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Abstract The small heat shock protein Hsp27 or its

murine homologue Hsp25 acts as an ATP-independent

chaperone in protein folding, but is also implicated in

architecture of the cytoskeleton, cell migration, metabo-

lism, cell survival, growth/differentiation, mRNA

stabilization, and tumor progression. A variety of stimuli

induce phosphorylation of serine residues 15, 78, and 82 in

Hsp27 and serines 15 and 86 in Hsp25. This post-transla-

tional modification affects some of the cellular functions of

Hsp25/27. As a consequence of the functional importance

of Hsp25/27 phosphorylation, aberrant Hsp27 phosphory-

lation has been linked to several clinical conditions. This

review focuses on the different Hsp25/27 kinases and

phosphatases that regulate the phosphorylation pattern of

Hsp25/27, and discusses the recent findings of the biologi-

cal implications of these phosphorylation events in

physiological and pathological processes. Novel therapeutic

strategies aimed at restoring anomalous Hsp27 phosphory-

lation in human diseases will be presented.

Keywords Hsp27 � Kinase � Phosphatase � Disease �
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Introduction

Heat shock protein Hsp27 (or HSPB1) or the mouse

homologue Hsp25 belongs to the family of small heat

shock proteins (sHsp), which to date includes nine other

isoforms designated HSPB2-9 [1–4]. All these proteins

contain a highly conserved region referred to as the

a-crystallin domain, which contains b-sheets (Fig. 1;

[1–3]). Somewhat less conserved is the N-terminal WDPF

domain, owing its name to the presence of the amino

acid residues W (tryptophan), D (aspartic acid), P (proline),

and F (phenylalanine). The amino-terminal part of the

protein also contains the partially conserved sequence

PSRLFDQXFGEXLL, while the carboxy-terminal region

consists of a flexible region. The WDPF region of Hsp27 is

crucial for oligomerization, but other sequences in the

N-terminal region are required [2]. The a-crystallin domain

is essential for oligomerization of Hsp27, while the flexible

region has been suggested to participate in the interaction

with target proteins, to be involved in oligomerization, and

to be important for solubility (reviewed in [1, 3]).The role

of the partially conserved sequence remains unknown [1].

Hsp25/27 can be detected in most cells examined,

although the expression levels seem to vary with some cells

expressing undetectable or relatively low levels, while

other cells express Hsp25/27 abundantly [5–8]. Synthesis

of Hsp25/27 can be induced by different conditions,

including heat shock and other stress conditions, oestro-

gens, nerve injury, and differentiation [5, 9–12]. Hsp25/27

can oligomerize into large aggregates up to 800 kDa, but it

can also form heteromeric structures with other sHsp

family members (e.g., Hsp20), and complexes with addi-

tional proteins such as p38 mitogen-activated protein

kinase mitogen-activated protein kinase (MAPK)-activated

protein kinase 2 (MK2) and Akt (see further). Oligomeri-

zation is regulated by phosphorylation [4, 13, 14].

Unphosphorylated Hsp27 forms large multimers, while

phosphorylation results in conformational changes, alter-

ation of the direct interaction with other Hsp and dimer

interaction with actin [15, 16].
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Hsp25/27 is a multifunctional protein that participates in

several processes in the cells. As a high molecular mass

complex, Hsp25/27 acts as ATP-independent molecular

chaperone [17–20]. Phosphorylation of Hsp25/27 has been

shown to result in complex dissociation and the subsequent

loss of chaperoning activity [13, 21, 22]. In addition to its

chaperone function, Hsp25/27 also seems to be an impor-

tant regulator of structural integrity and membrane

stability, actin polymerization and intermediate filament

cytoskeleton formation, cell migration, epithelial cell-cell

adhesion, cell cycle progression, proinflammatory gene

expression, muscle contraction, signal transduction path-

ways, mRNA stabilization, presentation of oxidized

proteins to the proteasome, differentiation, and apoptosis

[4, 13, 15, 23–36].

There are numerous reports that sustain a role for Hsp27

in human pathogenesis [2, 10, 18, 22, 24, 34–44]. Many

cancer cells have markedly increased Hsp27 levels, and
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Fig. 1 Structural properties of human Hsp27. a Schematic diagram

of human Hsp27 showing the WDPF domain, the conserved

N-terminal region, and the a-crystallin domain. The zigzag line
corresponds to the flexible domain in the C-terminal part of

the protein. The numbers refer to the amino acid residues. The

phosphorylation sites Ser-15, Ser-78, and Ser-82 are indicated. The

protein kinases shown to phosphorylate Hsp27 at these sites in vivo

are indicated in black, while the protein kinases that were reported to

phosphorylate these sites in vitro are depicted in red. b Alignment of

the amino acid sequences of human (h) and rat (r) heat shock protein

27, and the mouse (m) homologue Hsp25. *Indicates an identical

corresponding residue. The phosphoacceptor sites Ser-15, Ser-78, and

Ser-82 (resp. Ser-86) are shown in red boxes. The one-letter amino

acid code is used. c Comparison of the regions encompassing the

phosphoacceptor sitesSer-15, Ser-78, and Ser-82 in human Hsp27

with the corresponding regions in Hsp27 homologous of other

animals
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Hsp27 expression contributes to the malignant properties of

these cells, including increased tumorigenicity and treat-

ment resistance, and apoptosis inhibition [21, 25, 37–47].

Aberrant expression of Hsp27 can also be associated with

the pathogenesis of cataracts, neurodegenerative disorders,

and cardiovascular disease, while mutations in the gene

encoding Hsp27 have been reported in inherited peripheral

neuropathy (for reviews see, e.g., [4, 13, 27, 48–51]).

This review summarizes the identified protein kinases

and protein phosphatases that control the reversible phos-

phorylation of Hsp25/27 and focuses on novel functional

implications of Hsp25/27 phosphorylation. In addition,

pathogenic conditions linked to aberrant Hsp25/27 phos-

phorylation, and potential therapeutic strategies aimed at

modulating Hsp25/27 phosphorylation, will be briefly

discussed.

Hsp27 kinases

A plethora of stimuli, including heat shock, mitogens,

cytokines, lipopolysaccharides, phorbol esters, thrombin,

serotonin, angiotensin, vasopressin, endothelin, carbachol,

ceramide, glucose, metals, cAMP-elevating agents, vitamin

D3 and retinoic acid, can induce phosphorylation of Hsp27

[4, 12, 22, 29, 52–60]. Analyzing the primary sequence of

Hsp27 divulges 10.2% serine residues, 6.8% threonine

residues, and 2.4% tyrosine residues, suggesting multiple

potential phosphoacceptor sites [61]. Mapping the phos-

phorylation sites of native Hsp25 purified from Ehrlich

ascites tumor cells showed that Ser-15 and Ser-86 were

genuine phosphoacceptor sites [62], while phosphopeptide

mapping and mutagenesis studies with Hsp27 identified

Ser-15, Ser-82 (corresponds to Ser-86 in Hsp25), and in

addition Ser-78 as in vivo phosphoacceptor sites (Fig. 1

and Sections ‘‘MK2’’ to ‘‘Apoptosis signal-regulating

kinase’’ for references). Although proteins that are phos-

phorylated at multiple sites often become phosphorylated

in a sequential fashion [63], this does not seem to apply for

Hsp27 as the group of Landry showed that phosphorylation

of Hsp27 does not occur in any strict obligate order [37].

Phosphorylation not only affects the function but also the

quaternary structure of Hsp27 [1, 3]. This latter event is

beyond the scope of this review (see, e.g., [4] and refer-

ences therein for this topic). Known Hsp27 kinases and

their target sites are discussed below (Fig. 2).

MK2

In an early study, Benndorf and his colleagues set out to

identify the Hsp25 kinase activity in Ehrlich ascites tumor

cells [64]. Inhibitors of cAMP-dependent protein kinase or

protein kinase A (PKA), protein kinase C (PKC), cGMP-

dependent protein kinase (PKG), and Ca2?/camodulin-

dependent protein kinase (CaMK) could not abrogate

phosphorylation of Hsp25, indicating that (an)other protein

kinase(s) could phosphorylate Hsp25 [64]. In the same and

following years, in vitro studies showed that Hsp25/27 is a

very good substrate for MK2 [54, 65–70]. Moreover, 45

kDa/54 kDa polypeptides from Chinese hamster CCL39

cells, which were antigenic identical with MK2, possessed

Hsp27 kinase activity [71]. Studies using, e.g., knockout
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Fig. 2 Schematic presentation

of the functions linked to

phosphorylated Hsp27. Top
panel Under normal conditions,

phosphorylated Hsp27 exerts

anti-proliferative and anti-

apoptotic effects, and is

involved in platelet granule

secretion and actin filament

dynamics. Bottom panel
Anomalous Hsp27

phosphorylation levels

(indicated by the triangle) has

been correlated to pathologies

such as viral infections, specific

tumor cells, autoimmune

diseases of the skin (pemphigius

vulgaris and pemphigius

foliaceus, kidney diseases (e.g.,

epithelial-to-mesenchymal

transition; EMT), and increased

lipoprotein lipase (LPL)

secretion in diabetic

cardiomyocytes. See text for

details
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cells, siRNA-mediated depletion of target proteins, domi-

nant negative mutants, and specific p38 MAPK inhibitors

have led to the general accepted concept that Hsp27 is

phosphorylated through the p38 MAPK/MK2 module and

that this pathway is important in modulating microfilament

dynamics [12, 70, 72–77]. The involvement of MK2 in

stimulus-induced Hsp27 phosphorylation may be overes-

timated because Hsp27 kinase activity towards Hsp27 in

vitro was determined in several studies after immunopre-

cipitation with a rabbit polyclonal antibody raised against a

GST fusion protein containing the 223 C-terminal amino

acids of Chinese hamster MK2. This antibody immuno-

precipitates both the p45 and p54 isoforms of human MK2,

one of which may correspond to the recently described

MAPK-activated protein kinase 3 (MK3) [78]. Between

MK2 and MK3, MK2 comprises the major Hsp27 kinase

activity because MK2 expression levels and activity are

higher than MK3 in the cells tested, and MK2 seems to be

preferentially activated by stimuli that induce Hsp27

phosphorylation [55, 79].

MAPK-activated protein kinase-3 (MK3)

MK3 was originally isolated in a yeast two-hybrid assay

using p38 MAPK as bait, and subsequently shown to

phosphorylate Hsp27 in vitro [80]. Similar studies per-

formed by Zakowski et al. [81] confirmed that Hsp27 is a

good MK3 substrate, at least in vitro. MK3 phosphorylates

Hsp27 at three sites in vitro, with phosphorylation of Ser-

82 more vividly than Ser-78 and Ser-15 [55]. The in vivo

contribution of MK3 in Hsp25/27 phosphorylation has

been silently ignored probably because MK3’s expression

and activity is lower than MK2’s [79], and no Hsp25

phosphorylation could be detected in MK2-/- mouse

embryonic fibroblasts after p38 MAPK activation [76]. The

lack of MK3 deficient cells may have hampered studies

aimed at scrutinizing its bona fide function as Hsp25/27

kinase, but RNA interference and dominant negative MK3

mutants could operate as valuable alternative tools for such

studies.

MAPK-activated protein kinase-5 (MK5)

Two Hsp27 kinase activities were described in hamster

CCL39 and human endothelial cells; one associated with

a 45-kDa protein, identified as MK2, and one with an

unidentified 54-kDa protein [71, 78]. In 1998, two inde-

pendent research groups isolated a novel p38 MAPK-

activated protein kinase of *54 kDa designated as

MAPK-activated protein kinase-5 (MAPKAPK5 or MK5)

in mouse and p38-regulated/activated kinase (PRAK) in

human [82–84]. It was shown that recombinant PRAK

phosphorylated Hsp25 and Hsp27 in vitro with similar

stoichiometry as recombinant MK2 [82]. Tryptic phos-

phopeptide mapping revealed that PRAK phosphorylated

Hsp27 at Ser-15, Ser-78, and Ser-82 [82]. The same group

also reported that depletion of PRAK in HeLa cell lysates

with anti-PRAK antibodies specifically removed the

Hsp27 kinase activity associated with the *54-kDa pro-

tein [82]. Another group demonstrated that stimulation of

platelets with thrombin resulted in activation of MK2 and

PRAK and phosphorylation of Hsp27 [85]. Recent results

from ourselves and others impose a role upon MK5 as a

genuine Hsp27 kinase, because MK5 and Hsp27 (both

endogenous as well as exogenous human Hsp27) can

form complexes in the cell and MK5 induce phosphory-

lation of ectopically-expressed human Hsp27 Ser-78 and

Ser-82 in vivo [86–88]. These results support a role for

MK5/PRAK as an in vivo Hsp27 kinase. However, lysates

of arsenite-treated MK5-/- mouse embryonic fibroblasts

(MEF) failed to phosphorylate recombinant Hsp25, while

no Hsp25 kinase activity was detected in immunopre-

cipitates with anti-PRAK antibodies from treated wild-

type and MK5-/- MEFs [76]. Moreover, phosphoHsp25

was detected by mass spectrometry in arsenite-treated

wild-type and MK5-deficient cells, but not in cells lacking

MK2 [76]. The discrepancy between these results was

explained by the source of the PRAK antibody. Shi et al.

[76] showed that the PRAK antibody used in the study by

New et al. [82] could immunoprecipitate Hsp27 kinase

activity from MK5 deficient cells, but not from MK2-/-

MEFs. This antibody may thus cross-react with an Hsp27

kinase different from MK2. Alternatively, MK5 does not

act as an Hsp27 kinase in these cells, or may induce

Hsp27 upon activation by other pathways. Indeed, while

MK2 seems to be the kinase to phosphorylate Hsp27 in

response to stress (see, e.g., [66, 68, 70, 71, 75]), we

demonstrated that MK5 mediated Hsp27 phosphorylation

upon activation of the cAMP/PKA pathway [86, 88].

A role for MK2 in PKA-induced Hsp27 phosphorylation

can most probably be excluded because we were unable to

find an interaction between MK2 and PKA in PC12 cells,

and PKA could not phosphorylate MK2 in vitro, nor did

p38 MAPK become activated in forskolin-treated cells

[86, 88]. On the other hand, Gaestel and his group showed

that forskolin induced MK2 expression levels and activity

in PC12 cells in a PKA- and p38 MAPK-dependent, but

ERK-independent, manner [60]. Kinetic studies revealed

that p38 MAPK became phosphorylated within 15 min,

reaching a maximum after 4 h, and that the kinetics of

MK2 activation was very similar to that of p38 MAPK

activation [60]. Their results indicate that the PKA might

cause Hsp25 phosphorylation through MK2. At the

moment, we cannot explain the discrepancy between our

results and the results of Gaestel and his group. The use of

specific inhibitors for MK2, studies with siRNA directed
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against MK2, and identical PC12 subclones are required to

unequivocally establish a possible contribution of MK2 in

forskolin-induced Hsp25/27 phosphorylation. We have not

addressed a possible role for MK3 in PKA-triggered Hsp27

phosphorylation, but MK3 is expressed at very low/unde-

tectable levels in PC12 cells [55, 80, 89], making it

unlikely that MK3 is a major Hsp27 kinase in these cells.

Protein kinase A or cAMP-dependent protein kinase

Several independent studies report that protein kinase A

(PKA) can phosphorylate Hsp25/27 in vitro [62, 90–92].

Cairns and colleagues tested the protein kinases PKA,

ERK1, p34cdc2, and casein kinase and found that PKA was

the most effective kinase in phosphorylating Hsp27, while

none of the other kinases catalyzed a significant phos-

phorylation in vitro [90]. Gaestel et al. [62] identified PKA

as being capable of phosphorylation Hsp25 in vitro at Ser-15

and Ser-86. Afterwards, the same group demonstrated, by

applying recombinant wild-type and Hsp27 mutants, that

the catalytic subunit of PKA phosphorylated Hsp27 at

Ser-78, Ser-82, and Thr-143, but probably not at Ser-15

[91]. By using an in vitro kinase approach with rat uterus

homogenates, Huang and co-workers reported that the

purified catalytic subunit of PKA phosphorylated Hsp27 at

Ser-5, Ser-15, Ser-86, Ser-102, and Tyr-147 [92]. How-

ever, Stokoe and colleagues and Landry’s group reported

that PKA could not phosphorylate Hsp25/27 in vitro [38,

65]. These data, and the observation that cAMP elevating

agents did not stimulate phosphorylation of Hsp27 in

human embryonal MRC5 fibroblasts and in aortic smooth

muscle A10 cells, suggest that Hsp27 is not a physiological

substrate for PKA [93, 94]. On the other hand, micro-

injection of rat embryonic fibroblast REF-52 cells with the

catalytic subunit of PKA caused phosphorylation of Hsp27,

indicating that PKA may mediate phosphorylation of

Hsp27 in cells [95]. The phosphorylation sites were not

mapped, and it cannot be excluded that the phosphorylation

of Hsp27 by PKA occurs indirectly. In conclusion, Hsp25/

27 is probably not a genuine substrate for PKA and the

ability of PKA to cause Hsp27 phosphorylation may

depend on an indirect mechanism [e.g., involving MK2

or/and MK5 as discussed in Section ‘‘MAPK-activated

protein kinase-5 (MK5’’)] and be cell-specific. The reason

why forskolin can induce phosphorylation of Hsp27 in

PC12 cells, but not in MRC5 cells, may be explained by the

different expression patterns of MK5 in these cells. MK5 is

readily detected in PC12 cells and neural tissues [86, 96],

while MK5 transcripts were undetectable in embryonic

lung tissue [96]. As MRC5 cells are human embryonic

fibroblasts, they may lack or modestly express MK5.

Alternatively, differences in Hsp27 phosphorylation

response upon PKA activation may depend on subcellular

compartmentalization of PKA through interaction with

A-kinase anchoring proteins (AKAPs), which allows the

controlling of signal transduction events at specific sites

within the cell and accurate substrate selection [97].

Akt/protein kinase B (PKB)

Several observations point to a role for Akt as Hsp25/27

kinase [94, 98–102]. First, the Akt1, Akt2, and Akt3 iso-

forms can bind directly to Hsp27 and can be found in a

complex with p38 MAPK, MK2, and Hsp27 [98–100].

Second, Rane and colleagues showed that Akt could

phosphorylate Hsp27 at Ser-82, but not Ser-15 or Ser-78, in

vitro, while co-expression of an active Akt mutant and

Hsp27 in HEK cells resulted in Hsp27 phosphorylation at

the same residue [100]. Third, comparative proteomic

analysis of the gastric carcinoma cell line NU-GC-3 with

Epstein–Barr virus (EBV)-infected cells revealed increased

phosphorylation of Hsp27 at Ser-82 in an Akt-dependent,

but MEK/ERK- and p38 MAPK-independent, manner

[101]. Total protein levels of phosphoAkt, but not Akt,

MK2 or phosphoMK2, were increased, suggesting that

phosphorylated (activated) Akt controls EBV-induced

Hsp27 phosphorylation. Phosphorylation of Ser-15 and

Ser-78 was not detected, but could be due to technical

limitations of mass spectrometry. Furthermore, phosphor-

ylation of Hsp25 at Ser-86 in epidermis, and Hsp25 levels,

were reduced in single Akt 1 and Akt 2 null mice [102].

Finally, the group of Kozawa reported that treatment of rat

aortic smooth muscle A10 cells with the antidiuretic hor-

mone arginine vasopressin or the serine protease thrombin

resulted in Hsp27 phosphorylation. The authors showed

that this phosphorylation was partially mediated by the

phosphatidylinositol 3-kinase (PI3K)/Akt pathway inde-

pendent of p38 MAPK [58, 94].

Results from in vitro kinase studies suggest that Akt is

probably not a major Hsp27 kinase because recombinant

MK2 readily phosphorylated purified Hsp27 at Ser-82, and

moderate or weak phosphorylated Ser-78 and Ser-15, while

10-fold higher concentrations of Akt gave only weak

phosphorylation of Ser-15 [58]. Serine residue 9 and

threonine residue 143 in Hsp27 form putative Akt phospho-

acceptor sites [58], but it was not investigated whether

Akt could actually phosphorylate these sites. However,

overexpression of the phosphomimicking Hsp27-3D

mutant in which the serines 15, 78, and 82 are replaced by

aspartate disrupted the binding with Akt [58]. This may

suggest that Ser-9 and Thr-143 are not involved in

Akt-Hsp27 interaction and therefore are not phosphory-

lated by Akt. Heat shock treatment of PC12 cells resulted

in a fast, but transient, activation of Akt with phosphory-

lation of Akt after 5 min, but no phosphorylated Akt was

detected after 1 h. Hsp27 phosphorylation levels, however,

Hsp27 phosphorylation 3293



only increased after 3 h. At this time point, phospho-p38

MAPK levels were also enhanced, while the activity of

MK2 was not tested. These results indicate that p38 MAPK

pathway, rather than Akt, is the Hsp27 kinase [103]. In this

respect, it is intriguing that MK2 can phosphorylate Akt on

Ser-473 in vitro thereby enhancing the kinase activity of

Akt [104]. Whether MK2-mediated Hsp25/27 phosphory-

lation can be (partially) mediated through Akt remains to

be established.

The biological implications of Akt-mediated phosphor-

ylation of Hsp27 are not fully understood. A role in

subcellular redistribution of Hsp27, apoptosis of neutro-

phils, and establishing of a malignant phenotype in EBV-

infected gastric carcinomas has been proposed ([101] and

references therein). Alternatively, the Akt:Hsp27 interac-

tion is not an enzyme:substrate interaction, but Hsp27 acts

as a chaperone to protect Akt from dephosphorylation and

destabilization, and to secure Akt’s natural conformation

and enzymatic activity [11, 58].

Protein kinase C

In 1983, Feuerstein and Cooper reported that treatment of

HL-60 cells with the phorbol ester phorbol-12-myristate-

13-acetate (PMA) resulted in increased phosphorylation of

a protein with apparent molecular mass of 27 kDa [105].

This finding was confirmed and extended to other cell lines

and other PKC activating agents such as thrombin, hista-

mine, vascular endothelial growth factor 1 (VEGF-1), and

interleukin-1 (IL-1) ([22, 106, 107], and references

therein). Moreover, depletion of PKC, as well as PKC

inhibitors prevented phosphorylation of Hsp27 triggered by

PKC activators ([22, 106, 107], and references therein).

Evans and co-workers mapped VEGF-1-induced Hsp27

phosphorylation to Ser-15 and Ser-78, and this phosphor-

ylation was sensitive to PKC inhibition [107]. In vitro

kinase studies with recombinant PKC isoforms and Hsp27

revealed that PKCd was most efficient in phosphorylating

Hsp27, while PKCa had 30–50% Hsp27 kinase activity

compared to PKCd. PKCb1, b2, and f isoforms were poor

Hsp27 kinases. PKCd phosphorylated Hsp27 at Ser-15 and

Ser-78 in vitro [108]. Gaestel et al. reported in vitro

phosphorylation of Hsp25 by PKC on Ser-15 and Ser-86

[62]. An in vivo role for PKC as Hsp25/27 kinase can be

derived from the study by Lee and colleagues who showed

a direct interaction between Hsp25 and PKCd, which

resulted in phosphorylation of Ser-15 and Ser-86 [43].

However, the role of PKC as genuine Hsp25/27 kinase

remains controversial. PMA failed to induce Hsp27 phos-

phorylation in K562 cells [22], while Zhou et al. [38] could

not detect Hsp27 phosphorylation in the presence of PKC

purified from rat brain. Gaestel’s group found that PMA

activated the MEK/ERK and p38 MAPK pathways, and

triggered phosphorylation of Hsp27, but blocking the PKC

isoforms a, b, and e by the inhibitor RO31-8220 abrogated

ERK2, p38 MAPK, and MK2 activation, as well as Hsp27

phosphorylation [109]. PMA-induced phosphorylation was,

however, not affected by the MEK1/2 inhibitor PD098059,

but was reduced by the p38 MAPK inhibitor SB203580.

These results indicate that PKC indirectly phosphorylates

Hsp27 through activation of the p38 MAPK/MK2 pathway

[109]. This was later confirmed by the work of Takai et al.

[110] who showed that PMA induced Hsp27 phosphory-

lation in human HCC-derived HuH7 cells. Knockdown of

PKCd suppressed Hsp27 phosphorylation as well as p38

MAPK phosphorylation. SB203580 inhibited PMA-

induced Hsp27 phosphorylation, indicating that PKCd
mediates Hsp27 phosphorylation through p38 MAPK.

Protein kinase D

The protein kinase D (PKD) family consists of three

closely related members: PKD1, PKD2, and PKD3, and is

grouped into the calcium- and calmodulin-dependent

kinases family of protein kinases [111]. The first indication

that Hsp27 is a substrate for PKD was provided by Döppler

et al. [112], who generated an antibody directed against the

optimal consensus phosphomotif of PKD and used this

antibody to detect immunoreactive phosphoproteins in

lysates of cells treated with PKD agonists. The authors

discovered a strong immunoreactive band of *27 kDa.

Because Hsp27 contains two putative PKD consensus

phosphorylation motifs, one at Ser-15 and one at Ser-82,

the authors examined whether Hsp27 is a bona fide PKD

substrate. Depletion of Hsp27 or PKD1 and PKD2 by

siRNA reduced the immunoreactivity of the *27 kDa

band, while in vitro kinase assay with GST-Hsp27 fusion

proteins demonstrated that PKD directly phosphorylated

Hsp27 at Ser-82, but not at Ser-15. PKD-mediated phos-

phorylation of Ser-82 was confirmed in cell culture studies

[112]. Another research team used PKD-deficient cells to

address the role of PKD as Hsp27 kinase [113]. DT40 B

cells express the PKD isoforms PKD1 and PKD3. Studies

in PKD1-/-, PDK3-/- and double knockout DT40 B cells

showed that PKD activating stimuli were able to induce

phosphorylation of Hsp27 at Ser-82 in the single knockout

cells, but not in the double knockout. Hence, PKD1 as well

as PKD3 can mediate phosphorylation of Hsp27 at Ser-82

in vivo [113].

Previous studies have shown that VEGF triggered

Hsp27 phosphorylation at Ser-82 via the p38 MAPK/MK2

pathway [114]. In a recent study, it was proven that VEGF

triggered phosphorylation of Hsp27 at Ser-15, -78, and -82

in human umbilical vein endothelial cells [107]. Inhibition

of the p38 MAP/MK2 pathway by SB203580 or by

siRNA-mediated knockdown of p38a or MK2 blocked
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VEGF-provoked phosphorylation of Ser-15 and -78, but

not Ser-82. Preincubation with PKC/PKD inhibitors or

depletion of PKD1 and PKD2 attenuated VEGF-induced

Ser-82 phosphorylation, while the additional inhibition of

p38 MAPK completely prevented Ser-82 phosphorylation.

Knockdown of PKD3 had no effect on VEGF-provoked

Hsp27 phosphorylation. Moreover, recombinant PKD1 or

immunoprecipitated PKD2 from VEGF-stimulated cells

could directly phosphorylate Hsp27 at Ser-82 in vitro.

These observations combined with previous results suggest

that Ser-82 is an in vivo phosphoacceptor site for the p38

MAPK/MK2 [114, 115], while PDK mediates phosphory-

lation of Hsp27 in response to VEGF [104]. Both these

pathways also seem to be involved in mediating neuro-

tensin-induced Hsp27 Ser-82 phosphorylation in the human

ductual pancreatic adenocarcinoma PANC-1 cells [116].

Indeed, p38 MAPK, as well as PKC inhibitors, blunted

phosphoSer-82 Hsp27 levels caused by neurotensin.

Depletion of PKD1 or PKD2 reduced, while overexpres-

sion of PKD1 potentiated Hsp27 phosphorylation by

neurotensin [116]. As the PKD phosphorylation motif

LxRxxS/T also acts as a good substrate for other Ser/Thr

kinases such as MK2 [113], it is possible that PKD may

directly or indirectly activate MK2, which in turn then

phosphorylates Hsp27. To unequivocally elucidate whether

PKD can directly phosphorylate Hsp27, co-immunopre-

cipitation studies to identify cellular PKD-Hsp27

complexes and studies with, e.g., MK2 inhibitors, MK2

depletion, and MK2-/- cells are required.

The biological role of PKD-regulated Hsp27 phosphor-

ylation is not fully understood, but because PKD, as well as

phosphorylation of Hsp27, play a role in protecting cells

from oxidative stress [117, 118], it is tempting to speculate

that PKD-mediated phosphorylation of Hsp27 may be piv-

otal in this response. On the other hand, Liu and co-workers

showed that PKD1 and PKD3 were dispensable for oxida-

tive stress survival responses in DT40 B cells [113]. The

PKC inhibitors, Gö6983 and GF109203X, or knockdown of

PDK or Hsp27, inhibited VEGF-induced human umbilical

vein endothelial cell migration and tubulogenesis [107]. In

contrast, pharmacological inhibition of p38 MAPK or

depletion of MK2 had no effect on these processes. Thus,

PKD-mediated Hsp27 phosphorylation at Ser-82 may play a

selective role in cellular processes such as protection against

stress and angiogenic responses to VEGF [107].

cGMP-dependent protein kinase

The cGMP/cGMP-dependent protein kinase (PKG) pathway

can inhibit platelet activation, but the molecular mecha-

nisms are only partially understood [119]. Butt and

co-workers demonstrated that the PKG activator 8-pCTP-

cGMP caused phosphorylation of Hsp27 in human platelets

in a p38 MAPK- and MK2-independent manner [91]. Puri-

fied PKG isoforms Ia, Ib, and II all caused incorporation of

phosphate in recombinant Hsp27 at Ser-78, Ser-82, and

Thr-143, but not Ser-15. The phosphomimicking triple

mutant Hsp27 S15D/S78D/S82D enhanced G-actin poly-

merization in vitro, while Hsp27 T143E had no effect on actin

polymerization. Surprisingly, Hsp27 S15D/S78D/S82D/

T143E reduced G-actin polymerization compared to the triple

mutant [91]. These studies indicate that Hsp27 is a genuine

substrate for PKG and that PKG may mediate inhibition of

platelet aggregation through phosphorylation of Hsp27 and

subsequent prevent of actin polymerization [91].

Huang et al. [120] used mass spectrometry to determine

the degree and location of Hsp27 phosphorylation in

extracts of pregnant rat uteri exposed to 8-bromo-cGMP

analogue. They found 20 and 8% increased phosphate

incorporation at Ser-15 and Ser-82, respectively, compared

to untreated animals. Densitometry of western blot signals

obtained with phosphoSer-15 specific antibodies confirmed

*20% increase of Hsp27 phosphorylation at this residue

after treatment with 8-bromo-cGMP [120]. These findings

corroborate that PKG may mediate in vivo phosphorylation

of Hsp27 and that Ser-15 may be the major phospho-

acceptor site. Phosphorylation of Ser-86 and Thr-143 was

not detected by this method. The observation by Huang

et al. demonstrating that exposure of rat uteri to cGMP

analogues triggered Hsp27 phosphorylation at Ser-15 [120]

is in contrast with the in vitro kinase studies with purified

PKG that failed to detect Ser-15 phosphorylation [91]. One

explanation may be that in vivo PKG may mediate Hsp27

indirectly through activating an Hsp27 kinase with activity

towards Ser-15 and Ser-82. In support of this assumption is

the finding that the Hsp27 kinase MK2 can be activated in a

cGMP-dependent manner [121]. Alternatively, the source

of PKG used for the in vitro studies was different from rat

uteri, and PKG from different species may have different

substrate specificities.

Ribosomal protein S6 kinase II (p70RSK)

Ser-15, Ser-78, and Ser-82 in Hsp27 (Ser-15 and Ser-86 in

Hsp25) are part of the RXXS motif, a known recognition

site for p70RSK [37, 62]. Stimuli that activate p70RSK also

caused phosphorylation of Hsp27 at Ser-78 and Ser-82

[37]. This indicates that p70RSK may function as an Hsp27

kinase. Indeed, p70RSK weakly phosphorylated Hsp25 in

vitro, but the phosphorylation sites were not determined

[64]. However, a later report by the group of Landry,

jeopardized the role of p70RSK as an Hsp27 kinase, as they

were unable to detect p70RSK-mediated Hsp27 phosphor-

ylation [38]. The use of the p70RSK inhibitor rapamycin or

siRNA-mediated depletion of p70RSK may help to clarify

whether p70RSK is a genuine Hsp25/27 kinase.
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Ca2±/calmodulin-dependent kinases

Because Ser-15 and Ser-86 are part of the CaMKII RXXS

motif, Hsp25/27 is a presumed substrate for CaMKII [64].

However, treatment of Ehrlich ascites tumor cells with

CaMK inhibitors did not prevent Hsp25 phosphorylation,

suggesting that CaMK II is not a genuine Hsp25 kinase

[64]. CaMKII may indirectly modulate Hsp27 phosphory-

lation through activation of the p38 MAPK pathway

(reviewed in [122]).

Apoptosis signal-regulating kinase

The N-terminal region of Hsp27, which contains the crit-

ical phosphorylation sites for functional regulation, can

physically interact with apoptosis signal-regulating kinase

(ASK1) in cells [35]. Whether phosphorylation of Hsp27

affects its interaction and whether the phosphorylation

status of Hsp27 is altered upon interaction with ASK1 was

not investigated. However, Hsp27 binds to the kinase

domain of ASK1 and inhibits its enzymatic activity,

making it unlikely that Hsp27 is an ASK1 substrate [35].

Moreover, the molecular mass of ASK1 (approximately

165 kDa) does not correspond with any of the described

Hsp27 kinases.

Hsp27 phosphatases

Time course studies revealed a transient increase of Hsp27

phosphorylation in response to several stimuli (e.g., [41,

43, 58, 70, 103, 116]). This indicates that the phosphory-

lation of Hsp27 is reversible and controlled by protein

phosphatases. Several studies with protein phosphatase

inhibitors have shown that protein phosphatase 2A (PP2A)

is involved in dephosphorylation of Hsp27 [90, 123–126].

Cairns and co-workers showed that purified PP2A readily

(90%), purified protein phosphatase 2B (PP2B) moderately

(15%), and purified protein phosphatase 1 (PP1) weakly

(\6%) dephosphorylated immunoprecipitated phospho-

Hsp27 in vitro [90]. Studies in MCR-5 fibroblasts with

okadaic acid concentrations that inhibit PP2A, but not PP1,

and with the PP2B inhibitor cyclosporin proved that only

PP2A could dephosphorylate Hsp27 in vivo [90]. The

group of Gaestel also found that, by using cell lysates of

Ehrlich ascites cells, PP2B dephosphorylated Hsp25 in

vitro [127]. The failure of PP2B to dephosphorylate Hsp27

in vivo disagrees with the in vitro observations. Cairns

et al. [90] explained this by proposing that Hsp27 and

PP2B are not in the same cellular compartment. In a recent

study, it was demonstrated that Hsp27 and PP2A could

form complexes in cells [126], while incubation of in vitro

phosphorylated recombinant Hsp27 with PP1 did not

diminish the phosphorylation state of Hsp27. The same

group reported that Hsp27 dephosphorylation was signal

regulated because platelet-derived growth factor (PDGF)

caused an increase in PP2A activity which was concomi-

tant with Hsp27 dephosphorylation [126]. Hence, Hsp27

phosphorylation levels may not only be regulated by sig-

nals that activate pathways engaging protein kinases

discussed in Section ‘‘Hsp27 kinases’’, but may also

involve activation of protein phosphatases that dephos-

phorylate Hsp27. Taken together, all findings so far

indicate that PP2A is implicated in Hsp25/27 dephospho-

rylation in vivo, but the action of other protein

phosphatases cannot be excluded. Interestingly, as PP2A

has been reported to inactivate MK2 [41, 128], PP2A

may also affect Hsp27 dephosphorylation by an indirect

mechanism, i.e., by preventing active MK2 from phos-

phorylation of Hsp27.

Hsp27 phosphorylation and function

Several cellular functions associated with Hsp25/27 phos-

phorylation will be discussed in this section and are

depicted in Fig. 2.

Actin filament dynamics

The regulatory role of phosphorylated Hsp27 in actin

filament dynamics and linked processes such as cell

migration, muscle contraction, cell division, differentia-

tion, and pinocytosis represents probably one of the major

functions of phosphoHsp27, and has been excellently

described before (e.g., [8, 69–71, 75, 78, 88, 129–136]).

While most of these studies have focused on the role of

MK2 as Hsp27 kinase, we found that MK5 may mediate

cAMP/PKA-induced F-actin rearrangement through phos-

phorylation of Hsp27 [86, 88]. Another group confirmed

that MK5 is involved in cytoskeleton organization and cell

migration through phosphorylation of Hsp27 [87].

Cell survival

A role of phosphoHsp27 in cellular protection and survival

against a variety of stresses is also well documented. For

example, exposure of cells to heat shock stimulates the

expression of Hsp25/27 and induces a thermoresistant

state, while ectopic overexpression of Hsp27 also conferred

a thermoresistant phenotype. These findings suggest that

enhanced levels of Hsp27 protect the cells against

increased temperature. However, agents that stimulated

Hsp27 phosphorylation without inducing its synthesis also

caused a transient state of elevated thermoresistance [41].

PKD-mediated phosphorylation of Hsp27 at Ser-82 may
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play a selective role in stress response because PKD, as

well as phosphorylation of Hsp27, play a role in protecting

cells from oxidative stress [117, 118]. On the other hand,

Liu and co-workers showed that PKD1 and PKD3 were

dispensable for oxidative stress survival responses in DT40

B cells [113]. Studies with wild-type, phosphomimicking

and non-phosphorylatable Hsp27 variants have under-

scored the importance of Hsp27 phosphorylation in its anti-

apoptotic action. It is beyond the scope of this review to

discuss the molecular basis for the anti-apoptotic effects of

phospho-Hsp27, but several mechanisms have been

described, including blocking Daxx-mediated apoptosis by

interaction of phosphoHsp27 with Daxx and disruption of

the PKB-p38-MK2-Hsp27 complex which plays an

important role in controlling stress-induced apoptosis, and

phosphorylation-induced nuclear import of Hsp25/27 and

subsequent protection of nuclear breakdown [21, 25, 30,

32, 37–47, 52, 101].

Anti-proliferation

Increased accumulation and phosphorylation of Hsp27 have

been observed as cells reached growth saturation [137,

138], while overexpression of Hsp25/27 can inhibit cell

proliferation, and this property seems to be associated with

the phosphorylation and aggregation state of Hsp25/27

[139, 140]. This finding was extended to several cell lines

derived from different species by showing that ectopic

expression of Hsp27 in which the phosphorylation sites

Ser-15, -78,- and -82 had been substituted by glycine or

mutants in which the C-terminal aggregation domain was

deleted had no effect on cell growth [6]. The molecular basis

for Hsp27-induced growth arrest is not known, but phospho-

ryation of Hsp25 resulted in nuclear import [41], which may

allow phosphoHsp25 to interfere with nuclear processes or

nuclear proteins involved in cell cycle regulation. A recent

study may shed light upon the molecular mechanism by

which phosphoHsp27 inhibits cell proliferation. Stable

overexpression of phosphomimicking Hsp27 (Hsp-3D), but

not non-phosphorylatable Hsp27 (Hsp-3A), delayed TNFa-

induced cell growth of human hepatocarcinoma HuH7 cells

[141]. The authors showed that phosphoHsp27 inhibited the

MEK/ERK signalling pathway by a dual mechanism

involving attenuation of c-Raf activity and stimulation of

MAPK phosphatase-1 (MKP1) through p38 MAPK. This

blockage of the MEK/ERK pathway resulted in a significant

reduction in cyclin D1 levels, which may explain cell cycle

arrest. Interestingly, the levels of phosphoSer-15 Hsp27

were inversely correlated with ERK activity in human

hepatocellular carcinoma, while no correlation was found

with phosphoSer-78 and phosphoSer-82 Hsp27 levels

[141]. This may suggest that modulation of Ser-15 phos-

phorylation is important for repressing cell proliferation

[141]. Another study has shown that Hsp27 can directly

interact with p53 and regulate its transcriptional activity

[142]. This results in, e.g., enhanced transcription of the

cyclin-dependent protein kinase inhibitor p21Cip-1/Waf-1

and G2/M cell cycle arrest of cardiac H9c2 cells [142]. The

p53-Hsp27 interaction was more pronounced in heat shock-

treated cells than in control cells, but whether this was

because of the increased levels of total Hsp27 protein and/or

due to enhanced phosphorylation of Hsp27 was not tested.

In line with this, injection of Hsp27-transfected L929 cells

exhibited delayed tumor growth compared to control mice

injected with non-transfected L929 cells. On the other hand,

ectopical expression of Chinese hamster Hsp27 in murine

NIH 3T3 fibroblasts had no effect on cell proliferation

[130]. O’Callaghan-Sunol et al. [143] found that depletion

of Hsp27 led to growth arrest of HCT116 colon carcinoma

through the activation of the p53/p21Cip-1/Waf-1 pathway.

Thus the effect of overexpression and/or phosphorylation

of Hsp25/27 on cell proliferation may be cell-specific.

Identifying nuclear target proteins for phospoHsp27 may

increase our understanding how phosphoHsp27 may par-

ticipate in cell cycle regulation.

Intracellular virus transport

Hsp25/27 may also be involved in intracellular transport of

virus particles to the site of replication. Adenovirus

infection resulted in activation of PKA and p38 MAPK,

and inhibiting PKA and p38 MAPK, or infection of

MK2-/- cells significantly reduced, while activation of

PKA and p38 MAPK increased, nuclear targeting of adeno-

virus [144]. These results indicate that PKA and the p38

MAPK/MK2/Hsp27 phosphorylation cascade are involved

in adenovirus transversing the cytoplasm to the nucleus.

The exact mechanism by which MK2/Hsp27 stimulates

nuclear targeting of incoming adenovirus is not known, but

the authors suggested that phosphoHsp27 may affect pro-

tein trafficking through modulating microfilament

dynamics. Overexpression of Hsp27 or the phosphomim-

icking Hsp27-3D mutant in MK2-/- cells avoided

accumulation of virus particles near the cell periphery,

indicating that enhanced Hsp27 or/and phosphoHsp27

levels can promote nuclear transport of adenovirus in

MK2-deficient cells [144]. The effect of non-phosphoryl-

atable Hsp27-3A on nuclear targeting should be tested to

unequivocally establish the necessity of phosphoHsp27 in

this process.

Cell differentiation

Because PMA-induced differentiation of HL-60 cells was

correlated with increased expression and phosphorylation

of Hsp27, it was speculated that phosphorylation of Hsp27
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is required for differentiation [145]. However, the p38

MAPK inhibitor SB203580 could prevent PMA-induced

Hsp27 phosphorylation, but did not abrogate differentia-

tion, making it unlikely that Hsp27 phosphorylation is

absolutely required for PMA-induced HL-60 cell differ-

entiation [145]. Other studies have reported altered Hsp27

protein levels in differentiated cells [23, 24, 47, 102], but

few have addressed the correlation with changed Hsp27

phosphorylation [10, 136]. The role of phosphoHsp27 in

differentiation remains incompletely understood, but

changes in F-actin remodeling may contribute to morpho-

logical changes of the differentiated cell.

Hsp27 and vascular functions

An involvement of phosphoHsp27 in adenosine diphos-

phate (ADP)-induced activation of platelets and in

thrombogenesis has been proposed by the work of Kato and

colleagues who showed that ADP-induced Hsp27 phos-

phorylation at Ser-15, -78, and -82 via the MEK/ERK and

p38 MAPK pathways was sufficient for platelet granule

secretion, but not for platelet aggregation [146]. The pre-

cise role for phosphoHsp27 was not scrutinized, but these

results suggest that drugs aimed at modulating Hsp27

phosphorylation may be clinically applied in thrombotic

diseases [146]. Another study showed that the PKC

inhibitors, Gö6983 and GF109203X, or knockdown of

PDK or Hsp27, inhibited VEGF-induced human umbilical

vein endothelial cell migration and tubulogenesis [107]. In

contrast, pharmacological inhibition of p38 MAPK or

depletion of MK2 had no effect on these processes. Thus,

PKD-mediated Hsp27 phosphorylation may be involved in

angiogenic responses to VEGF [107]. Altered Hsp27 levels

have been monitored in various other vascular diseases

compared to healthy conditions, but the differences did not

seem to relate to any risk factor. The phosphorylation

status of Hsp27 in vascular diseases has not been meticu-

lously examined (reviewed in [4]).

Role of the different phosphorylation sites in Hsp27

An obvious question is what is the function implication of

the phosphorylation of a particular serine residue in Hsp27.

Studies addressing the contribution of single phosphory-

lation of Hsp27 at Ser-15, Ser-78, or Ser-82 in biological

processes have not been meticulously addressed. Studies

have shown that oligomerization of Hsp27 is regulated by

phosphorylation of Ser-78 and/or Ser-82 and the WDPF

motif, while phosphorylation of Ser-15 seems to induce

only a small effect on oligomerization. Complete dissoci-

ation of oligomers was observed only after phosphorylation

of all three sites [1, 15]. Another question that needs to be

solved is whether phosphorylation of Ser-78 is superfluous.

The residues corresponding to Ser-15 and Ser-82 in human

Hsp27 are conserved throughout the animal kingdom

(Fig. 1c). Ser-78, however, is replaced by asparagine in

rodents (rat, mouse, hamster) and in the New World

monkey tamarin (Fig. 1c) despite higher identity between

mouse and rat Hsp25/27 with human Hsp27 (82% identity)

than, e.g., between zebrafish Hsp-1 and human Hsp27

(63% identity). This may indicate that Ser-78 is not as

crucial as Ser-82, an assumption supported by the work of

Landry et al. [37]. The authors demonstrated by tryptic

mapping and subsequent reverse phase HPLC phospho-

amino acid analysis that Ser-82 was the major site of

phosphorylation after treating the human breast cancer cell

cline MCF-7 with arsenite or heat shock. Moreover,

transfection studies in Chinese hamster CCL39 cells with

expression plasmids encoding wild-type Hsp27, Hsp27

S78G, or Hsp27 S82G revealed more intense phosphory-

lation of the S78G mutant protein as compared to the S82G

mutant [37], underscoring the conclusion from the tryptic

peptide analysis that S82 is the major phosphorylation site.

In addition, in vitro kinase assays with MK2 and Hsp27

showed that Ser-82 is phosphorylated much faster than

either Ser-15 or Ser-78 [65].

Hsp27 phosphorylation, human diseases

and therapeutic strategies

Hsp27 phosphorylation and cancer

The expression levels of Hsp27 in human cancer have been

intensively investigated, and aberrant expression is asso-

ciated with aggressive tumor behavior, increased resistance

to chemotherapy, and poor prognosis for the patient.

However, the phosphorylation state compared to healthy

tissue has been examined much less (for recent reviews, see

[50, 147]). One study reported increased Hsp27 phos-

phorylation in B cell precursors from common acute

lymphoblastic leukaemia (ALL) compared to healthy

donors and non-acute lymphoblastic leukaemia patients

[148]. The molecular basis for increased Hsp27 phos-

phorylation in these cancer cells is not known, nor is the

precise role in ALL understood, but the authors suggested

that phosphorylation of Hsp27 was mediated by MK2 and

caused stabilization of actin polymerization and dysregu-

lation of proliferation and differentiation of B cell

precursors [148]. Variable Hsp27 phosphorylation at the

different phosphoacceptor sites has also been detected in

renal cell carcinoma and hepatocellular carcinoma com-

pared to homologous normal tissue [141, 149, 150]. A

recent report demonstrated a twofold increased phosphor-

ylation of Hsp27 at Ser-78, but not Ser-15 and Ser-82, in

HER-2/neu positive breast cancer samples (n = 10)
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compared to HER-2/neu negative tumors [151]. Treatment

of the HER-2/neu positive BT474 breast cancer cell line

with SB203580 reduced pSer-78 levels by 70%, while

pSer-82 and pSer-15 levels were only inhibited by 30% or

unchanged, respectively. This indicates that phosphoryla-

tion of Ser-78 in these cells is predominantly mediated by

the p38 MAPK pathway and that inhibition of this pathway

may offer a therapeutic strategy for patients with HER-2/

neu-positive breast cancer. Moreover, these results suggest

that several protein kinases that are not part of the p38

MAPK pathway may also be implicated in Hsp27 phos-

phorylation in these cells. Interestingly, the transcription

factor STAT3, which is frequently constitutively active in

breast carcinoma [152], can physically interact with Hsp27

and enhances Hsp27 expression and phosphorylation on

residue Ser-78 [151]. The exact role of Hsp27 phosphor-

ylation in the physiology of cancer remains incompletely

understood, but phosphoHsp27 may suppress apoptosis

[13, 150, 153].

Hsp27 phosphorylation and the autoimmune disease

pemphigus

Pemphigus vulgaris and pemphigus foliaceus are auto-

immune diseases of the skin characterized by the

autoantibodies against desmoglein 3 and 1, respectively,

which cause loss of keratinocyte cell-cell adhesion or

acantholysis. Untreated, these disorders can be lethal [154].

These autoantibodies induce phosphorylation of Hsp25/27

in cell culture and recent studies showed increased phos-

pho-p38 MAPK and phosphoHsp27 levels in skin biopsies

of all pemphigus patients tested compared to healthy con-

trols [154–157]. The exact in vivo role of p38 MAPK/

Hsp27 in acantholysis is not known, but studies in cell

cultures and animals showed that desmoglein autoanti-

bodies induced reorganization of the actin cytoskeleton and

intermediate filament collapse [154–157]. Inhibition of the

p38 MAPK/MK2/Hsp27 pathway may be applicable to the

therapy of pemphigus patients, as encouraging results

illustrated that specific p38 MAPK inhibitors prevented

blistering of the skin of mice treated with IgG purified from

sera of pemphigus foliaceus patients [156, 157]. However,

the time point of drug administration in treatment may be

crucial, as a recent study revealed that only pretreatment

with p38 MAPK inhibitor before injection of desmoglein-1

autoantibodies blocked cytoskeletal reorganization in

human keratinocyte cell cultures or acantholysis in mouse

models [154–157]. Another indication that aberrant phos-

phoHsp27 may be associated with skin disease is suggested

by the finding that Akt-mediated phosphorylation of

Hsp25/27 plays a role in skin formation [102], such that

abnormal Akt activity or Hsp25/27 phosphorylation may

lead to defective skin formation. However, so far, no

clinical proof for the aberrant involvement of Akt/phos-

phoHsp27 in dermatological pathologies exists.

Hsp27 phosphorylation in the diabetic kidney and heart

Abnormal Hsp27 phosphorylation is observed in renal

cancers, as well as in other kidney diseases [158].

Enhanced Hsp27 phosphorylation compared to control

animals was observed in animal models of nephrotic syn-

drome and diabetic nephropathy [59, 159–161]. Park and

co-workers [59] elaborated how Hsp27 phosphorylation

might be implicated in diabetic nephropathy. They showed

enhanced Hsp25 Ser-86 phosphorylation in wild-type mice

in the diabetic state compared to normal wild-type mice.

Strongly reduced Hsp25 phosphorylation was monitored

in MK2-/- and diabetic MK2-/- mice compared to their

MK2?/? controls. This suggests that phosphorylation of

Hsp25 in the diabetic kidney occurs in a MK2-dependent

manner, but other protein kinases may also be involved

[59]. One candidate is MK3, which is also activated by p38

MAPK [162]. The authors hesitate about this possibility

because MK3 is weakly expressed in the kidney and MK3

levels are not compensatory upregulated in MK2-deficient

mice [59, 76]. Further studies are necessary to clarify the

role of Hsp27 phosphorylation in the pathogenic develop-

ment of these diseases.

Kim and colleagues [163] unveiled a putative physio-

logical role of augmented Hsp27 phosphorylation in the

diabetic heart. Whereas in normal heart muscle *30% of

the energy is provided by carbohydrate and 70% through

fatty acids metabolism, fatty acid is the sole energy source

in a diabetic cardiomyocytes. This switch in energy supply

is achieved by increased lipoprotein lipase (LPL) activity at

the coronary lumen. The authors showed that phosphory-

lation of Hsp27 resulted in increased dissociation of

Hsp27-PKCd complexes in cardiomyocytes. Disruption of

Hsp27-PKCd complexes allowed activation of PKCd and

subsequent phosphorylation/activation of PKD. Activated

PKD stimulated LPL activity at the coronary lumen,

causing hydrolysis of triglyceride-rich lipoproteins to fatty

acids. The increased Hsp27 phosphorylation is mediated

through p38 MAPK and, although not proven by the

authors, they suggested MK2 [163, 164].

Hsp27 phosphorylation and epithelial-to-mesenchymal

transition of tubular epithelial cells into myofibroblasts

in kidney fibrosis

Using an animal unilateral ureteral obstruction model of

kidney fibrosis and epithelial-to-mesenchymal transition

(EMT), an important profibrotic event, Vidyasagar et al.

[165] found increased total and phosphoSer-86 Hsp27

levels in the kidneys compared to control kidneys.
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Similarly, TGFb1-induced EMT of rat proximal tubular

epithelial cells also resulted in increased Hsp27 and

phosphoHsp27 levels compared to untreated cells. Over-

expression of Hsp27 in these cells caused upregulation of

E-cadherin, a biomarker for EMT. The authors therefore

concluded that Hsp27 may be implicated in the patho-

physiology of kidney tubulointerstitial fibrosis through

upregulation of E-cadherin, thereby promoting epithelial-

to-mesenchymal transition of tubular epithelial cells into

myofibroblasts [165]. The effect of overexpression of

phosphomimicking Hsp27 mutant on EMT was not tested

and further studies are required to establish whether

anomalous phosphoHsp27 levels may possess a causative

role in kidney fibrosis.

Hsp27 phosphorylation and viral infection

Phosphorylation of Hsp27 in host cells may facilitate

infection by respiratory syncytial virus (RSV) infection

[166]. RSV is the major cause of bronchiolitis and pneu-

monia in infants, but infection with this virus can also lead

to severe respiratory infections in elderly and immuno-

compromised individuals [167]. RSV infection is

characterized by accumulation of fluid in the infected lungs

due to increased lung permeability. This fluid extravasation

can cause alveolar flooding, running nose, middle ear

effusions, and increase in bacterial infections [167]. Singh

and co-workers demonstrated that RSV infection was

concomitant with increased Hsp27 phosphorylation on both

Ser-78 and Ser-82 (Ser-15 was not examined), and led to

actin microfilament rearrangement, cell shape modifica-

tion, and change in cell permeability [167].

Hsp27 phosphorylation and other diseases

Mutations in Hsp27 have been detected in patients with

hereditary motor neuropathy, but so far no mutations in the

phosphoacceptor sites have been reported (see, e.g., [168,

169]).

Therapeutic strategies against anomalous Hsp27

phosphorylation

Because of known pathogenic conditions linked to aberrant

Hsp27 phosphorylation, therapeutic strategies aimed at

modulating Hsp27 expression and phosphorylation can be

designed. Although successfully used in animal models

(see, e.g., [170]), clinical proof of the beneficial effect of

preventing Hsp27 expression is lacking. Pseudosubstrate

inhibitors of Hsp25 have been designed, but they lack

specificity [171, 172]. Knockdown of Hsp27 expression or

interfering with Hsp27’s functions should be directed

towards diseased cells considering the diverse array of

functions that Hsp27 exerts in normal cells. Another

approach is to impede phosphorylation of Hsp27. Numer-

ous specific inhibitors against some of the Hsp27 kinases

have been developed [173–176], but clinical trials in

patients suffering from conditions with abnormal Hsp27

phosphorylation are lacking. Cell culture studies with a cell

permeable MK2 inhibitor protein showed that preventing

phosphorylation of Hsp27 reversed TGF-b1-induced

F-actin rearrangements in human keloid fibroblasts, indi-

cating that administration of Hsp27 kinase inhibitors may

be a promising strategy in conditions with anomalous

Hsp27 phosphorylation [177]. However, the selectivity of

this inhibitor against other protein kinases and pharmaco-

kinetic studies remains to be further investigated. Another

indication for the therapeutic potential of targeting the p38

MAPK/MK2/Hsp27 pathway is provided by the finding

that inhibition of p38 MAPK by SB203580 or MK2 by the

inhibitory peptide KKKALNRQLGVAA prevented lung

permeability in ventilator-associated lung injury in mice

[178]. The synthetic molecule KRIBB3 was shown to

specifically bind Hsp27 and to prevent PMA-induced

Hsp27 phosphorylation and tumor cell migration at low

concentrations (nM range), making KRIBB3 an attractive

drug for clinical conditions with anomalous Hsp27

expression or phosphorylation [179]. Potentiating Hsp27

expression may be advantageous under certain circum-

stances such as stress resistance (anti-apoptotic activity) or

inhibition of tumor cell proliferation (see Sections ‘‘Cell

survival’’ and ‘‘Anti-proliferation’’). As such, drugs that

promote Hsp27 phosphorylation may possess therapeutic

potentials. Quercetin and specific quercetin derivates can

induce phosphorylation of Hsp27 at Ser-78 by an unknown

mechanism [180]. However, these drugs inhibit expression

of Hsp70 and inhibit casein kinase II and CaMK activity

[180], making them unsuitable for therapy.

Perspectives and conclusion

Hsp27 is a multifunctional protein with multiple regulatory

phosphorylation sites. Recent studies have unveiled distinct

roles for (phosphorylated) Hsp27 in cellular processes, but

the exact functions of the different phosphorylated forms of

Hsp27 need to be further explored. Aberrant phosphory-

lation of Hsp27 has been reported in several diseases but

the casual relationship and molecular mechanisms by

which anomalous Hsp27 phosphorylation is implicated in

the development of the disease remain to be established.

Transgenic mice can be applied to unravel the role and

mechanism of phosphoHsp25 in pathogenesis. Indeed,

overexpressing Hsp27 or Hsp27-3A and -3D mutants have

been successfully used to study the importance of Hsp25/

27 phosphorylation in pancreas and in protection against
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ischemia/reperfusion [181, 182]. Although important

studies, these transgenic mice express mutated Hsp25 from

a heterologous promoter, which may result in non-physi-

ological concentrations. Moreover, wild-type Hsp25 that is

still expressed by these animals can interfere with the

functions of the mutant protein. Studies in mice in which

the endogenous hsp25 gene has been mutated to encode

phosphomimicking Hsp25 S115D/S86D or non-phospho-

rylatable Hsp25 S15A/S86A may therefore be more

suitable to monitor the in vivo contribution of Hsp27 in

pathogenic processes. Another aspect in Hsp27 phosphor-

ylation that has often been neglected is the putative

contribution of several signaling pathways in mediating

stimulus-induced Hsp27 phosphorylation. For example,

cholecystokinin (CCK)- and prostaglandin D2 (PDG2)-

induced phosphorylation of Hsp27 was partially reduced in

the presence of SB203580, indicating the involvement of

other kinases than MK2/3 [73, 110]. Because both CCK

and PDG2 can activate PKA [73, 183], it is possible that

phosphorylation of Hsp27 could also be mediated by PKA,

either directly or through MK5 [86–88]. Differences in

kinetics of MK2 activation and Hsp27 phosphorylation

may also point to the involvement of other Hsp27 kinases.

For example, the onset and peak of Hsp27 phosphorylation

in bovine endothelial cells after shear stress were delayed

compared to the activation of p38 MAPK and MK2 [70].

We have previously shown that stress-induced nuclear

export of MK5 is postponed compared to MK2 [184] and

that Hsp27 is a genuine substrate for MK5 [88]. Hence,

MK5 may also be implicated in shear stress-triggered

phosphorylation of Hsp27.

In conclusion, phosphorylation of Hsp27 not only reg-

ulates the structural organization of this protein, but also

affects its biological functions. Abnormal Hsp27 phos-

phorylation has been associated with several pathological

conditions. A better understanding of the role of phos-

phoHsp27 in these diseases and the development of specific

and efficient drugs that modulate Hsp27 phosphorylation

may offer novel strategies for treatment of diseases in

which this phosphoprotein is implicated.
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