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Death versus survival: functional interaction
between the apoptotic and stress-inducible
heat shock protein pathways
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Induction of heat shock proteins (Hsps) following cellular damage can prevent apoptosis induced by both the intrin-
sic and the extrinsic pathways. The intrinsic pathway is characterized by mitochondrial outer membrane permeabili-
zation (MOMP), cytochrome ¢ release, apoptosome assembly, and caspase activation. Hsps promote cell survival by
preventing MOMP or apoptosome formation as well as via regulation of Akt and JNK activities. Engagement of the
TNF death receptors induces the extrinsic pathway that is characterized by Fas-associated death domain-dependent
(FADD-dependent) caspase-8 activation or induction of NF-kB to promote cellular survival. Hsps can directly sup-
press proapoptotic signaling events or stabilizing elements of the NF-kB pathway to promote cellular survival.

Introduction

Exposure of cells to potentially damaging stresses such as UV or
nutrient withdrawal induces signals able to mediate cell death, or
alternatively, survival pathways that allow cells to tolerate and/or
to recover from the damage imposed. This paradoxical activation
of both pro- and antiapoptotic events in response to the same
stimulus ensures that neither aberrant cellular survival nor inap-
propriate cell death arises and, in doing so, averts the onset and
persistence of the pathological state.

The network of heat shock or stress proteins represents an
emerging paradigm for the coordinated, multistep regulation
of apoptotic signaling events to provide protection from and to
facilitate cellular recovery after exposure to damaging stimuli
(1-3). Heat shock proteins (Hsps) constitute a highly conserved
and functionally interactive network of chaperone proteins, some
of which are constitutively expressed and others of which are rap-
idly induced in response to a variety of chemical, environmental,
and physiological stresses. Their collective ability to disaggregate,
refold, and renature misfolded proteins offsets the otherwise fatal
consequences of damaging stimuli (4, 5). This protective function
of Hsps has been suggested to reflect their ability to suppress sev-
eral forms of cell death, including apoptosis.

The Hsp70 and Hsp90 subfamilies are composed of an N-termi-
nal ATPase domain and a C-terminal peptide-binding region that
is further characterized by an extreme C-terminal EEVD motif,
required for interdomain communication and peptide-binding
capacity (6). The C-terminus of Hsp70 is absolutely required for
many of its antiapoptotic effects (7). However, the role of the
ATPase domain is less clear. Some studies suggest that the ATPase
domain, although required, is not sufficient to protect against
apoptosis (7), while others indicate that the ATPase domain alone
is independently able to inhibit aspects of apoptotic signaling (8).

Nonstandard abbreviations used: DR, death receptor; FADD, Fas-associated death
domain; Hsp, heat shock protein; IAP, inhibitor of apoptosis; IKK, IkB kinase; MOMP,
mitochondrial outer membrane permeabilization; TRADD, TNFR1-associated death
domain.
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Biochemical characterization of apoptosis

The primary biochemical signature of apoptosis is the activation
of caspases, a family of cysteine proteases with specificity for aspar-
tate residues (9, 10). Caspases are produced as inactive zymogens
and are broadly characterized according to their mode of activa-
tion — (a) “initiator” caspases, including caspase-2, -8, and -9, and
(b) “executioner” caspases, exemplified by caspase-3, -6, and -7.

The initiator caspases form active catalytic dimers via associa-
tion of their long pro-domains with 1 of several adapter molecules
with selectivity for individual caspases (11). In contrast, the execu-
tioner caspases become catalytically active only after cleavage by
the active initiator caspases (11). Once activated, executioner cas-
pases can cleave the initiator caspases. This does not necessarily
lead to their activation, but it may serve to stabilize active initiator
caspase dimers (11) or render them subject to regulation via the
inhibitors of apoptosis (IAPs) (12, 13). This hierarchy of caspase
activation generates a cascade culminating in executioner-medi-
ated cleavage of substrates including iCAD (14), PARP (15), fodrin
(16), p75 (17), actin (18), and focal adhesion kinase (FAK) (19),
to display an array of phenotypic characteristics including loss of
mitochondrial membrane potential, cell blebbing, condensation
and fragmentation of chromatin, and redistribution of lipids in
the outer plasma membrane.

The mechanism by which active caspases are generated has led to
the categorization of the intrinsic (Figure 1) and extrinsic (Figure
2) apoptotic pathways. The intrinsic pathway is associated with
mitochondrial outer membrane permeabilization (MOMP), cyto-
chrome c release, and the activation of procaspase-9. In contrast,
the extrinsic pathway can (but does not always) proceed indepen-
dently of any alteration in mitochondrial function but is instead
characterized by the ligation of cell surface death receptors via spe-
cific death ligands to generate catalytically active caspase-8. Both
pathways result in activation of the executioner caspases and cleav-
age of their target substrates to induce apoptosis.

Antiapoptotic role of Hsps

The Hsp27, Hsp70, and Hsp90 subfamilies have been implicated
in the protection against apoptosis induced by a variety of stim-
uli, including chemotherapeutically induced DNA damage, UV
radiation (20), polyglutamine repeat expansion (21), death recep-
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tor ligation (22, 23), heat shock (7, 24), nutrient withdrawal (25),
ceramide (26), reactive oxygen species, ER stresses, proteasome
inhibition, and cytoskeletal perturbation. In many cases this inhi-
bition is observed as a suppression of caspase activation and the
consequent inhibition of substrate cleavage (7, 27, 28). Because
these events represent the functional end point of upstream apop-
totic signals, it is difficult to decipher the likely mechanisms that
mediate the survival-promoting effects of the Hsps.

Regulation of mitochondria-mediated apoptosis:

the intrinsic pathway

One defining feature of the intrinsic apoptotic pathway is per-
turbation of mitochondrial function to induce MOMP and the
release of proapoptotic factors that normally reside in the inter-
membrane space. These include cytochrome ¢ (29, 30), the serine
protease HtrA2/Omi (31), AIF (32), Smac/DIABLO (33, 34), and
endonuclease G (35) (Figure 1). Although the Bcl-2 family of pro-
teins play a pivotal role in regulating MOMP (36, 37), the physi-
ological significance of each of the intermembrane proteins, once
released, remains unclear. This may be attributed to the reported
dependence on caspase activity to mediate the release of some of
these factors (38), suggesting an ancillary rather than requisite role
in cell death.

Regulation of MOMP

Permeability of the outer mitochondrial membrane is regulated via
the opposing activities of the pro- and antiapoptotic members of
the Bcl-2 family. The ability of the multidomain proapoptotic Bcl-2
proteins Bax and Bak to induce MOMP is regulated by a number
of mechanisms, including changes in localization (Bax ordinarily
resides in the cytosol but translocates to the mitochondria follow-
ing apoptotic stimuli) and alterations in their conformation and
oligomeric status. These changes in Bax and Bak, concomitant
with their acquisition of permeabilization ability, are likely medi-
ated via the BH3-only proteins, e.g., Bid, Bim, Bmf, and Bad, each of
which is subject to differential regulation according to the type of
apoptotic stimulus imposed on the cell (39, 40). For example, Bid is
cleaved and activated by caspase-8 following death receptor ligation
(41, 42); Bim (43, 44) and Bmf (45) are constitutively sequestered
to cytoskeletal components and are released to exert their proapop-
totic activities after treatment with drugs such as taxol, or cellular
detachment (anoikis), respectively; and the ability of Bad to induce
apoptosis is revealed by changes in its phosphorylation status fol-
lowing cytokine withdrawal (46, 47).

Hsps can inhibit the mitochondrial release of cytochrome ¢
(7, 48, 49), consistent with their ability to inhibit caspase activa-
tion and substrate cleavage during heat shock-induced death
(7). Whether the ability of Hsp70 to block cytochrome ¢ release
reflects a direct effect on mitochondrial integrity or the indirect
consequences of its intervention at 1 or more points upstream of

Figure 1
Regulation of the intrinsic pathway by Hsps. Hsps regulate several
aspects of the intrinsic apoptotic pathway. These include both direct
mediators — e.g., Bax — and indirect regulators — e.g., Akt — of
mitochondrial membrane permeabilization to prevent MOMP as well
as events downstream of mitochondrial disruption to regulate apopto-
some assembly. Caspase-independent cell death may also be affected
via Hsp-mediated suppression of AlF activity and inhibition of lyso-
some permeabilization and cathepsin release.
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MOMP is unclear (7, 48, 49). However, based on recent studies, the
latter seems more likely.

Both Hsp27 and Hsp70 can modulate Bid-dependent apop-
tosis (49, 50). Caspase-8-dependent cleavage of Bid and subse-
quent Bax/Bak-dependent release of cytochrome ¢ integrates the
extrinsic and intrinsic pathways (Figure 2). Hsp70 inhibits TNF-
induced release of cytochrome ¢ by suppressing caspase-8-medi-
ated cleavage and activation of Bid, independently of its chaper-
oning ability (50). Hsp27 can also prevent the translocation of Bid
to the mitochondria, which may be related to the ability of Hsp27
to stabilize the cytoskeleton.

In addition, Hsp70 and its co-chaperone Hsp40 prevent the
translocation of Bax to the mitochondria during NO-mediated
apoptosis, an event that requires both the ATPase and peptide-
binding activities of Hsp70 (51) (Figure 1). The co-chaperone
proteins play an essential role in regulating the peptide-folding
capacity of the Hsps by mediating the interconversion of the ADP-

review series

versus ATP-bound states of the Hsps and represent an aspect of
Hsp function yet to be fully integrated into our understanding of
the role of Hsps in negatively regulating cell death.

MOMP also releases AIF, a factor involved in the induction
of caspase-independent cell death (32, 52) (Figure 1). Although
Hsp70 has not been shown to regulate the release of AIF from
mitochondria, it does interact with AIF to prevent the nuclear
translocation and pro-death signaling of this molecule (53, 54).
In a recent study, an AIF-derived protein that retained the Hsp70-
interacting domain but not its death-inducing activity conferred
chemosensitivity to several human cancer cell lines. This was
attributed to its ability to sequester and neutralize the antiapop-
totic activities of Hsp70 (55). In addition, antisense for Hsp70
can induce a caspase-independent tumor cell death (56) that has
been attributed to the ability of Hsp70 to maintain the integrity
of lysosomal membranes to prevent cathepsin release into the
cytosol (57) (Figure 1).

Other J_

~B
stress-mediated —— g [ INK |
kinase pathways b
S S P — [
P53, c-Myc,
Bad, Bmf, Bim,

[\

W t5id |

Bel-2, Bel-x,
Intermembrane
space proteins

oy
-]

Figure 2

(0 oo

Active
{ IKK
caspase-8 +l complex
L P
(niK) —E—» w
- Y
Inactive l
caspase-3 P +
e, L —_—
IxB
degradation
Active l
caspase-3 @

Transcriptional induction of
c-lIAP1, c-IAP2, A1, TRAF1

Survival

Regulation of the extrinsic pathway by Hsps. Hsps regulate at multiple points within the signaling pathways activated by ligation of a cell sur-
face death receptor by the appropriate ligand. These include the maintenance of prosurvival signals generated via TNF-mediated activation of
NF-kB and suppression of proapoptotic signaling events, e.g., JNK activity and Bid cleavage. Integration of the extrinsic and intrinsic pathways
is mediated via the caspase-8—mediated cleavage and activation of Bid as well as activation of JNK, which can impact on numerous molecules

that regulate mitochondrial integrity (shown in the shaded area).
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Negative regulation of apoptosome assembly

Cytochrome c, integral to the maintenance of mitochondrial respi-
ration, is rapidly released into the cytosol following permeabiliza-
tion of the outer mitochondrial membrane by the insertion of the
multidomain Bcl-2 proteins Bax and Bak (36, 37). Once released,
cytochrome ¢ induces assembly of the apoptosome, a complex
composed of cytochrome ¢, oligomerized Apaf-1 (58, 59), and pro-
caspase-9 (60) (Figure 1). Formation of this complex relies on the
interaction between Apaf-1 and procaspase-9 via their respective
caspase recruitment domains (CARDs) to generate active caspase-9
dimers, which then cleave and activate the executioner caspases
(60). Apoptosome assembly represents a key regulatory point at
which both Hsp70 and Hsp90 can halt the progression of apop-
totic signaling, by directly interacting with Apaf-1 to prevent its
oligomerization and/or association with procaspase-9 (61, 62).
Although these observations were recently challenged (48), it is
nevertheless intriguing to note that the abilities of Hsp70 and
Hsp90 to negatively regulate apoptosome assembly parallel their
role in the regulation of protein conformation and/or oligomer-
ization. Hsp27 may also disrupt apoptosome formation via its
interaction with and sequestration of cytochrome c after its release
from the mitochondria (63).

Hsp-mediated regulation of pro- and

antiapoptotic signaling

Hsps have a profound impact on the activities of several prosur-
vival signaling cascades, including those mediated by Ak, JNK,
and NF-xB. By regulating the activities of these upstream signal-
ing molecules, the Hsps can exert an effect on a diverse number of
events both distal and proximal to mitochondrial disruption as
well as elements of the signaling machinery within the extrinsic
pathway (Figure 2).

PI3K and its kinase effector protein kinase B (PKB/Akt) exert a
potent prosurvival activity when engaged by cytokines including
IGF-1, IL-2, PDGF, and nerve growth factor (64). Withdrawal of
these cytokines can elicit an apoptotic cell death that is blocked
via Hsps (25, 65). Akt can promote cellular survival via 1 of sever-
al mechanisms. These include Akt-mediated phosphorylation of
Bad that leads to the sequestration of Bad by the 14-3-3 proteins
(66) to prevent its heterodimerization with Bcl-2 or Bcl-x;. (46,
47); phosphorylation and inactivation of the forkhead transcrip-
tion factor FKHRL1 (67), whose target genes include FasL (67),
Bim (68), and IGF-1-binding protein (67); and phosphorylation
of IkB to promote the activation of NF-xB (69) and consequent
upregulation of several antiapoptotic genes including c-IAP1 (70),
c-IAP2 (71),and A1 (72).

Hsp-mediated suppression of cytokine withdrawal-induced
apoptosis likely reflects the ability of Hsps to maintain the activ-
ity of Akt in the absence of cytokine signaling (73-75). Hsp90, in
complex with Cdc37, maintains the stability and activity of Akt by
inhibiting its dephosphorylation by PPA2, leading to enhanced cel-
lular survival (73, 76). Pharmacological disruption of Hsp90, using
geldanamycin, also sensitizes cells to the proapoptotic effects of
taxol, a microtubule disruptor, and to the PKC inhibitor UCN-01
(77). This correlates with the ability of geldanamycin to induce
the destabilization of Akt and an enhancement of Bax-dependent
release of cytochrome ¢ and Smac/DIABLO from mitochondria
(78). Hsp27 may also maintain the stability of Akt following apop-
totic stimuli that would ordinarily induce its destabilization (735,
79). Hsp27 is phosphorylated by MAPK-activated protein kinase 2
2636
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(MAPKAP-K2), an event essential for the ability of Hsp27 to pro-
mote survival. Hsp27, recently reported to form a signaling com-
plex with Akt, p38 MAPK, and MAPKAP-K2, is also subject to
phosphorylation by Akt. This results in the promotion of an inter-
action between Akt and Hsp27 and a consequent enhancement of
Akt stabilization and cellular survival (75, 79).

Activation of the stress-inducible JNK signaling pathway medi-
ates both pro- and antiapoptotic effects depending on the type and
duration of the damaging signal as well as cell type (80). Direct
targets of JNK activity include Bcl-2 and Bcl-x., both of which can
be phosphorylated and inactivated by JNK (81-83). JNK may also
engage the mitochondrial death pathway via direct phosphoryla-
tion and activation of Bim and Bmf (84). Recent data also indicate
that JNK-mediated phosphorylation of 14-3-3 proteins can facili-
tate the translocation of Bax to the mitochondria (85). The pro-
apoptotic BH3-only protein Bad is also directly phosphorylated
via JNK, although the biological consequence of this event remains
unclear (86). This ability of JNK signaling to directly regulate the
activities of 1 or more of the Bcl-2 family members is consistent
with the failure of UV to induce cytochrome ¢ release in cells lack-
ing JNK (87). Both p53 (88) and c-Myc (89), genes commonly
implicated in the etiology of cancer, are regulated by JNK; likewise,
both have been shown to directly modulate apoptotic signaling
events. At least in the case of pS3, this reflects its ability to directly
activate Bax or to bind to and sequester antiapoptotic Bcl-x; in a
manner analogous to that ascribed to the BH3-only Bcl-2 proteins,
leading to induced cytochrome ¢ release, caspase activation, and
apoptotic cell death (90). The ability of JNK to influence mito-
chondrial integrity is summarized in Figure 2.

Several studies have suggested that the ability of Hsp70 to sup-
press apoptosis is a direct consequence of its ability to negatively
regulate JNK signaling events. Hsp70’s negative regulation of JNK
activation, and therefore the downstream consequences of its activ-
ity, occur independently of its ATPase activity (24, 91) via 1 of 2 pos-
sible mechanisms: either suppression of its direct phosphorylation
and activation by the upstream kinase SEK (92), or inhibition of
the stress-induced suppression of JNK dephosphorylation (93).

Antiapoptotic role of Hsps in the extrinsic pathway

The death receptors belong to a large family of TNF receptor-relat-
ed members, including TNFR1, Fas, and death receptor 5 (DRS,
or TRAILR2), that, when engaged by trimers of their appropriate
ligands (TNF, FasL, and TRAIL, respectively), trimerize to elicit
an effective and rapid induction of caspase-8-dependent apop-
tosis that frequently bypasses the requirement for mitochondrial
involvement (Figure 2). Following ligand-induced oligomerization
of the death receptor, specialized recruitment domains — death
domains (DDs) — recruit DD-containing adapter molecules such
as Fas-associated death domain (FADD). FADD, in turn, via death
effector domains (DEDs), associates with procaspase-8, leading to
formation of active caspase-8 dimers (94). Subsequent autocleav-
age of procaspase-8 is observed (11), along with cleavage and acti-
vation of procaspase-3 (Figure 2).

Several studies have reported the ability of Hsps to regulate Fas-,
TNEF-, and TRAIL-dependent pathways of apoptotic cell death
(22,23,95-101). However, their underlying mechanisms of action
are likely extremely complex, with studies concluding that Hsps
can elicit either a positive or a negative effect to promote or to
inhibit apoptosis via a number of suggested pathways including
suppression of phospholipase A2 activation (99), inhibition of
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the generation of reactive oxygen species (102), and suppression
of phosphatase activity (95).

The diversity of death receptors and ligands along with the
complexity of their adapter proteins generates an equally com-
plex series of signaling pathways, some of which can mediate
cell death, and others of which paradoxically mediate enhanced
cellular survival. For example, TNFR1, via a mechanism depen-
dent on TNFR1-associated death domain (TRADD) and FADD,
can mediate the activation of caspase-8 and consequent apop-
totic cell death (103-105). Alternatively, the adapter molecule
TRADD can mediate the FADD-independent recruitment of a
TRAF/RIP kinase complex (104, 105), leading to the derepres-
sion and nuclear translocation of NF-kB. NF-kB is then able
to induce the expression of several survival proteins, including
c-IAP1 (70), c-IAP2 (71), TRAF1 and TRAF2 (106), and the anti-
apoptotic Bcl-2 homolog Al (107).

NF-kB is ordinarily sequestered in an inactive cytosolic form
via its interaction with IkB. Once phosphorylated by the multi-
subunit IxB kinase (IKK) complex, IkB is subject to ubiquitina-
tion and proteasome-dependent degradation, leading to the
release of NF-kB. The ability of Hsp27 and Hsp90 to regulate
TNF-mediated cellular survival has been linked to their ability
to regulate the stability and activity of a number of components
of the NF-kB activation pathway, primarily at the level of the
IKK complex (108-110). For example, Hsp90, in complex with
Cdc37,a co-chaperone that functions in cooperation with Hsp90
(111, 112), binds to the IKK complex via interaction with both
the regulatory subunit IKKy (NEMO) and the kinase domains of
the catalytic subunits IKKa and IKKf (108). This Hsp90-medi-
ated IKK-containing complex appears essential for the efficient
TNF-mediated activation of NF-kB and its survival-promoting
effect (108). Accordingly, geldanamycin, a proposed anticancer
agent with specificity for Hsp90, confers an enhanced sensitiv-
ity of cells to TNF-induced death, consistent with its ability to
disrupt Hsp90-containing signaling complexes (113). In contrast,
the ability of Hsp27 to interact with both catalytic subunits of the
IKK complex, IKKo and IKK, the latter of which is enhanced via
the TNF-induced activation of MAPK-dependent phosphoryla-
tion of Hsp27, leads to the enhanced inhibition of IKK activity,
reduced IkB degradation, and consequent suppression of NF-kB
activation (109). These effects of Hsp27 appear to contradict pre-
vious findings that it can suppress TNF-induced apoptosis (23,
114), but they may simply indicate how poorly we understand
the underlying complexity of TNF-induced signaling events and
how these might be differentially offset according to the relative
expression levels of different Hsps and their predominant mode
of antiapoptotic activity. Indeed, a more recent study attributes
the survival-promoting activity of Hsp27 to the maintenance of
NF-kB activity via its ability to promote the proteasome-depen-
dent degradation of IkB (110).

The ability of the Hsps to regulate elements of the death recep-
tor-mediated pathways also includes effects at the level of the
individual receptor-bound complexes. For example, ligation
of the Fas receptor, in addition to leading to the FADD-depen-
dent recruitment and activation of procaspase-8, has also been
reported to elicit a FADD-independent pathway via the recruit-
ment of the adapter DAXX, which in turn leads to the activation
of the MAPKKK apoptosis signal-regulating kinase 1 (ASK1) and
downstream induction of JNK (115, 116). Although the role of
DAXX in mediating Fas-induced death is controversial (117), the
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survival-promoting effects of both Hsp27 and Hsp90 have been
linked to their ability to regulate the recruitment of DAXX (116)
and ASK1 (118) to the Fas signaling complex. Hsp90 can also
bind directly to, and stabilize, RIP1 (119, 120), thereby providing
a more robust signal to induce NF-xB activation and enhanced
cellular survival (113) (Figure 2).

Hsps as pharmacological targets

In normal cells under nonstressed conditions, the inducible
members of the Hsp family are poorly expressed and are only
induced after changes in cellular environment or in response to
damaging stimuli. In contrast, the expression levels of several
members of the Hsp family are significantly elevated in many
cancers, and in the case of some tumor types this is linked with
poor prognosis and a muted response to chemotherapy (121,
122). It is unclear precisely why Hsp levels are elevated in tumor
cells. It may reflect an elevation in the expression of misfolded
proteins and a consequent increase in the demand for Hsp-
mediated refolding capacity; or, alternatively, the microenviron-
ment within the tumor, often hypoxic and glucose restricted,
may favor the hyperexpression of several Hsps. It is also unclear
whether the overexpression of Hsps in tumors simply supports
the malignant phenotype (56), or whether they play a more
fundamental role in the development and manifestation of the
transformed phenotype (123).

Whatever their precise role, the correlation between Hsp
overexpression and chemoresistance in many tumor types is likely
due, atleastin part, to the ability of Hsps to inhibit apoptosis. For
that reason, the pharmacological manipulation of Hsp levels likely
represents an as-yet underexploited opportunity either to render
tumor cells susceptible to the induction of apoptosis by chemo-
therapeutics and/or UV irradiation or, alternatively, to directly and
selectively disrupt their survival.

Geldanamycin and an analog, 17AAG, represent the only Hsp-
targeted pharmacological agents so far described. These agents
bind to and block the nucleotide-binding pocket of Hsp90 and,
by doing so, disrupt interactions between Hsp90 and its target
proteins (124, 125). Targets of Hsp90 that are directly regulated
by their ATP-dependent association with Hsp90 include Ras, pS3,
and Ake, all of which are frequently dysregulated in cancer and play
an essential role in the maintenance and progression of the trans-
formed state. Whether this mode of activity might be applied for
the disruption of interactions between other Hsp family members
and their target proteins has yet to be explored. It does, however,
remain a tantalizing possibility that Hsp-targeted pharmacologi-
cal strategies may herald the advent of a novel approach to render-
ing tumor cells sensitive to conventional chemotherapies.

Conclusion

The rationale for a functional interaction between an ancient
and highly conserved cellular protective mechanism and a simi-
larly evolutionarily maintained series of pathways to engage cell
death seems somewhat intuitive. Just as all species harbor an
inducible protective Hsp or stress response, elements of the core
apoptotic machinery are likewise found in both uni- and multi-
cellular organisms. It has yet to be determined whether aspects
of the Hsp-mediated regulation of apoptotic events observed in
mammalian systems are common to lower-order organisms. How-
ever, it remains a distinct possibility that to ensure homeostatic
regulation of cell number during development and in response to
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damaging events, evolution has incorporated a vital and necessary
susceptibility of death-inducing signals to the opposing regula-

tory effects of the Hsp stress pathway.
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