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In Search of the Molecular Mechanism by Which
Small Stress Proteins Counteract Apoptosis
During Cellular Differentiation
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Abstract Many differentiation programs are accompanied by an increase in small heat shock proteins (sHsps) level.
Most of the time transient, this accumulation takes place during the early phase of the process and is correlated with the
growth arrest that precedes the differentiation. Important biochemical modifications of sHsps occur, such as changes in
phosphorylation and oligomerization. The fact that these proteins are induced independently of the signal that triggers
differentiation, of the differentiation type, and of the cell type strongly suggests their involvement in fundamental
mechanisms of cellular differentiation. Moreover, impairment of sHsps accumulation leads to abortion of the differen-
tiation program and, subsequently, to a massive commitment to cell death. Recent advances in this field of research are
presented as well as the hypothesis that should be tested to unravel the mode of action of these proteins during cellular
differentiation. J. Cell. Biochem. 94: 241–246, 2005. � 2004 Wiley-Liss, Inc.
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Small heat shock proteins (sHsps), also
known as small stress proteins, form a ubiqui-
tous group of proteins found in virtually all
organisms with a molecular weight ranging
between 15 and 43 kDa. sHsps were first des-
cribed in Drosophila as proteins that displayed
increased synthesis following heat shock or
conditions or agents that alter protein folding
[Arrigo and Tanguay, 1991; Arrigo and Landry,
1994]. sHsps are characterized by an evolution-
ary conserved C-terminal region, called the
alpha-crystallin domain. These stress proteins
also share lowamino acid homologywithin their
N-terminal region and inmost cases they have a
short and variable C-terminal tail. Several of

the sHsps are phosphoproteins but all have in
common the striking feature of forming high
molecular weight oligomeric complexes that
have heterogeneous native sizes ranging from
100 to 800 kDa [Arrigo et al., 1988; Arrigo and
Ducasse, 2002; Garrido, 2002].

Overexpression of sHsps enhances the survi-
val of cells in response to many stress stimuli.
Several mechanisms have been proposed to
account for the sHsp protective effect, such as
molecular chaperoning of non-native proteins
[Jakob et al., 1993], interaction with several
component of the apoptotic machinery [Paul
et al., 2002], modulation of the cellular detoxify-
ing machinery to cope with oxidative stress
[Arrigo, 2001], or modulation of cytoskeletal
integrity [Mounier and Arrigo, 2002].

Families of sHsps have been characterized
in different organisms [de Jong et al., 1998].
For example, in Drosophila, the sHsp group
includes four heat inducible polypeptides
[Arrigo and Tanguay, 1991]. To date the human
family contains 10 polypeptides (Hsp27,MKBP,
HspB3, aA- and aB-crystallin, Hsp20, cvHsp,
Hsp22, HspB9, and ODF1) but only few of them
arewell characterized (Hsp27 and aB-crystallin)
and are true heat shock proteins that display an
enhanced expression at elevated temperature.
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Contrasting with the coordinate induction of
all heat shock proteins following heat stress
exposure, only a subset of them, including some
sHsps, are expressed during cellular differen-
tiation programs [Arrigo and Tanguay, 1991]. A
similar uncoordinated induction is also observ-
ed during development where sHsps display
tissue- and stage-specific expression. Unfortu-
nately, the biological significance of this highly-
regulated expression still remains a mystery as
in vivo data concerning the role of sHsp during
development is still unavailable. Hence, besides
their role during stressful conditions, sHsps
appear to be involved in cellular differentiation
processes suggesting that they are more than
stress-related chaperones. After some examples
of cellular differentiation and biochemical mod-
ifications of sHsp during this process, this study
will be centered on the possible links between
sHsp functions and thedifferentiation program.

sHsps EXPRESSION DURING
CELLULAR DIFFERENTIATION

Since Drosophila Hsp27 has been shown to
exhibit increasing protein level during ecdys-
terone mediated differentiation of cultivated
imaginal disks as well as during the formation
of these tissues in thedevelopingfly [Pauli et al.,
1990], there has been an ever-growing number
of studies involving sHsps in cellular differen-
tiation and development of mammals or other
organisms. Most of the time when a change in
sHsp protein level is investigated during the
course of differentiation, at least one of them is
found to be induced. Furthermore, this occur-
rence remains true when mammalian develop-
ment is considered. Concerning mammalian
Hsp27 induction, one can cite the differentia-
tion processes of Ehrlich ascite cells [Gaestel
et al., 1989], embryonal carcinoma and stem
cells [Stahl et al., 1992; Mehlen et al., 1997b],
normal B or B lymphoma cells [Spector et al.,
1992], osteoblasts and promyelocytic leukemia
cells [Shakoori et al., 1992; Spector et al., 1993,
1994; Chaufour et al., 1996], normal T cells
[Hanash et al., 1993], keratinocytes [Kindas-
Mugge and Trautinger, 1994; Jantschitsch
et al., 1998;ArrigoandDucasse, 2002;Duverger
et al., 2004], endometrium cells [Devaja et al.,
1997], muscle cells [Benjamin et al., 1997],
neurones [Mehlen et al., 1999; Loones et al.,
2000], chondrocytes [Favet et al., 2001], and
cardiomyocytes [Davidson andMorange, 2000].

In vivo observations nevertheless suggest that
Hsp27 is probably not involved in all differen-
tiation processes [Duverger et al., 2004]. For
example, during myogenic differentiation aB-
crystallin [Ito et al., 2001; Kamradt et al., 2002]
is expressed as well as a specific complex made
of MKBP/HspB2 and HspB3 [Sugiyama et al.,
2000]. To date a database describing the pattern
of expression and possible mutual interactions
of the different members of the sHsps family in
every differentiation processes is lacking.

Hsp27 up-regulation during differentiation is
correlated with a strong increase in phosphor-
ylation and in a shift of Hsp27 oligomers toward
high molecular masses [Mehlen et al., 1997b].
It is noteworthy that this later phenomenon
occurs concomitantly with the maximal accu-
mulation of the protein. In contrast, phosphor-
ylation is an early phenomenon that occurs
before the increase in Hsp27 level and which is
followed by a drastic dephosphorylation of the
protein [Spector et al., 1993, 1994; Chaufour
et al., 1996; Mehlen et al., 1997b]. The use of
kinase inhibitors, especially SB203580, which
inhibits the p38 MAP kinase and subsequently
Hsp27phosphorylation viaMAPKAPkinase2/3
leads to conflicting results as to whether Hsp27
phosphorylation is crucial or not for the early
events of differentiation programs, such as cell
growth arrest [Schultz et al., 1997; Davidson
and Morange, 2000; Ito et al., 2001; Duverger
et al., 2004]. While the role of the transient and
early phosphorylation ofHsp27 is still unknown
its later dephosphorylation may be required to
favor the transient formation of large oligomers
[Mehlen et al., 1997a; Rogalla et al., 1999]
whose size distribution is back to normal once
the differentiated phenotype has been obtained.

sHsps EXPRESSION IS ESSENTIAL FOR
CELLULAR DIFFERENTIATION

Analysis of the role of Hsp27 during differ-
entiation was assessed using an antisense
approach aimed at reducing Hsp27 level of ex-
pression. The first example concerns human
promyelocytic leukemic HL-60 cells that are
characterized by an incomplete differentiation,
which is arrested at the promyelocytic stage
of myeloid development. This differentiation
arrest can be reversed since these cells undergo
either granulocytic or monocytic maturation in
response to a number of exogenous agents, such
as phorbol esters or retinoic agents. In response
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to phorbol ester myristate acetate (PMA), HL-
60 cells differentiate intomacrophage-like cells.
Hsp27 level is markedly increased (up to 10-
fold) during the first 72 h of the differentiation
process while cellular growth inhibition occurs
[Spector et al., 1993]. After 96 h, Hsp27 is
drastically decreased and returns to the level
observed in non-treated cells. A similar kinetics
of Hsp27 level up-regulation is observed during
the retinoic acid (tRA)-mediated differentiation
ofHL-60 cells [Spector et al., 1994]. However, in
this case, Hsp27 mRNA level is not transiently
accumulated as in macrophage differentia-
tion. It seems likely that the half-life of Hsp27
is increased during granulocytic differentia-
tion probably as a consequence of the down-
regulation of myeloblastin, a serine protease
that preferentially degrades this stress protein
[Spector et al., 1995]. The use of Hsp27 anti-
sense oligonucleotides decreasedHsp27 level by
about 40% and led to a less pronounced reduc-
tion in cell growth after induction with tRA and
altered some parameters of granulocytic differ-
entiation [Chaufour et al., 1996].
A more intense decrease in Hsp27 level was

observed in cells transfected with a DNA ex-
pression vector that contained Hsp27 coding
sequence placed in reverse orientation under
the control of a constitutive promoter. This
approach was used to study the differentiation
of mouse embryonic stem (ES) cells. Undiffer-
entiatedmouseES cells constitutively express a
small level of Hsp27. When these cells are com-
mitted to differentiation, Hsp27 level increases
and is maximal after 24 h when DNA synthesis
is decreased by about 80%.After 72h of differen-
tiation, Hsp27 level is drastically decreased and
this protein is almost undetectable. It was ob-
served that an 80% underexpression of Hsp27,
which attenuated cell growth arrest, aborted
the differentiation process of ES cells because of
their overall death by apoptosis [Mehlen et al.,
1997b]. Similar aborting processes were ob-
served when Hsp27 expression was impaired in
rat olfactory precursor neurons [Mehlen et al.,
1999]. Using the same approach it was observed
that the differentiation of embryonal carcinoma
P19 cell line in cardiomyocytes was impaired by
low level of Hsp27 expression [Davidson and
Morange, 2000]. The transient expression of
Hsp27 during early differentiation is therefore
not related to a specific cell differentiation pro-
gramand the presence ofHsp27, probably in the
form of large oligomers, is needed to counteract

an aberrant differentiation or, if the decrease in
Hsp27 level is important, a massive apoptosis
process. This hypothesis is supported by the
finding that in the population of cells commit-
ted to differentiate, Hsp27 accumulation takes
place only in differentiating cells that will not
undergo apoptosis [Mehlen et al., 1999]. Con-
cerning the other sHsps, it is noteworthy that
aB-crystallin negatively regulates apoptosis
during myogenic differentiation by inhibiting
caspase-3 activation [Kamradt et al., 2002].
Since most of the above described studies were
centered on Hsp27 and aB-crystallin, future
experiments in which impairment of sHsps ex-
pression is induced by RNA interference are
urgently needed in order to get rid of a plausible
redundancy in sHsps functions.

Overexpression of sHsps mediated by cell
transfection with DNA expression vectors has
been tested in several differentiation models.
For example, in murine ES cells, Hsp27 overex-
pression enhanced the differentiation-mediated
decreased rate of cell proliferation but did not
alter morphological changes [Mehlen et al.,
1997b]. However, during the differentiation
process, Hsp27 overexpression was found to
gradually vanish, hence resulting in a level of
Hsp27 similar to that observed in cells trans-
fected with a mock vector. This suggests the
existence of a mechanism that inhibits a too
high production of Hsp27 during ES cell
differentiation. Differentiation also normally
occurred in olfactive neurones overexpressing
Hsp27 except that a smaller fraction of cells
underwent apoptosis [Mehlen et al., 1999]. The
effect was more severe during chondrocyte
differentiation since Hsp27 overexpression in-
terfered with differentiation leading to loose
masses of dying cells [Favet et al., 2001]. Hence,
the level ofHsp27 expression is a crucial param-
eter that controls the decision of the cell to
undergo either growth arrest and differentia-
tion or apoptosis.

CONCLUSIONS: POSSIBLE LINKS BETWEEN
sHsps FUNCTIONS AND APOPTOSIS

INHIBITION DURING DIFFERENTIATION

The Chaperone Hypothesis

Intracellularmodifications, structural aswell
as functional, of differentiating cells can lead
to unfavorable conditions for some proteins or
create unspecific interactions. Then cells may
need chaperones to prevent them from the
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toxicity ofmisfoldedproteinaggregation or from
inaccurate protein interactions. Several facts
are in favor of this hypothesis. First, as de-
scribed above many differentiation programs
correlate with the formation of large Hsp27
oligomers [Spector et al., 1993; Chaufour et al.,
1996; Mehlen et al., 1997b] which represent
the active form of the protein as a molecular
chaperone [Rogalla et al., 1999]. Second, an
intriguing observation was that once differen-
tiated in keratinocytes, human HaCat cells can
undergo adedifferentiation-like process that re-
increases Hsp27 level as well as the native size
of this protein [Arrigo and Ducasse, 2002]. This
suggests that the appearance of the chaperone-
active form of Hsp27 is not a basic effect related
to cell differentiation per se but is aimed at
protecting the cells undergoing drastic changes
in their protein content, structural organiza-
tion, and/or localization. By decreasing their
intracellular level, Hsp27 large oligomeric
structures are probably overwhelmed and can-
not cope with the drastic protein changes that
occur during cell differentiation. Accumulation
of junk protein structures may then lead to
aberrant differentiation processes or apoptosis.
Third, during the differentiation of murine ES
cells, the transient increase ofHsp27native size
is concomitantwitha cellularprotectionagainst
apoptosis [Mehlen et al., 1997b].

Some proteins may also need to be protected
from a transient hostile environment. On the
opposite, sHsps could promote degradation of
proteins that have become useless or undesir-
able for differentiated cells. In support of this
hypothesis we noticed that the up-regulation
of Hsp27 is often correlated with a stimulated
activity of the 20S chymotrypsin activity of the
proteasome.

The next question concerns the substrates
that are recognized by Hsp27 large oligomers:
are they always the same or are they specific to
each differentiation process? Cytoskeletal pro-
teins are probably among the preferred sub-
strates. For example, during the keratinocyte
differentiation of PAM212 cells, murine Hsp27
appears to drive the disassembly of the keratin
network through the sequestration of keratin
5 and 14 subunits, thus permitting a switch
from the keratin MK5/MK14 network to a new
keratin MK1/MK10 network [Duverger et al.,
2004]. The disruption of the MK5/MK14 net-
work may involve a partial unfolding of keratin
subunits that are sequestered bymurineHsp27

to prevent undesirable interactions and aggre-
gation. It is not yet knownwhetherHsp27/MK5/
MK14 structures are a first step toward degra-
dation or a sequestration of keratins that can be
reused once they have readopted their native
state. Future studies will have to test whether
sHsps involvement during other types of dif-
ferentiation processes is related to their ability
to drive a proper disassembly/assembly of in-
termediate filament networks or other protein
complexes or depends on their capacity to regul-
ate actin polymerization [Mounier and Arrigo,
2002]. An important fact to mention con-
cerns the ability of sHsps to form tissue-specific
hetero-oligomeric structures with themselves.
Only few of these complex structures have been
characterized yet, thus future studies will have
to test whether those multiple, specific, and
dynamic sHsps interactions can be seen as a
highly modulatable system able to face rapidly
with changes such as cellular differentiation.
For example, Hsp27 and aB-crystallin, but not
MKBP, are localized on well-developed actin
bundles specific to myotubes, underlying the
fact that two structurally independent sHsps
complexes may have specific interactions with
distinct molecular targets.

The Anti-Apoptotic Hypothesis

Hsp27 or aB-crystallin overexpression coun-
teracts apoptosis induced by different agents by
acting at different levels of the mitochondrial
apoptotic pathway. Cell death that sponta-
neously occurs during normal cell differentia-
tion or which is massive when differentiation is
triggered in cells underexpressingHsp27 is still
not well characterized and further studies are
needed to evaluate the protective role of sHsps
in this process.

The Redox State Hypothesis

Analysis of murine ES cells differentiation
revealed that this phenomenon correlates with
a drastic increase in the intracellular level of
reduced glutathione. This increase may ini-
tiate the metabolic modifications implicated by
the differentiation program since the redox
state can modulate the activity of transcription
factors. On the opposite, it may protect the
cell from the changes of the redox parameters
that occur during the differentiation. An intri-
guing observationwas that the kinetics of gluta-
thione increase was similar to that of Hsp27
[Mehlen et al., 1997b]. Hsp27 and aB-crystallin
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overexpression is characterized by a protec-
tive effect against oxidative stress, through the
ability of these proteins to increase reduced
glutathione levels and to maintain the redox
parameters of the cells [Arrigo, 2001]. Though,
only the large oligomers of Hsp27 modul-
ates glutathione levels [Mehlen et al., 1997a].
Further work is therefore needed to deter-
mine the impact of Hsp27 toward the redox
state modulation that can be detected during
differentiation.
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