also pre-

dict the response to some anticancer treatments. High

Hsp27 expression also predicts a poor response to chemo-

therapy in breast cancer and leukaemia, and may be related

to oestrogen in breast and to oestrogen and progesterone in

the endometrium. It has been shown that some but not all

oestrogen positive breast cancers express Hsp27, and over-

expression has been associated with the degree of tumour

differentiation, and response to hormonal therapy (Tamoxi-

fen). In endometrial carcinomas, the presence of Hsp27 is

correlated with the degree of tumour differentiation as well

as with the presence of oestrogen and progesterone recep-

tors. However, the detection of Hsp27 in endometrial carci-

noma, cannot be used to identify hormone-responsive

tumours or indicator or presence of oestradiol receptors. In

the cervix Hsp27 is a marker of cell differentiation, and is

highly expressed during the process of squamous metaplasia.

Expression in the ovary is still controversial and requires

further confirmation of recent observations (Devaja et al.

1997).

Hsp27 and its phosphorylated forms are over-expressed in

acute lymphoblastic leukaemia and may use as related mark-

ers for it. Identification of two related markers for common

acute lymphoblastic leukaemia as heat shock proteins (Strah-

ler et al. 1990, 1991).

Antibodies to the Hsp27 are present in some women with

ovarian and endometrial cancers but not in women with

non-malignant conditions or healthy women (Korneeva

et al. 2000a,b). The appearance of these antibodies suggests

that Hsp27 may be present in an extracellular form in gyne-

cologic cancer patients. Synthesis of Hsp27 is upregulated in

gynecologic cancers and inhibits the induction of apoptosis.

Cell-free Hsp27 and Hsp27-cytochrome c complexes can be

detected in the lower genital tract of women with ovarian

and endometrial cancers. Identification of these biomarkers

may be beneficial in the early diagnosis of these malignan-

cies, and circulating autoantibodies to the Hsp27 were asso-

ciated with malignancies of the female genital tract

(Korneeva et al. 2000b).
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Hsp27 and atherosclerosis

Atherosclerosis is a chronic inflammatory process due to

the endothelial reaction to stress risk factors, only some

of which are known. Positive associations have been

reported between exposure to several specific pathogens

and future risk of coronary heart disease. An immune

response mounted against antigens on a pathogenic organ-

ism may cross-react with homologous host proteins in a

form of molecular mimicry. Cross-reaction between the

Hsp of infectious origin and the endogenous protein

produced by the endothelium as a consequence of stress

due to risk factor (reviewed by Lamb et al. 2003).

Alternatively, activation of innate immune surveillance

may occur due to the synthesis and exposure of Hsps on

the surface of infected endothelial cells. Hsps are involved

in the assembly of molecules which play important roles

in the immune system. It is not surprising that due to

their wide distribution and their homology among differ-

ent species, Hsps represent target antigens of the immune

response. Chronic exposure to Hsp antigens may convert

the immune response to one directed against host anti-

gens and promote autoimmune disease. Bacterial chapero-

nins are strongly immunogenic and can cause tissue

pathology and have been implicated in infection, autoim-

mune disease, and idiopathic or multifactorial diseases,

such as arthritis and atherosclerosis. We have recently

assessed the relationship between the immune responses to

Hsps and subsequent atherosclerosis in a rabbit model

(Lamb & Ferns 2002). Rabbits were immunized with

BCG vaccine or saline. Plasma levels of IgG specific for

mycobacterial antigen A60 and human Hsp60, but not for

human Hsp70, rose following BCG immunization, reach-

ing a peak after 8 weeks. The percentage aortic area cov-

ered by atherosclerotic plaque was greater in animals

immunized with BCG compared with saline treated

animals.

Hsp27 in human heart disease

Martin-Ventura et al. (2004) observed that Hsp27 expres-

sion was decreased in complicated atherosclerotic plaques.

They also reported that plasma Hsp27 levels were decreased

in patients with atherosclerosis compared with healthy sub-

jects. They suggested plasma sHsp27 levels could be a poten-

tial index of atherosclerosis, although further validation in

large patient cohorts is required.

In humans with cardiac allograft rejection, it has been

suggested that increased expression of Hsp27, could be

important for cardiac self-protection (Schimke et al. 2000).

Tanonaka et al. (2001) have reported that during the devel-

opment of heart failure, changes in the production of myo-

cardial Hsps occurs. Despite an increase in the myocardial

expression of Hsp27, which may bind to cytoskeletal ele-

ments of the cardiac myocytes, only the increase in myocar-

dial Hsp60 production was associated with the development

of heart failure.

Hsp27 and platelets

Recent studies suggest an important role for Hsps in platelet

function. Phosphorylation of Hsp27 in human platelets, fol-

lowing treatment with thrombin for example, is mediated by

activation of a protein kinase cascade involving the p38

MAPK, the MAPKAP-K2 kinase, as well as PRAK, or p38-

regulated protein kinase. Intriguingly, platelet Hsp27 can

associate with platelet factor XIII, suggesting a role for

Hsp27 in the regulation of transglutaminase activity in sta-

bilizing fibrin–platelet clots. Hsp27 is also phosphorylated

by cGMP-dependent protein kinase (cGK), a signalling sys-

tem important for the inhibition of platelet aggregation (Shu

et al. 2005). Phosphorylation of Hsp27 and Hsp27-depend-

ent regulation of actin microfilaments contribute to the

inhibitory effects of cGK on platelet function (Butt et al.

2001). Hsp70 and Hsp90 are also present in platelets, being

found in a large phosphorylated complex that contains the

catalytic and myosin-targeting subunits of protein phospha-

tase 1. Platelet adhesion to collagen via the a2b1-integrin

causes the rapid dissociation of this complex and dephosph-

orylation of its components. Hence, it has been proposed

that Hsp70 and Hsp90 act as signalling scaffolds, regulating

platelet adhesion and spreading via modulation of protein

phosphatase activity, whereas Hsp27 is involved in control-

ling actin polymerization during the platelet shape change

and subsequent aggregation (Polanowska-Grabowska &

Gear 2000).

Hsp27 and macrophages

Hsp27 expression was examined during phorbol ester

(PMA)-induced macrophage differentiation of the human

HL-60 promyelocytic leukaemic cell line. Although Hsp27

was expressed at low levels constituitively, PMA rapidly

induced its phosphorylation which preceded an increase in

Hsp27 protein levels at 24–48 h. In contrast to other

agents that induce macrophage differentiation, PMA

induced Hsp27 steady state mRNA and protein levels that

were regulated concordantly in response to macrophage

differentiation. These changes were transient, and there

was a concomitant downregulation of cellular proliferation
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and the onset of G1 phase cell cycle arrest (Spector et al.

1993).

Hsp27 antibodies and heart disease

Although there is a considerable the literature relating anti-

body titres to Hsp65 to peripheral and coronary atheroscler-

osis in man (Xu et al. 1993; Hoppichler et al. 1996; Metzler

et al. 1997; Xu et al. 1999) and in animal models of athero-

sclerosis (George et al. 1999, 2001; Afek et al. 2000; Lamb

& Ferns 2002), there are a few data for other Hsps, includ-

ing the small Hsps. Now, it does not appear that Hsp27 anti-

body titres are related to any coronary risk factors (Vaidya

et al. 2005). A summary of the possible roles of Hsp27 in

vascular disease is outlined in Figure 3 and Table 3.

Conclusions

The Hsp27 is a ubiquitous molecular chaperone that has

several other potentially important roles in cell biology.

These include VSMC migration, apoptosis, resistance to

oxidant stress, endothelial barrier function and modulation

of inflammation. All of these functions may have an impact

on the process of atherogenesis, and indeed Hsp27 is

expressed within arterial lesions. Antibodies to Hsp27 have

been detected in patients with cancer and coronary disease,

although levels do not associate with known coronary risk

factors in the latter.

Table 3 Effects of Hsp27 in processes potentially involved in

atherosclerosis

Process References

Maintaining intracellular

redox status

Mehlen et al. (1997a);

Arrigo et al. (2005)

Cell apoptosis Bruey et al. (2000a);

Charette et al. (2000);

Paul et al. (2002);

Kabakov et al. (2003)

Smooth muscle cell migration Hedges et al. (1999)

NF-kB inhibition Chen et al. (2004)

Endothelial cell migration McMullen et al. (2005);

Piotrowicz et al. (1998)

Platelet actin polymerization

and aggregation

Polanowska-Grabowska

and Gear (2000)

Endothelial cell

barrier function

Hirano et al. (2004a)

Development of

intimal hyperplasia

Connolly et al. (2003)

Cardiac transplant rejection Schimke et al. (2000)

Monocyte-mediated cell injury Jaattela & Wissing (1993)

Established plaque Martin-Ventura et al. (2004)

Oxidative stress in

smooth muscle cells

Negre-Aminou et al. (2002)

Sheer stress in endothelial cells Yoo et al. (2005)

Anti-inflammatory via

IL-10 induction

De et al. (2000)

Lumen

Tunica media

Tunica adventitia

Tunica intima

Sub-endothelial
space

Vascular smooth
muscle cells

Adventitial
fibroblasts

Endothelial cells

Internal elastic lamina

External elastic lamina

2.Platelet aggregation

5.Smooth muscle
cell migration

3.Cell apoptosis

4.Endothelial barrier
function

6.Monocyte
recruitment and
inflammation

7.Monocyte
macrophage-
mediated
cell injury

1.Hsp27

Mononuclear cells

Figure 3 Possible involvement of

Hsp27 in atherogenesis. 1, Hsp27 is

expressed by endothelial cells and may

stimulate an autoimmune response; 2,

Hsp27 is phosphorylated in platelets

following treatment with aggregating

agents, and may be involved in fibrin

clot stabilization; 3, Hsp27 inhibits cell

apoptosis; 4, Hsp27 helps maintain

endothelial cell barrier function, this

would tend to reduce the influx of

plasma proteins such as LDL that may

be involved in atherogenesis; 5, Hsp27

stabilises the actin cytoskeleton, and

regulates actin microfilament dynamics

and polymerization, and hence cell

migration; 6, Hsp27 affects the expres-

sion of IL-10 by monocyte macrophag-

es, and is thought to be anti-

inflammatory; 7, Hsp inhibits mono-

cyte/macrophage-mediated cell injury.
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