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Foreword

Stress proteins such as the heat shock proteins (Hsp) and glucose-regulated proteins
(Grp) are front-line molecules in responses to cellular insult and play key roles in
the viability of single cell organisms exposed to environmental stresses. However,
the discovery of the roles of Hsp and Grp as molecular chaperones indicates much
wider functions in the physiology of cells and organisms. It is now clear that some
stress proteins are expressed constitutively and are key mediators of housekeeping
protein folding in the day-to-day existence of the cell. The maturation of enzymes,
transcription factors, and cell surface receptors relies on these functions of the stress
proteins. In addition, the ability of stress proteins to manipulate the structures of
target proteins has lent them cell regulatory properties over and above their role
in folding the proteome and they play key roles in controlling signal transduction,
cell death pathways and transcription. Recently, novel extracellular roles for the
Hsp have also emerged as it has become apparent that the Hsp can escape from the
cytoplasm of cells and play a significant extracellular role in signaling to neighbor
cells and in immunosurveillance. As might be expected with such key molecules,
dysregulation of Hsp expression over time can lead to disastrous results in terms
of the health of the organism. Under-expression of the Hsp is associated with
advanced aging and neurodegeneration. Elevated expression is associated with
malignant progression. We have aimed in this volume to indicate advances in each
of these aspects of stress protein research, with chapters ranging from basic studies
of the role of Hsp in protein folding to reviews examining the breakdown of stress
protein regulation in disease.

Stuart K. Calderwood

Harvard Medical School
July 25, 2006
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Introduction: Heat Shock
Proteins—From Drosophila Stress
Proteins to Mediators of Human Disease

STUART K. CALDERWOOD
Division of Molecular and Cellular Radiation Oncology, Beth Israel Deaconess Medical

Center, Harvard Medical School, Boston, MA 02215; Department of Medicine, Boston
University School of Medicine, MA 02118

Nowadays heat shock proteins (HSP) seem to be everywhere and can apparently do
anything. But it was not always so. For many years HSP genes were academic ar-
cana, curiosities apparently confined to the salivary glands of fruit flies. Their study
was initiated by the discovery of a new gene expression pattern, through a happy
accident involving the overheating of a Drosophila salivary gland preparation on
a microscope stage (Ritossa, 1962). This was first reported as, “A new puffing
pattern induced by temperature shock and DNP in Drosophila” in 1962 (Ritossa,
1962). However, it was to take another 10—15 years before the first Drosophila
HSP mRNA was isolated (Ashburner, 1982). Around this time (1978) the HSP
“went global” and were discovered in mammalian tissue culture cells, in E. coli, in
yeast, and in plants (Kelley and Schlesinger, 1978; Lemeaux et al., 1978; Bouche
etal., 1979; Miller et al., 1979; Barnett et al., 1980; Hightower and White, 1981).
The heat shock field emerged as a major study area in experimental biology at
the 1982 meeting Heat Shock: From Bacteria To Man, held at the Cold Spring
Harbor Laboratory (Ashburner, 1982). At this time, however, the functions of the
HSP remained mysterious and the details of regulation of Asp gene expression
were only beginning to emerge. All that was known was that the proteins appeared
to possess “homeostatic activity” and were (as they are to this day) associated
with resistance to heat shock and other stresses (Chapter 2). However, with the
intensive international effort and the wealth of experimental systems available in
the early 1980s, the concept began to emerge that the HSP belonged to a new
kind of proteins which function to modify the structures of other proteins. Most
notably the functions of the E. coli genes DNA-K (HSP70), DNA-J (HSP40), and
GroEL (HSP60) were determined genetically in study of A-phage replication and
biochemical analysis of the clathrin coated pits at the membranes of mammalian
cells hinted at a new function for HSP70 (Schlossman et al., 1984; Georgopolis
and Welch, 1993). The HSP were apparently required to fold the proteins involved
in A-page replication and to disassemble the proteins involved in the huge lattice
structures of the clathrin coats with the aid of ATP hydrolysis. HSP70 was de-
scribed as an “unfolding ATPase,” a protein that could use the energy derived from
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ATP and an intrinsic ATPase activity, to influence quaternary interactions between
proteins (Schlossman et al., 1984). Heat shock proteins thus became known as
“molecular chaperones” due to their role in associating with other proteins and
among other things, discouraging promiscuous interactions, and this name has
been retained to the present time (Georgopolis and Welch, 1993). The molecular
and biochemical mechanisms involved in “molecular chaperoning” by members
of the “small HSP family,” HSP70 and HSP110 are described in Chapters 7—11.
In addition we will discuss a gene family which is an offshoot of these HSP fam-
ilies with specialized roles in protein trafficking in the endoplasmic reticulum;
and the properties of these “glucose regulated proteins, or GRP, are described
in Chapter 4. We have not included chapters on the elegant structural studies of
GroEL/HSP60 HSP family, as we felt that this would require a volume all of its
own.

During this period 1980-1990, huge strides were also made in elucidating the
processes underlying transcriptional regulation of HSP genes. In eukaryotes, a
cis-acting element (the heat shock element, or HSE) that conferred heat shock
regulation on genes was discovered first in Drosophila, and then strikingly similar
sequences were found in yeast, avian, and mammalian cells (Pelham and Bienz,
1982) (Chapter 5). Discovery of the HSE sequence was then instrumental in the
isolation of the transcription factors (heat shock factor or HSF) that could re-
spond to heat shock, bind to the HSE, and activate HSP gene transcription (Sorger
and Pelham, 1988). An excellent review describes the early studies on the re-
finement of the canonical HSE sequence and the early studies on HSF regulation
(Wu, 1995) and chapters are included that describe current investigations on the
cellular (Chapter 6) and genetic (Chapter 5) analysis of HSF. Although HSP struc-
ture and function is remarkably conserved between prokaryotes and eukaryotes,
regulation of expression involves almost entirely remote systems and prokary-
otic HSP regulons are controlled through novel stress responsive o-factors and a
signaling cascade entirely different from that in eukaryotes (see Chapter 3).

In recent years the HSP have been assigned a more empowered role than that
of just chaperones and are now envisaged as central regulators of cell metabolism.
This new concept was heralded by the finding that HSP9O0 is required for gluco-
corticoid receptor activity and that in the absence of HSP90, GR fails to mature
to a transcriptionally active form (Picard et al., 1990). It has since been shown
that HSP9O0 carries out these functions in combination with HSP70 as well as a
host of cofactors (co-chaperones), in over 100 molecules most of which are signal
transduction molecules that must be maintained in a form poised for activation
by extracellular or intracellular signals (Pratt and Toft, 2003). Signaling through
HSP90 is discussed in Chapter 12 by Cheung-Flynn et al. and in Chapter 14 by
Avram Caplan. As an alternative, particularly during stress, molecular chaperones
can also mark their substrates for a more destructive fate. HSP70 and HSP90 have
been shown to bind the ubiquitin E3 ligase CHIP and thus their associated client
proteins are tagged with a polyubiquitin chain and delivered to the proteasome
for destruction (Chapter 13). The HSP thus function at the cross roads between
protein function and destruction.
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Of course, proteins with such essential roles in the cell are fine regulated in
terms of intracellular expression. Powerful mechanisms exist for both up- and
down-regulation of HSP expression (Chapters 5, 6). However, when regulation
breaks down and HSP levels increase or decrease beyond their prescribed levels, a
range of pathologies have been shown to develop. Low intracellular levels of HSP
are involved in the etiology of protein aggregation diseases characterized by the
inclusion of large protein aggregates in compromised or dying cells, features char-
acteristic of a range of neurodegenerative diseases (Chapters 15, 18). When HSP
levels increase due to the coopting of the HSP transcriptional pathway by onco-
genic signaling proteins, tumor growth is enhanced and a wide range of tumor types
contain aberrantly high HSP levels (Chapter 19). In addition, when cell membranes
become permeable in cells dying of necrosis, HSP can be released from cells along
with their cargo of chaperoned proteins and peptides, and these molecules can be
taken up by cells of the immune system and lead to immune interactions of the
immune system with the cells releasing HSP-antigen complexes (Chapters 16, 17).

A long road has thus been traveled since the Drosophila stress genes were stum-
bled upon, leading to the current status of HSP as key physiological intermediates
with roles in protein folding and cell regulation in all cellular organisms. We aim
here to give an overview of the current status of some of the key areas in the basic
study of heat shock proteins as well as their role in biology and medicine. With
such a large subject it is impossible to be entirely inclusive and we apologize to
those of our colleagues whose contributions may have been left unmentioned and
for the exclusion of some topics which might seem more significant to other people
in the HSP field.
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Biology of the Heat Shock Response
and Stress Conditioning

GEORGE A. PERDRIZET,! MICHAEL J. REWINSKI,! EMILY J. NOONAN,?
AND LAWRENCE E. HIGHTOWER?

! Departments of Surgery and Trauma, Hartford Hospital and University of Connecticut
School of Medicine, Hartford

2 Department of Molecular & Cell Biology, University of Connecticut, Storrs, CT

The heat shock or stress response has been studied mainly as a cellular response.
Most of the data come from bacterial cells, eukaryotic microorganisms (yeast
primarily), and cultured animal cells. Often these cultured cells are tumor cell
lines, i.e., cells that are functionally eukaryotic microorganisms as a consequence
of genetic changes that change their social behavior and proliferative control.
These systems have provided useful information about stress protein function
and their roles in the defensive cellular state of cytoprotection. However, a full
understanding of stress response biology in complex multicellular organisms re-
quires different thinking and different models. This conclusion stems from the
paradigm that the basic unit of function in animals and plants is not the individual
cell but the tissue. Therefore stress response biology in these complex biologi-
cal systems is primarily about tissue-level protection. Ultimately we would like
to know how these responses are deployed in humans and how these inducible
defenses may be used to prevent tissue damage from disease and from surgical
intervention.

It is now abundantly clear that cell stress proteins function both inside and
outside of cells. The exobiology of these proteins has been the subject of a re-
cent monograph entirely devoted to this topic and interested readers are referred
to this book (Henderson and Pockley, 2005). Here, we will describe four ani-
mal and tissue models that have provided information on tissue-level responses
to stress: (1) the Sonoran Desert topminnow Poeciliopsis, (2) in vitro cultures
of secretory epithelium of the winter flounder, (3) ex vivo studies of the rat
vascular endothelium, and (4) a rat kidney model for acute ischemia, either as
kidney procurement, cold storage, and transplantation or as in situ renal ischemia.
Studies using these model systems have been published separately (Hightower
et al., 2000; Norris and Hightower, 2000; House et al., 2001), but this is the first
article in which the stress biology of all of these systems has been described
together.
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1. Poeciliopsis as a Model Organism

The idea that selection for enhanced production of heat shock proteins (HSPs)
may occur in organisms living in a thermally stressful environment is a natural
outgrowth of the demonstration that HSPs play a central role in at least some
forms of thermotolerance. Species of Poeciliopsis from the river systems of north-
western Mexico are an ideal system to test this hypothesis. These live-bearing
topminnows are adapted to a variety of habitats, including relatively cool moun-
tain headwaters, small streams that shrink to isolated pools during the dry sea-
son, and broad rivers. In the desert environment, exposure to near-lethal heat
(>40°C) occurs routinely at certain times of the year, while in other seasons ex-
treme cold is encountered. Even on a daily basis, rapid changes in temperature
can occur, such as a 22°C change over a period of 3 hours (Bulger and Schultz,
1979). As poikilotherms, these fish encounter temperature changes unbuffered
by homeothermic mechanisms. Individual species are found in habitats that dif-
fer in the degree of thermal stress encountered. Survival of acute heat and cold
stress differs among species and has been correlated with the thermal characteris-
tics of different habitats (Bulger and Schultz, 1979, 1982). Local extinctions and
fragmentation in populations of desert species as a result of seasonal changes in
water flow have also contributed to the evolution of these fish (Vrijenhoek, 1989).
In contrast, representatives of this genus from southern Mexico inhabit a trop-
ical environment characterized by high rainfall and low seasonality. These fish
provide a backdrop against which adaptations to the desert environment can be
studied.

As an experimental model, the biological properties of these small aquarium fish
offer some specific advantages. Adults become sexually mature at 2.5-3 months
of age and have a life span of about 2 years. Young are born at 8—12-day intervals,
at a size of 7-8 mm, usually in broods of 8-20 but occasionally as many as 30 fish.
These fish are live-bearers and pregnant females carry active sperm for up to
6 months and can continue reproducing without being re-mated. In additional to
heterosexual populations, unisexual hybrid populations exist both in nature and
as laboratory creations. These hybridogenetic all-female fish have a hemiclonal
reproductive mechanism in which only the maternal genome is inherited clonally
(no reassortment or recombination with the paternal genome) and the paternal
genome is replaced each generation.

2. Heat Shock Response of Poeciliopsis

Conservation of the heat shock response across diverse taxa is seen in both the
mechanism of heat-inducibility of HSP synthesis, and in the conservation of in-
dividual HSPs at the level of function, protein sequence, and/or nucleotide se-
quence. These common characteristics were used in an investigation of the heat
shock response in one species P. lucida (White et al., 1994). Identification of the
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HSPs of P. lucida was made possible through the use of heterologous antibodies
and cDNA probes, as well as comparison of HSP induction profiles to those from
other organisms.

In many respects, the heat shock response of Poeciliopsis cells was typical of
that seen in other systems. Induction of Hsp70 synthesis is a threshold phenomenon
which generally corresponds to the upper range of temperatures organisms expe-
rience in the wild (dilorio, 1994). This is due to differences in the temperature-
sensing mechanism within particular cell types (Corces et al., 1981). Hsp70 was
first detected in gill tissue of fish that had been given a 33°C heat shock, whereas
Hsp30 was first detected in fish incubated at 37°C (dilorio, 1994). When the thermal
preferences of P. lucida were determined in a temperature-gradient tank (Fielding,
1992), fish were frequently seen at temperatures that induce synthesis of Hsp70,
and only rarely seen at temperatures that induce Hsp30 synthesis. At temperatures
>37°C a much more pronounced induction of Hsp70 occurs, along with the induc-
tion of Hsp30. Small increases in Hsp70 may be used by these fish to cope with
slightly elevated, but commonly encountered, temperatures which do not acutely
affect survival, thus allowing them to thrive in thermally unstable habitats. Hsp30,
along with higher levels of Hsp70, may be important in surviving less frequent,
severe thermal stress.

Poeciliopsis as well as other Poeciliidae are thought to have arisen in the trop-
ics and then radiated northward (Rosen and Bailey, 1963). The distribution of
Hsp70 isoforms in desert and tropical species of Poeciliopsis is consistent with
this hypothesis. As ancestral fish adapted to the warm, thermally stable tropical
environment moved northward and colonized desert streams, they would have
encountered fluctuating temperatures, including cooler temperatures than those
experienced in the tropics. In the desert environment, frequent exposure to tem-
peratures that induce Hsp70 synthesis would be followed by rapid return to normal
temperature. Inducible Hsp70 is thought to be deleterious when expressed under
non-stress conditions (Feder et al., 1992; Krebs and Feder, 1997a,b). This idea
needs to be qualified to accommodate the fact that Hsp70 contributes to the defen-
sive inducible state of cytoprotection. This altered state of cellular physiology may
persist for three or four days in homeotherms, long after the triggering stress has
gone, and is clearly an advantageous, evolutionarily highly conserved mechanism
when expressed transiently. It may be that chronic maintenance of the cytopro-
tected state with its upregulation of stress proteins and downregulation of proteins
involved in differentiated tissue function is the problem.

In Poeciliopsis, adaptation to the desert environment may have involved se-
lection for isoforms that can be rapidly turned over. Thus, the preponderance
of isoform 3 in desert species may be linked to its short half-life during re-
covery from stress (Hightower et al., 1999). In this context it is interesting to
consider the human HSP70B’ isoform, that has a relatively short half-life and is
degraded by a proteasomal pathway (Noonan et al., 2006). Rodents do not have an
HSP70B’ isoform. This raises an interesting question. Did a common ancestor of
both humans and fish have an ancestral gene encoding a stress-inducible, rapidly
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turning over HSP70 or is HSP70B’ a recent evolutionary addition to the human
HSP70 repertoire? If such an isoform is the product of an ancient gene, why was
it retained in humans but lost in rodents?

3. Thermotolerant State

Thermotolerance has been defined as the ability of a cell or organism to survive
a normally lethal heat stress. This ability can be acquired in a number of ways,
including alterations in growth status (Elliott et al., 1996) and long-term accli-
mation to increased temperature in both cultured cells (Laszlo and Li, 1985) and
Drosophila (Cavicchi et al., 1995), but has been most widely studied as “heat hard-
ening.” This type of thermotolerance is induced by exposure to elevated, sublethal
temperature. Following a recovery period, the conditioned cells (or organisms)
exhibit a transient ability to survive a heat shock which kills the majority of un-
conditioned cells. The establishment and decay of the thermotolerant state has been
correlated in both cultured cells and at the organismal level with changes in the
levels of HSPs. Cell lines that over-express Hsp70 (Parsell and Lindquist, 1993; Li
and Nussenzweig, 1996) or HSP27 (Landry et al., 1989) become thermotolerant,
while cells in which the accumulation of HSPs is blocked become thermosensi-
tive (Li and Nussenzweig, 1996). However, multiple mechanisms to achieve the
thermotolerant state exist: some of these are independent of changes in HSP level
(Hall, 1983; Easton et al., 1987; Borrelli et al., 1996) and may involve changes in
the levels of naturally occurring “chemical chaperones” (Welch and Brown, 1996).
Even in cultured cells, induction of thermotolerance by stressors other than heat
shock, or by overexpression of single HSPs, results in the protection of different
subsets of the cellular structures and processes that are adversely affected by heat
shock (e.g., protein synthesis, rRNA transcription and processing, mRNA splicing,
and microfilament and nuclear integrity (Arrigo and Landry, 1994; Corell et al.,
1994; Li and Nussenzweig, 1996). Protection of any one of these targets leads
to an increase in survival, but these “partially protected” states are probably not
equivalent to the thermotolerant state induced by heat shock, in which multiple
targets are protected.

At the organismal level, increased thermal resistance is an even more complex
phenomenon. Measurements of differences in thermal resistance among species
have often employed critical thermal maxima, that are determined by acute expo-
sure to borderline lethal temperatures. This procedure generally precludes expres-
sion of any inducible responses during the heat stress. The inhibition of protein
synthesis at high temperature blocks the accumulation of HSPs until well into
the recovery period. This type of intrinsic thermal tolerance is a heritable trait,
but it is unclear what genetic loci are involved. The use of ecologically relevant
thermal stress regimens has also revealed differences in thermal resistance among
closely related species (Bosch et al., 1988; Sanders et al., 1991), among different
populations within a species (Bulger and Schultz, 1982; Hoffmann and Parsons,
1991), and among individuals within a population (Norris et al., 1995; Krebs and
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Feder, 1997a,b). Some of these studies (Bosch et al., 1988; Sanders et al., 1991)
correlated increased HSP expression with the ability to survive in thermally stress-
ful environments. A positive correlation between the amount of Hsp70 synthesized
and thermal resistance was also seen in individuals from outbred populations of
a live-bearing fish, Poeciliopsis gracilis (Norris et al., 1995). In addition, Poecil-
iopsis hybrids have been used to obtain quantitative evidence that both constitu-
tive Hsc70 and inducible Hsp70 contribute to acquired thermotolerance (dilorio
et al., 1996). However, lines of Drosophila melanogaster that exhibited both in-
creased Hsp70 expression and higher acquired thermal resistance also showed de-
creased survival of larvae to adulthood in the absence of stress (Krebs and Feder,
1997a,b). Strains that accumulate Hsp70 to higher levels after heat shock may
also accumulate higher levels of Hsp70 during early development, when synthesis
is induced in the absence of stress, and this may have deleterious consequences.
Thus, it is possible that variation in Hsp70 levels in populations is maintained
in part by trade-offs between beneficial and deleterious effects. For a more com-
plete analysis of the literature on the heat shock response in organismal biology,
readers are referred to a review by Feder and Hofmann (Feder and Hofmann,
1999).

4. Special Features of Poeciliopsis Heat Shock Proteins

The most novel findings from our work on Poeciliopsis HSPs was the discovery in
these fishes of two subfamilies of small HSPs that previously were known only in
separate species, and the discovery that both HSP70-dependent and independent
mechanisms of acquired thermotolerance exist within one population of a tropical
species of these fishes P. gracilis, and that the former kind of thermotolerance
correlates with the presence of a specific isoform 3 of HSP70. Hsp70 isoform 3
appears to be the most common allele in Poeciliopsis, where it is found in six of the
eight species analyzed. This isoform is also synthesized in the confamilial species
Gambusia affinis collected from two sites in Nevada.

We have tested the correlations between acquired thermotolerance and Hsp70
abundance for fish containing isoform 3, the most frequently encountered Hsp70
isoform, and for those not containing this isoform (Hightower et al., 1999). For
fish having isoform 3, we concluded that there is a strong positive association
between survival and amount of Hsp70 (N =21, r = 0.58,Z =2.590, p = 0.01).
This correlation is linear up to about 5 arbitrary units of total Hsp70, an amount
which may be necessary for these fish to acquire maximum thermotolerance. Fish
with more than twice this amount of Hsp70 were not more thermotolerant, and
they appeared to have reached an upper limit to thermal resistance. A remark-
ably similar relationship between survival of heat stress and level of expression
of Hsp70 was reported for clones of Rat-1 cells carrying a human Hsp70 gene
(Li and Nussenzweig, 1996). A strong positive correlation between Hsp70 levels
and survival was also found for isofemale lines derived from a single popula-
tion of Drosophila melanogaster (Krebs and Feder, 1997a,b). For fish containing
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isoform complements found only in the tropics and with no isoform 3 influ-
ence, there is little or no association between survival and total amount of Hsp70
(N =126,r=0.28,Z = 1.4 and p = 0.16). These correlation plots are con-
sistent with the interpretation that isoform complements containing isoform 3
contribute to acquired thermotolerance, whereas those containing only isoform 1
and both 0 and 1 do not. It is quite possible that another Hsp, such as Hsp30,
or perhaps an Hsp-independent thermotolerance mechanism compensates for the
lack of the Hsp70 isoform contribution to survival at 41°C in the fish carrying
the 0 and O, 1 isoform patterns. The results of this analysis raise the possi-
bility that the Hsp70 isoforms may be qualitatively different in their ability to
contribute to thermotolerance and that the mechanism of thermotolerance that
includes a contribution by Hsp70 isoform 3 may provide an advantage in the
desert.

The small heat shock proteins (sHSPs) are a diverse group of stress-inducible
proteins characterized minimally by a molecular mass of 15-30 kDa and a con-
served region of approximately 90 amino acid residues in the C-terminal region of
the protein. This conserved region is also found in the oc-crystallins, major proteins
of the vertebrate eye lens. Together these proteins make up the x-crystallin/sHSP
superfamily (de Jong et al., 1993). Two distinct sHSPs, Hsp27 and Hsp30, have
been characterized in Poeciliopsis lucida. Both Hsp27 and Hsp30 are more simi-
lar to homologous small HSPs from other organisms than to each other, and they
share regions of identity across the entire protein sequence with their respective
homologs (Norris et al., 1997). cDNA clones for P. lucida Hsp27 and Hsp30
were sequenced and evolutionary analysis was performed using the derived pro-
tein sequences. Hsp27 is most similar to a group of mammalian and avian sHSPs,
with which it shares induction patterns that differ from those of Hsp70, stress-
inducible phosphorylation (Arrigo and Landry, 1994), and sequence similarity.
The P. lucida Hsp30 sequence is most similar to that of Xenopus and salmon
Hsp30s.

Poeciliopsis Hsp27, like its human counterpart (Landry et al., 1992), is phos-
phorylated at two of three possible sites following heat shock. Increased phospho-
rylation of human Hsp27 has been demonstrated following exposure to stressors
other than heat shock (i.e., arsenite and hydrogen peroxide), after stimulation by
mitogens and differentiation-inducing factors, and upon exposure to inflammatory
cytokines (Arrigo and Landry, 1994). The conservation of phosphorylation sites
between the human and Poeciliopsis Hsp27 sequences makes it likely that Poecil-
iopsis Hsp27 also plays a role in signal transduction to the actin cytoskeleton. In
contrast, the ability of mammalian Hsp27 to function as a molecular chaperone
in vitro is independent of phosphorylation. Recombinant murine Hsp27 prevents
aggregation of unfolded proteins and assists refolding regardless of phosphoryla-
tion state, i.e., the recombinant protein was phosphorylated in vitro with purified
MAPKAP kinase-2 (Knauf et al., 1994). Thus, the lack of phosphorylation of
Hsp30 would not preclude a role for it as a molecular chaperone. It may be that
in Poeciliopsis, the two sHSPs play complementary roles, in contrast to the more
multifunctional role of mammalian Hsp27.
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5. Winter Flounder Renal Epithelial Transport In Vitro

Secretion of small organic molecules and ions across the renal epithelium requires
an intact, differentiated monolayer of epithelial cells complete with tight junctions
and apical membrane domains with microvilli. Therefore, protection of net secre-
tory function can only be tested at the tissue level. Dissociation of winter flounder
renal tubules yields a population of cells highly enriched for secretory epithelial
cells which reform a functional secretory epithelium when plated on native colla-
gen. After 12 to 14 days incubation at 22°C, the monolayers on collagen pads were
mounted in Ussing chambers in which transepithelial electrical characteristics and
unidirectional [*S]sulfate fluxes were measured. Sublethal heating and recovery
(27°C for 6 h followed by 1.5 h at 22°C), i.e., stress conditioning, resulted in a
30% increase in sulfate transport. Cycloheximide or actinomycin D prevented the
enhancing and protective effects of stress conditioning and blocked the induction
of heat shock proteins. A challenge severe heat shock (32°C for 1.5 h followed
by 1.5 h at 22°C) reduced transport by about 30%, essentially to control levels
(Brown et al., 1992).

Zinc ions can also be used to stress condition the epithelium with similar results.
Preincubation of primary epithelium in 100 mM ZnCl, for 6 h followed by a 1.5-h
recovery in zinc-free medium enhanced net sulfate flux and protected transport
from a severe heat shock. Cycloheximide prevented the induction of heat shock
proteins in response to treatment with zinc ions and prevented the acquisition of
protection. Induction of cytoprotection by zinc was not specific for sulfate transport
since sodium-dependent glucose transport was also protected (Renfro et al., 1993).

Essentially all hypotheses on the mechanism of cytoprotection have assumed
that the protection allows cells to return to near-normal physiological functions by
stopping damage to macromolecules and/or facilitating their repair. In our studies
it was shown that cytoprotection is characterized by both the presence of stress
proteins and increased renal secretory capacity well above control levels. The actual
protection of transport is not due to a lack of damage to or repair of transporters, but
rather to extra capacity, which is inactivated during the challenge stress, but only
back to control levels. It is possible that higher amounts of molecular chaperones
in the stress conditioned epithelium allow the assembly of more transporters by
a direct chaperoning function. An interesting morphological effect was observed
using scanning electron microscopy. Microvilli, in which sulfate transporters are
located, disappear after a severe heat treatment, presumably due to effects on
cytoskeletal elements; however, these structures remain after thermal challenge of
cytoprotected epithelium.

6. Rat Ex Vivo Vascular Endothelium Model

Vascular endothelium also has functions that require an intact, differentiated
monolayer of cells, e.g., attachment and transendothelial migration of activated
leukocytes from the blood stream into tissues in the early stages of inflammation.
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How does stress conditioning affect this tissue-level function (House et al., 2001)?
To answer this question rats were subjected to either heating to 42C for 15 min
followed by a two-day recovery period or to injection IP with stannous chloride
(0.15 mg/kg) and exposure for 16 hours. The rats were then prepared for intravital
microscopy by exposing mesentery tissue pulled through a midsagittal abdominal
incision. The microcirculation of the exposed mesentery tissue was observed using
a Nikon UM3 metallurgic microscope adapted for intravital microscopy. Micro-
circulatory events were recorded using a video camera and video cassette recorder.
Stress conditioning rats with either heat or stannous chloride blocks extravasation
of neutrophils across venules in response to a proinflammatory stimulus. Since
white blood cell flux decreased significantly in response to the pro-inflammatory
peptide formyl-methionyl-leucyl-phenylalanine (FMLP) in both conditioned and
placebo animals, we concluded that the initial low affinity interactions between
lymphocytes and endothelium were not blocked. However, firm attachment, mea-
sured in a leukocyte-endothelial adhesion assay, was blocked in conditioned an-
imals. Hsp70 was detected by Western blotting of extracts of aortas from heat
shocked and stannous chloride-treated rats but not in aortas from placebo rats.
Our working hypothesis is that vascular endothelial cells and/or neutrophils are
in a cytoprotected state in which they do not respond to signals that would nor-
mally up-regulate cellular adhesion molecules involved in the firm attachment of
neutrophils to the vascular endothelium.

7. Discussion of the Winter Flounder Renal Epithelial
Transport Model and the Rat Ex Vivo Vascular
Endothelium Model

Our studies indicate that differentiated functions specific to a particular tissue are
altered in thermotolerant (cytoprotected) animals, functions such as transepithelial
transport in renal epithelium and attachment and transmigration of leukocytes
across vascular endothelium in response to mediators of inflammation. One venue
of inflammatory responses in vertebrates is wound healing. Inflammation of a
wound is essential for proper healing but prolonged inflammation and excessive
destruction of cells in the wound interfere with healing. We propose that heat
shock proteins are induced relatively early in wound responses and cytoprotection
begins to develop, a process which requires about six-eight hours. Ian Brown and
collegues have documented the accumulation of Hsp70 mRNA in surgical wounds
in rat brain tissue (Brown et al., 1989). Cytoprotection would serve as a brake on
inflammation, protecting cells from oxidative and heat damage in the inflammed
wound and contributing to the throttling down of the inflammatory response, in
part by shut-down of signal transduction pathways as suggested below. Barbara
Polla was among the first to suggest that inflammation is a major venue for the heat
shock response and that it may serve as a brake on inflammatory responses (Polla,
1988). Blood vessels are now returning to center stage in studies of cytoprotection
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in intact animals and tissues. We say “returning” because the studies of Fredric
White done 25 years ago (White, 1980a,b) showed that cells associated with the
brain microvasculature are among the most stress-responsive cells in explants and
in heat shocked rats.

Previous studies have shown that cytoprotected cells are unresponsive to induc-
ers of proliferation and apoptosis. We now add a pro-inflammatory mediator to this
list. Recent studies suggest that a major reason for the unresponsiveness of cyto-
protected cells is that products of stress-inducible genes block signal transduction
pathways. For example, Sherman and coworkers showed that Hsp70 prevents the
activation of JNK and p38 kinases and inhibits heat-induced apoptosis in human
tumor cell lines (Gabai et al., 1997). The mechanism involves increased rate of
inactivation of stress kinase JNK (Volloch et al., 2000). Wong and coworkers ob-
tained data suggesting that heat induction of the inhibitory protein I-kB inhibits
the activation of the pro-inflammatory transcription factor NF-kB (Wong et al.,
1999). Calderwood and colleagues found another anti-inflammatory effect of the
heat shock response: transcription factor Hsfl acts as a transcriptional repressor
of genes encoding several pro-inflammatory cytokines including IL1{ and TNFx
(Xieetal., 1999). A transient period of unresponsiveness appears to be an important
general characteristic of the cytoprotected state of cell physiology.

8. Rat Kidney Models of Acute Ischemia

Modern advances in medical care have created stressful environments to which
patients are exposed on a routine basis. Many of these iatrogenic stressors are short
lived and associated with infrequent, but major complications. The North American
Symptomatic Carotid Endarterectomy Trial (Committee 1991) has determined that
the benefit of carotid endarterectomy (CEA) is dependent upon the complication
rate associated with surgery, and should be less than 6%, the combined rates of
stroke and death. The combined mortality and stroke rates following CEA were
estimated to range between 5% and 11% for all Medicare patients in 1991. This
data does not reflect less severe degrees of neurologic dysfunction experienced
by this patient population (Committee 1991). Rare but devastating complications
greatly detract from the overall benefit associated with advanced, but neverthe-
less traumatic, medical/surgical procedures. Major complications associated with
successful invasive cardiovascular surgical procedures include neurologic damages
following coronary artery bypass or renal failure and paraplegia following thoraco-
abdominal aortic aneurysm repair (Cunningham, 1998; Gharagozloo et al., 1998;
Hogue et al., 1999). Less dramatic, but impacting a far greater number of individ-
uals, are the more subtle injuries suffered by those subjected to modern diagnostic
and therapeutic methods. For example, the medical literature reports the incidence
of contrast-induced nephropathy in diabetics requiring angiographic evaluations to
be 43%, acute pulmonary dysfunction following major joint replacement in the el-
derly to be 30%, and new cognitive deficits following exposure to cardiopulmonary
bypass support to be 53%. These medical procedures and associated iatrogenic
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injuries are extremely common events (Weisberg et al., 1994; Lane et al., 1997,
Newman et al., 2001). We suggest that the collateral damage currently being suf-
fered by patients, as unwanted side effects of modern diagnostic and therapeutic
methods, is a widespread phenomenon. A common theme within these examples
is that damage to complex tissues results from obligatory but anticipated inter-
ventions which can be prepared for. Efforts to minimize complications associated
with invasive medical care have almost exclusively relied upon risk stratification
coupled with patient selection or technical manipulations at the time of, or even
after, exposure to the threatening procedure. The few preparatory interventions
utilized are limited to minimizing effects that modifiable risk factors may have
on outcomes, such as hydrating the diabetic patient prior to exposure to intravas-
cular contrast agents. Currently there exists a paucity of techniques designed to
enhance the intrinsic resistance of cells, tissues and organs to iatrogenic threats.
The primary objective of this communication is to describe a technique, stress
conditioning, whereby the cell-stress response (a.k.a. heat-shock response, HSR)
is utilized as a potent preventative agent applied prior to common invasive medical
procedures. Stress conditioning, by exposure of tissues to a short-lived, sublethal
stressor followed by a period of recovery, can awaken the cytoprotective poten-
tial of the HSR found within all cells. Preoperative stress-conditioning protocols
should attenuate damages and reduce complications associated with a myriad of
modern medical and surgical interventions.

The stress-conditioning hypothesis was first tested in a translational model of
organ preservation (Perdrizet et al., 1989). The formulation of this hypothesis
was based upon scientific principles developed within the fields of heat shock
biology and therapeutic hyperthermia. Both disciplines had made a similar ob-
servation; prior exposure to sublethal hyperthermia followed by an intervening
period of recovery, would result in a marked increase in resistance to lethal doses
of hyperthermia. Heat shock biologists focused their work on the regulation of
heat shock gene expression, first reported by Ferruccio Ritossa in Italy (Ritossa,
1963). Scientists studying hyperthermia focused their efforts on methods to en-
hance the efficacy of modern anticancer therapies. Both groups clearly described
the stress-conditioning phenomenon that is the subject of this work (Crile, 1963;
Ohtsuka and Laszlo, 1992). Finally, the historical works of Hans Selye place these
more recent scientific observations on a solid historical foundation upon which the
stress-conditioning hypothesis is firmly based (Selye, 1946). Since the initial re-
port of stress conditioning in organ preservation, numerous laboratory and clinical
examples have been published which continue to develop the theme of stress con-
ditioning, underscoring the adaptive power of the HSR (Perdrizet, 1997; DeMaio,
1999; Jaattela, 1999). A random sampling of recent, supportive literature is pre-
sented in Table 1. Furthermore, recent growth within the fields of thermal biology
and molecular genetics have provided valuable insight into mechanisms for the
potent cytoprotection that is observed to follow exposure to a sublethal stressor
(Table 2). Stress conditioning is based upon the fundamental and universal tenets
of the HSR, reviewed elsewhere (Cotto and Morimoto, 1999; Feder and Hofmann,
1999). A testable hypothesis is that stress conditioning in the form of exposure of
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TABLE 1. Stress Conditioning: Recent Medical Literature

Organ system Stress conditioner Stress challenger Species Citation
Liver Heat shock Ischemia— Rodent (Kume et al.,
reperfusion 1996)
Intestinal epithelial HSP70 Oxidant and thermal Rodent (Buress et al.,
cell line IEC-18 injury 1996)
Brain—astrocytes Heat shock In vitro reperfusion Rodent (Takuma et al.,
1996)
Lung—endothielial Heat shock Oxidation by Bovine, (Wang et al.,
cells Hydrogen peroxide rodent 1996)
Liver HSP70 Thioacetamide Rodent (Fujimori et al.,
1997)
Eye—retinal edema HSP70 Ischemia Rodent (Yu et al., 2001)
Heart—myocytes Small HSPs Ischemia— Rodent (Martin et al.,
reperfusion 1997)
Heart—myocardial Heat shock Ischemia Rodent (Amrani et al.,
function 1998)
Heart—myocardial Ethanol pretreatment Acute ischemia Rodent (McDonough,
function 1999)
Intestinal—colon Heat shock Acetic acid induced Murine (Otani et al., 1997)
colitis
Intestinal—ileum Heat shock Acute inflammation Rodent (Stojadinovic
etal., 1997)
Kidney—proximal Cadmium induction of Zinc stress Rodent (Liu et al., 1996)
renal tubule cells HSP
Kidney—renal Liposomal Hsp72 or Simulated ischemia Rodent (Meldrum et al.,
tubule cells heat 2003)
Eye—retinal Heat shock and hypoxia ~ Anoxia and Rodent (Caprioli et al.,
ganglion cells excitotoxicity 1996)
Fibroblast HSPs MPP+ Rodent (Freyaldenhoven
and Ali, 1996)
Skeletal muscle Heat shock Acute ischemia Rodent (Lepore et al.,
2000)
Skin— Heat shock Acute ischemia Rodent (Harder et al.,
mycocutaneous 2005)
flap
Lung—bronchial Heat shock NO toxicity Human (Wong et al.,
epithelial cell line 1997)
BEAS-2B
Lung—epithelial cell ~ Allergic H,S04 cytotoxicity Human (Hastie et al.,
inflammation-HSP27 1997)
Lung—endothelial HSR LPS-mediated Ovine (Wong et al.,
cells apoptosis 1996)
Pancreas Heat shock Cerulein-induced Rodent (Wagner et al.,
pancreatitis 1996)
Lung carcinoma Transfection of Heat shock Human (Borrelli et al.,
A549 cells chimeric Hsp27 2002)
Whole body Heat shock Total-body gamma Murine (Patil et al., 1996)
irradiation
Heart & Liver Heat shock Hemorrhage/trauma Rodent (Mizushima et al.,

2000)

(cont.)
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TABLE 1. (Continued)

Organ system Stress conditioner Stress challenger Species Citation
Liver Geranylgeranyl—acetone ~ Acute ischemia Rodent (Fan et al., 2005)
plus heat
Liver Heat shock Acute ischemia Rodent (Yamagami et al.,
2003)
Liver Heat shock Acute ischemia Rodent (Uchinami et al.,
2002)
Whole body Heat shock Burn wound Rodent (Meyer et al.,
2000)
Vascular Heat shock Hydrogen peroxide Human (Gill et al., 1998)
endothelium oxidation
Intestine—Caco-2 Arsenite LPS/cytokines Human (Swank et al.,
cell line 1998)
TABLE 2. Stress Conditioning: Potential Mechanisms of Action
Model Class Citation
Yeast Chaperone rescue of aggregated (Glover and Lindquist, 1998)
proteins
Rabbit Anti-inflammatory (Franci et al., 1996)

Human—HSP70 transgenic
mouse

Rodent mesenteric vasculature

Rabbit spinal cord

Human HeLa cell line

Renal epithelial cells

Rodent epithelial cells

Human embryonic renal
epithelial cells

C2c¢12 myocyte

Neonatal rodent
cardiomyocytes

Rodent myocardium
Rodent myocardium

Rodent myocardium

Rodent fibroblast

Rodent renal cells
Fibroblast—embryonic
J774—human macrophages
Murine stem cells

Human endothelial cells

Cytoprotective—mitochondrial
preservation

Preservation of microcirculation

Prevents PCD

Modulates iCalcium flux in ER

Prevents oxidative stress, iCa
disturbance, cell death

Heat shock preserves PKC

Hsp90 supports clc-2 Chloride
channel

Hsp72 mutant cells loose
protection

Smac/DIABLO release from
mitochondria is reduced by
heat shock

Mn-SOD activation

Hsp72 myocardial ischemic
protection

Hsp32 (HO-1) ischemic
protection

Suppression of PCD

Hsf1 knock out

Hsf1 knockout

Blocks peroxynitrite cytotoxicity

HSP27

Neutrophil-mediated necrosis

(Jayakumar et al., 2001)

(Chen et al., 1997)
(Sakurai et al., 1997)
(Lievremont et al., 1997)
(Liu et al., 1997)

(Meldrum et al., 2001)
(Hinzpeter et al., 2006)

(Voss et al., 2005)

(Jiang et al., 2005)

(Yamashita et al., 1998)
(Shinohara et al., 2004)

(Lu et al., 2002)

(Guenal et al., 1997)
(Yan et al., 2005)
(Luft et al., 2001)
(Szabo et al., 1996)
(Wu and Welsh, 1996)
(Wang et al., 1995)
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an individual or their tissues to a sublethal stressor (e.g., A-heat shock) followed
by a critical recovery period will provide transient resistance to subsequent ex-
posure to lethal stressors (A-hyperthermia, or B-ischemia/reperfusion, or C-etc.).
This transient state of heightened resistance to injury is termed the protected phe-
notype. The protected phenotype is characterized by cytoprotection at the cellular
level, and an anti-inflammatory state at the tissue level.

9. Materials and Methods

The following translational models were selected to provide simple, unequivocal
endpoints with which to test the stress-conditioning hypothesis. All models ad-
dress relevant, common complications that arise from the application of standard
medical/surgical procedures. All experiments were performed within the guide-
lines outlined by the Guide for the Care and Use of Laboratory Animals, published
by the Institute of Laboratory Animal Resources, Commission on Life Sciences,
(National Research Council, 1996) and in compliance with the Animal Care and
Use Committee at our institution.

9.1. Rodent Renal Transplant

Whole-organ procurement and preservation are stressful events. With modern cold-
storage techniques, the maximal safe cold storage time of the rodent kidney is
limited to 24 hours. Currently there is no record of successful cold storage of a rat
kidney for 48 hours. We tested the hypothesis that stress conditioning (heat shock
and recovery) will improve the ability of the rat kidney to withstand the stresses
of conventional organ procurement and preservation.

Ten-week-old LBN donor rats were anesthetized (60—80 mg chloral hydrate, IP),
hydrated (2 cc isotonic saline, IV), positioned with an intraperitoneal temperature
probe into a standard tissue culture incubator pre-equilibrated to a temperature
of 45°C until a core body temperature of 42.5°C was reached for 5 minutes. The
animals were then returned to their cages and allowed to recover at room temper-
ature for 6-8 hours before organ retrieval and cold storage. The total time during
which core-body temperature equaled 42.5°C was 15 minutes. Group 1 (sham HS,
n = 12) represents controls that did not receive heat shock. Group 2 (HS, n = 5)
received heat shock and an optimal normothermic recovery of 6-8 hours. After
recovery, organs were harvested and placed in cold storage (4°C) for 48 hours. The
48-hour time point was chosen as being a uniformly lethal storage time. Follow-
ing storage, kidneys were heterotopically transplanted into syngeneic recipients.
Seven days after transplantation a bilateral native nephrectomy was performed.
Animals alive 50 days after native nephrectomy were considered survivors.

9.2. Warm Ischemia-Reperfusion of the In Situ Rodent Kidney

Obligatory episodes of acute ischemia and reperfusion of many organs and tis-
sues frequently accompanies major surgical procedures. We wished to determine
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whether heat shock pretreatment could protect the in situ rodent kidney against a
severe episode of warm ischemia. We studied three outcomes of acute renal in-
jury (survival, serum creatinine levels, and renal vascular resistance) following 60
minutes of warm in situ ischemia.

9.2.1. Survival and Functional Study

Male Sprague-Dawley rats (200-300 g) were divided into two groups: Group I
represents controls that did not receive heat shock pretreatment (sham HS,
n = 28); and Group 2 did receive heat shock pretreatment (HS, n = 10). All
animals were anesthetized (ketamine/acepromazine), hydrated, and positioned on
aluminum trays floated in a water bath. Group 2, HS animals were exposed to a
45°C water bath for 20-25 minutes, until a core body temperature of 42.5°C was
reached and maintained for an average of 10 minutes (core-body temperature range
42-42.9°C for 8—11 minutes). Group 1, sham HS animals received the same anes-
thetics but were exposed to a 37°C water bath for 20-25 minutes. Renal ischemia
was induced surgically following systemic anticoagulation (heparin, 0.25 U/g, IV)
and exposure of the kidneys through a midline laparotomy incision. The kidneys
were dissected from the surrounding perinephric fat and a microvascular clamp
was applied to the left renal artery for 60 minutes. Renal artery occlusion and
reperfusion were confirmed visually. The contralateral kidney was removed and
stored in liquid nitrogen for subsequent protein analysis. Core body temperature
was maintained at 35-37°C with a heating pad and lamps throughout the ischemic
period. The warm ischemia time of 60 minutes was chosen to yield a 50% survival
rate. Three animals were exposed to heat shock alone (no ischemia) to determine
the effect heat shock has on renal function. Serum creatinine measurements were
performed at 0, 2, 4, and 7 days following renal ischemia. Survival was determined
on day 14 following renal ischemia.

9.2.2. Renal Vascular Resistance

Male Sprague-Dawley rats (200-300 g) were divided into three groups: Group I,
control (CON, no pretreatment and no ischemia, n = 13); Group 2, sham heat
shock pretreatment (sham HS, n = 15); and Group 3, heat-shock pretreatment
(HS, n = 8). All animals were anesthetized (pentobarbital, 5 mg/100 g body wt,
IP), hydrated, and heparinized prior to induction of 60 minutes of warm ischemia
as described above. Following ischemia, a polyethylene catheter (PE-50) with an
in-line pressure transducer (Tektronix) was placed in the left renal artery through
an infra-renal aortotomy incision. Each kidney was then perfused with phosphate
buffered isotonic saline (27°C) at a constant flow rate (0.76 mL/min) and perfu-
sion pressures were recorded (mm Hg) after an equilibration period 10 minutes.
Data was later converted to renal vascular resistance (mmHg/mL/g). Renal vas-
cular resistance typically increases following acute renal ischemia, reflecting loss
of microvascular integrity. Following determination of renal vascular resistance,
representative kidneys (n = 2) from each group were injected with a silicone rub-
ber compound (Microfil, Flow Tek, Inc., Boulder, CO) according to manufacturers
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guidelines and then transected through the long axis to visually depict the patency
of the renal vasculature.

9.3. Sponge Matrix Heterograft

A significant contribution to injury following episodes of acute ischemia-
reperfusion is thought to result from the induction of an acute inflammatory re-
action that occurs during reperfusion (Barone and Feuerstein, 1999). Evidence
from the hyperthermia literature suggests that immune responses are depressed
following exposure to hyperthermia both in vitro and in vivo (Skeen et al., 1986;
Maridonneau-Parini et al., 1988). We wish to test the hypothesis that heat shock
pretreatment will attenuated an acute inflammatory reaction in vivo. The sponge
matrix model was selected to act as a foreign body into which inflammatory cells
would readily migrate and from which these cells could be easily eluted.

Male Sprague-Dawley rats (200-300 g) were divided into two groups: Group I,
control, no pretreatment (CON, n = 2); and Group 2, heat shock pretreatment (HS,
n = 4). Heat shock pretreatment was performed by whole-body immersion, to the
neckline, in a water bath pre-equilibrated to 45°C following the administration of
general anesthesia (phenobarbital, 5 mg/100 g body wt, IP). Control animals re-
ceived the same anesthesia and immersion into a normothermic water bath (37°C).
Immediately following the sham or heat shock pretreatments, all animals had the
subcutaneous implantation of a single sterilized polyurethane foam sponge (10 x
10 x 10 mm) saturated with Hanks’ balanced salt solution (HBSS) through a dor-
sal midline incision. Sponges had been previously processed according to methods
described elsewhere (Ascher et al., 1983). Animals were recovered and allowed
free access to food and water for 24 hours, at which time they were euthanized.
Sponges were recovered, immediately weighed, and placed in iced HBSS. Each
sponge was eluted three times with 5-cc volumes of iced HBSS to remove infil-
trating cells. Total number of infiltrating cells was determined in duplicate and
pooled data presented as mean number of cells per milligram of freshly excised
sponge.

9.4. Protein Gel Electrophoresis
9.4.1. Western Blot Analysis

Rat kidneys/tissues were homogenized in 40 mM Tris-HCI containing 10% glyc-
erol and 2% SDS. Proteins isolated from tissue homogenates were separated us-
ing a 12% SDS-polyacrylamide gels. Assays to detect the inducible isoform of
HSP70 (iHSP70) were performed by standard western blotting techniques with a
monoclonal antibody specific for iHSP70 (SPA810, StressGen Biotechnologies,
Victoria, BC, Canada). Bound primary antibody was detected by a secondary an-
tibody conjugated with horseradish peroxidase and visualized using an enhanced
chemiluminescence system (Amersham Pharmacia, Piscataway, NJ).
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TABLE 3. Stress Conditioning Protects Rodent
Kidneys Against 48 Hours of Cold Storage

Group N Survival (%)
1. Sham HS 12 0(0)
2. Heat shock 5 4 (80)*

* p < 0.002, by Fisher’s exact test.

10. Results

10.1. Rodent Renal Transplant (Perdrizet,
Heffron et al., 1989)

Survivors were observed only in the group of animals that had received the heat
shock pretreated grafts, (Group 2, Table 3). Group 1, which represents state-of-the-
art cold storage at that time, had no survivors. Associated with these functional
data was the observation made at 15-30 minutes after revascularization of the
kidney graft, that there was immediate reperfusion and urine formation in the heat
shock pretreated grafts only. Figure 1 represents photographs of representative
kidneys from Group 1, sham HS (left) and Group 2, heat shock pretreated (right),
respectively, 20 minutes following reperfusion in the recipient animal. The renal
graft protected by the heat shock appears virtually identical to the adjacent native
graft, that had not been exposed to cold storage. The control graft appears dark
and cyanotic and did not function secondary to vascular thrombosis. This work
was originally presented at the Resident’s Forum of the Thirtieth Annual Meeting
of the Society of University Surgeons, Feb. 11-13, 1988, San Antonio, TX, and
published as an extended abstract (Perdrizet et al., 1989).

10.2. Warm Ischemia-Reperfusion of the Rodent Kidney
10.2.1. Survival and Functional Study

Survival and serum creatinine values were significantly lower in the heat shock
pretreated animals (Group 2) than in the sham HS animals (Group 1) not receiving

Stress Conditioning Protects
Rodent Kidneys Against 48
Hours of Cold Storage

FIGURE 1. Fifteen minutes fol-
lowing reperfusion, the sham-HS
kidney (*right organ in left photo)
is dark and cyanotic compared to
the HS kidney (*left organ in right
photo), which is pink and well
perfused. Reproduced with per-

i mission (Perdrizet, 1997). [See
Sham-Heat Shock Heat Shock Color Plate I]
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TABLE 4. Stress Conditioning Protects Rodent Kidneys Against 60 Minutes
of Warm Ischemia

Group N Survival (%) Serum creatinine (mg/dL), d 2, 4, 7
1. Sham HS 28 18 (64) 50+£03,40+0.6,1.9+04
2. Heat shock 10 9 (90)* 25+£08,1.8+1.0,1.1 £0.1*

* p < 0.04 by chi square.
** p = 0.002 by repeated-measures analysis.

any pretreatment, following sixty minutes of warm ischemia and reperfusion
(Table 4). The renal function of two animals that received heat shock treatment
and no ischemia remained normal on days 2, 4, and 7, data not shown. This work
was originally presented at the Resident’s Forum of the Thirty Second Annual
Meeting of the Society of University Surgeons, Feb.10, 1990, Los Angeles, CA,
and published as an extended abstract (Chatson et al., 1990).

10.2.2. Renal Vascular Resistance

Renal vascular resistance increased significantly from baseline, 45.7 £ 10.7 mm
Hg/mL/g to 60.7 & 14.2 mm Hg/mL/g following 60 minutes of warm in situ is-
chemia. Heat shock pretreatment 6—8 hours prior to warm ischemia reduced the
vascular resistance from 60.7 £+ 14.2 to 37.6 = 10.2 mm Hg/mL/g, reflecting
attenuation of ischemic damage and preservation of microvasculature (Table 5).
Preservation of renal vasculature, within the organ protected by heat shock, is
demonstrated by representative silicone rubber casts (Fig. 2). A nonischemic,
baseline kidney is shown on the left for comparison and demonstrates a clear
corticomedullary junction and segmental vessels containing the silicone agent.
The kidney in the middle is representative of the changes that occur in the sham
HS organ following 60 minutes of ischemia, in which loss of corticomedullary
junction, disruption of segmental renal vessels, and areas of hemorrhagic necrosis
are seen. The kidney on the right represents the HS pretreated organ following
60 minutes of warm ischemia, with preservation of the corticomedullary junction
and segmental vessels seen in a pattern similar to that of the baseline organ, sug-
gesting preservation of renal vasculature. This work was previously presented at
the 52" Annual Sessions of the Owen H. Wangensteen Surgical Forum, Clini-
cal Congress, American College of Surgeons, Oct 12—17, 1997, Chicago, IL, and
published as an extended abstract (Garcia et al., 1997).

TABLE 5. Stress Conditioning Preserves Renal Vascular Resistance in
Rodent Kidneys After 60 Minutes of Warm Ischemia

Group N Vascular resistance (mm Hg/mL/g)
1. No ischemia 13 45.7 £10.7
2. Sham HS 15 60.7 + 14.2
3. Heat shock 8 37.6 £ 10.2*

*p < 0.001 for Group 2 vs. Group 3 by Student’s t-test.
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Stress Conditioning Protects
Rodent Kidneys Against 60
Minutes of Warm Ischemia

No Ischemia Sham Heat Shock Heat Shock
Plus Ischemia Plus Ischemia

FIGURE 2. Rodentkidneys at baseline (left) have a clearly visible corticomedullary junction*
and patent renal vessel (arrow). Loss of this junction and disruption of the renal vessel
followed warm ischemia in the sham-HS organ (center) but is much less in the HS organ
(right).

10.3. Sponge Matrix Heterograft

Sponges placed in animals pretreated with heat shock (HS, Group 2) contained
approximately ten times less infiltrating cells twenty-four hours after implanta-
tion, compared to sponges removed from the non-heated control animals (CON,
Group 1) (Table 6). Heat shock pretreatment dramatically attenuates acute inflam-
matory reactions in vivo.

10.4. Protein Gel Electrophoresis

Analysis of protein lysates demonstrated enhanced expression of the inducible
isoform of the 70kDa heat shock protein (iHSP70) in pulmonary (P), hepatic (H),
renal (R), and aortic (A) tissues taken from animals pretreated with heat shock,
(lanes 1-4 and 9-12, Fig. 3) and not in the same tissues taken from the non-
heated, control animal (lanes 5-8, Fig. 3). The elevated iHSP70 content of heat
shock pretreated tissues is temporally associated with the cytoprotected and anti-
inflammatory states described above.

TABLE 6. Stress Conditioning Attenuates Cell Infiltration of
Sponge Heterografts in the Rodent

Group N Infiltrating cells (x 103/mg sponge)
1. No heat shock 2 31.5+10.1
2. Heat shock 4 4.5 +£24*

*p = 0.003 by Student’s t-test.
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FIGURE 3. Renal, hepatic, car- Stress Conditioning by Whole-
diac, and aortic tissues (R, H, C, B Ody Hyperthermia Induces

A, respectively) show increased : .
iHSP72 following HS, lanes 14 Hsp70 in all Tissues Tested

and 9—12, but not in the same tis- Heat Shock Sham-HS ~ Heat Shock
sues taken from a sham-HS ani-
mal, lanes 5-8. - P — - -— ———
R H C A R HCA R HC A
+ 1 2 3 4 5 67 8 9 10 11 12

11. Discussion of Rat Kidney Models of Acute Ischemia

The need to prevent tissue injury associated with iatrogenic interventions is ex-
pected to increase in the future due to the aging demographics of modern society.
With the increase in the number of older adults, there will be an increase in the num-
ber of invasive medical procedures and their associated complications. The recently
published practice guidelines for coronary bypass surgery from the American Col-
lege of Cardiology and the American Heart Association listed the top ten target
areas for perioperative cardiac surgery management (Eagle, 1999). The first two
goals are to reduce type I and Il brain injuries. The fourth targeted area is the reduc-
tion of systemic consequences (complications) of cardiopulmonary bypass. It is
important that the medical community begin to develop preventative strategies that
will minimize the collateral damage associated with these needed interventions.

Medical bias presumes that debility will follow exposure to sub-lethal stressors
when, in fact, just the opposite occurs at all levels of biology from single celled
organisms to complex animals and plants. We conclude that stress conditioning, by
heat shock pretreatment and recovery, is both cytoprotective and anti-inflammatory
in the rodent. During the past decade the phenomenon of stress conditioning has
been repeatedly confirmed by ourselves and others (see Table 1). It is the universal
nature of the cell-stress response that will ultimately translate into wide clinical
utility. The cellular-stress response is driven by a fundamental class of genes, the
heat shock genes, which are universally present and have been highly conserved
through hundreds of millions of years of evolution. The timely activation of these
conserved genes can make the difference between a life or death outcome. These
findings provide an opportunity to practice preventive medicine at the molecular
level. As of yet, no human clinical trials have taken advantage of the prior induction
of the HSR to provide tissue protection. The late Hans Selye clearly described the
fundamental behavior of the stress response as being predictable and triphasic in
nature (Selye, 1936, 1946). We now have insight into these phenotypic behaviors
at the molecular level. This should provide investigators with clues to control this
complex metabolic response.

Until the time when stress-conditioning protocols are available for general
clinical use, it should be recognized that the cellular response to stress colors the
clinical syndromes of daily medical and surgical practice. Currently there exists
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unrecognizable (and unmeasurable) alterations in the intrinsic resistance to stress
that occurs in persons exposed to stressors, whether they are natural (disease) or
man-made (iatrogenic, environmental). Modern examples of the triphasic nature
of the stress response can be found in the current medical literature. For example,
in the trauma/critical care disciplines, the phenomenon of damage control laparo-
tomy has greatly improved the outcome from formerly lethal, traumatic events.
The tenets of damage control laparotomy are remarkably similar to those of stress
conditioning. When definitive surgical repair (a stressor) is delayed in the setting
of overwhelming injury (potentially lethal) an improvement in survival is observed
(Morris et al., 1996). Resistance to the second injury (iatrogenic, surgery) takes
time to develop relative to the first injury (trauma). The ability of a sublethal trauma
to condition animals to resist lethal trauma is an old observation that has never
been directly related to the clinical situation (Nobel, 1943). A second example in
which stress-conditioning principles are active is in the setting of acute myocardial
infarction with or without preceding angina. Episodes of preinfarction angina are
associated with improved preservation of cardiac function and improved clinical
outcome compared to myocardial infarction not preceded by angina (Kloner et al.,
1998; Tomai et al., 1999). As predicted by other cellular stress response phenom-
ena, the beneficial effects of pre-infarction angina are time dependent. Angina
is most protective during the 24 hours preceding the myocardial infarction. It is
now recognized that this clinical observation in part, represents a natural example
of ischemic preconditioning which is also known to activate heat shock gene
expression.

The cell-stress response is a complex metabolic response. The precise mech-
anisms behind the cytoprotection and anti-inflammation characteristic of this
response are being investigated (Table 2). Recent work on cytokine gene-
transcription has shed light on a molecular mechanism whereby induction of the
HSR leads to inhibition of IL-1(3 and TNF-« production following LPS stimula-
tion of the human monocyte in vitro (Xie et al., 1999). The inhibition of cytokine
gene-expression is the result of heat shock transcription factor (HSF) activation
and binding to heat shock sequence elements (HSE) (located within the promoter
regions upstream of the IL-13 and TNF-« structural genes) at the time of heat
shock. The inhibition of acute inflammation is beneficial in the setting of is-
chemia/reperfusion injury, but left unchecked, could become problematic, as in
critical illness following trauma or major surgery. We anticipate a future need to
turn the HSR “off” as well as “on” in a myriad of medically relevant conditions.

Finally, if the widespread application of stress-conditioning principles is to
occur, methods to assay for and identify the existence of the protected phenotype
will need to be developed. This will allow clinicians to identify when an individual’s
resistance or tolerance to stressful events will be maximal and should allow the
scheduling of noxious medical interventions accordingly. If the principles of stress
conditioning are to be integrated into the mainstream of clinical medicine, safe,
effective and clinically convenient inducers of the cell stress response must be
developed (Morimoto and Santoro, 1998; House et al., 2001). The application
of whole-body hyperthermia to the average clinical setting is impractical and
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undesirable. Ideally, the development of pharmaceutical inducers of the cell-stress
response will occur in the near future.

In summary, there is a large and growing clinical need to make invasive medical
interventions safer. We suggest that the risks associated with these interventions
can be reduced by the timely induction of the cell-stress response through the ap-
plication of the principle of stress conditioning. The potent ability of the cell-stress
response to protect against common iatrogenic injuries can be integrated into exist-
ing clinical protocols. The phenomenon of stress conditioning has been repeatedly
confirmed in laboratory models, including human cell culture, and suggests that its
potential for application will be as universal as the cellular response to stress itself.

12. Concluding Remarks

The Hsp70 gene family in humans has a complex evolutionary history shaped
by multiple gene duplications, divergence, and deletion. Analysis of the protein
sequences of Hsp70 family members across a wide range of organisms including
bacteria, yeast, Drosophila, Xenopus, plants, and mammals indicates that over
75% of the respective sequence length has been conserved throughout evolution
(Rensing and Maier, 1994). While these findings indicate the biological value
of Hsp70 chaperones among different lineages, the diversity of genes and protein
products within the Hsp70 families of different organisms has become increasingly
evident. Using 2-dimensional gel electrophoresis, many Hsp70 isoforms have been
detected which are species or cell/tissue-type specific (Allen et al., 1988; White
etal., 1994; Gutierrez and Guerriero, 1995; Norris et al., 1995; Tavaria et al., 1996;
Manzerra et al., 1997; Place and Hofmann, 2005). Sequence analysis of Hsp70s in
closely related species indicates a rapid turnover and differential sorting of genes
within the Hsp70 family despite preserving the function of these proteins as a whole
(Boorstein et al., 1994; Aoki et al., 2002; Martin and Burg, 2002). For example,
Hsp70B’ is an inducible Hsp70 gene presumably conserved in the mammalian
lineage, with homologs in Saguinus oedipus (cottontop tamarin), Sus scrofa (pig),
Bos taurus (cow), and Homo sapiens (human). Understanding the relationship of
Hsp70B’ to other members of the human Hsp70 family may help us understand the
specific functional role, if any, of this protein in the identified organisms. Variation
in thermal response is most likely the result of species-specific differences in the
presence of heat-inducible Hsp70s, as has been noted in vertebrates (Yamashita
et al., 2004). The presence of different isoforms within species can give rise to
slight phenotypic differences, and ultimately play a role in the development of
molecular pathologies unique to a given tissue or organism. Therefore, careful
selection of model systems is critical in studying chaperone regulated pathologies.
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Bacterial Stress Sensors
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1. Introduction

Bacterial cells have limited abilities to modify and choose their dynamic environ-
ment. They utilize information processing systems to monitor their surroundings
constantly for important changes. Among the appropriate responses to environ-
mental changes are alterations in physiology, development, virulence, and location.
In most species, highly sophisticated global regulatory networks modulate the ex-
pression of genes. These effects are mediated in large part through the activation
or repression of mRNA transcript initiation by DNA-binding proteins, o-factors,
and corresponding signal transduction systems. This adaptive response is based on
appropriate genetic programmes allowing them to respond rapidly and effectively
to environmental changes that impair growth or even threaten their life. Cellular
homeostasis is achieved by a multitude of sensors and transcriptional regulators,
which are able to sense and respond to changes in temperature (heat and cold
shock), external pH (alkaline and acid shock), reactive oxygen species (hydro-
gen peroxide and superoxide), osmolarity (hyper- and hypoosmotic shock), and
nutrient availability to mention the most important ones. These changes are often
called stress factors, and stresses can come at a sudden (catastrophic stress) or grow
and grow (pervasive stress). Each stress factor leads to the induction of a subset
of genes, the stress genes coding for stress proteins. It should be mentioned that
challenge to any stress factor will not only result in induction of genes, but also in
repression or even turn off of a subset of genes, but the underlying mechanisms are
largely unknown. While some genes are induced by only one single stress factor,
others respond to several. The former are termed specific stress genes and the latter
general stress genes.

The focus of this chapter will be on the stress sensors and the signal trans-
duction pathways leading either to the transient or constitutive induction of the
appropriate stress genes. I will first discuss the stress response pathway in-
cluding all components followed by a detailed description of the most promi-
nent and well-studied stress response(s). There are numerous review articles
dealing with stress responses in bacteria, both in general and dealing with
specific stresses. For obtaining an overview, I would like to recommend the
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book by Storz and Hengge-Aronis (2000) and the review article by Wick and
Egli (2004). Review articles dealing with specific stress factors will be cited
below.

2. The Stress Response Pathway and Stress Sensors

Adaptation of the different kind of physical and chemical stresses is genetically
regulated and involves several distinct steps. The first step leads to the generation
of a signal. Here, either the stress factor itself acts as a signal (reactive oxygen
species) or leads to the generation of a signal either inside (denatured proteins)
or outside of the cytoplasm (perturbations of the cytoplasmic membrane). This
signal is registered by a sensor which is either a transcriptional regulator (alterna-
tive sigma factor, activator or repressor protein) or the transcript itself leading to a
conformational change (ROSE element, 7poH transcript). This, in turn, leads either
to the transient or constitutive enhanced expression of a subset of stress genes in-
volved in adaptation to the appropriate stress factor. When adaptation has occurred
expression of the stress genes will be reduced, and in most cases the expression
level will return to a level two- to three-fold higher than the basal level provided
that stress factor is still present (e.g., heat shock). While some stress factors can
persist for a long time (heat and cold), others can be destroyed by appropriate
enzymes (reactive oxygen species).

Three classes of stress sensors have been described so far: DNA, mRNA, and
proteins. By which principles do these macromolecules sense stress? In most cases,
alternative conformations (secondary structures, folding) of these macromolecules
are crucial. In the case of DNA, curvature and DNA-binding proteins play a crucial
role where the bent is temperature-dependent. Some mRNA molecules are also
able to respond to temperature. Here, translation initiation is impaired at low
temperatures where a stem-loop structure sequesters the Shine—Dalgarno sequence
partly or fully largely preventing binding of the small ribosomal subunit. If the
temperature increases, the secondary structure starts to unfold allowing binding of
the 30S subunit. Three examples will be presented, mRNAs containing the ROSE
(repression of heat shock gene expression) element, the rpoH and prfA mRNAs
coding for small heat shock proteins (HSPs), the alternative sigma factor o2, and
the transcriptional activator PrfA, respectively (for recent review, see Narberhaus
et al., 2002b, 2006).

In most cases, proteins sense stress factors. In the case of heat and cold shock,
molecular chaperones, proteases, sensor kinases, and transcriptional regulators are
able to sense changes in temperature. Molecular chaperones and proteases both
sense denatured proteins which appear after a sudden increase in temperature,
while one sensor kinase has been described sensing changes in the cytoplasmic
membrane occurring immediately after a temperature downshock (Mansilla and
De Mendoza, 2005). In the case of oxidative stress, three different sensor proteins
have been described which become activated through the formation of disulfide
bonds.
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3. Heat Shock and High-Temperature Response Sensors

Two fundamental different responses toward sudden increases in temperature have
to be distinguished, the heat shock response and the high-temperature response.
The former responds to temperature increments, is transient, and results in the
expression of so-called heat shock genes coding for HSPs. On the contrary, the
latter is a response towards the absolute temperature, is constitutive and results
in the expression of high-temperature genes coding for high-temperature proteins
(HTPs). Many pathogenic bacteria to monitor infection of their mammalian host
use this response. The heat shock response regulates the transient high-level of
expression of the heat shock genes which allow the cells to quickly adapt to the
stressful situation (about 10 min in E. coli and B. subtilis). In contrast, the high-
temperature response allows cells to express a subset of genes at a high level as long
as they are exposed to the high temperature. It follows that in the former case, the
heat shock should generate a signal, which will disappear leading to a shut-off of
expression of the heat shock genes, while in the latter case the absolute temperature
itself is the signal. DNA, mRNA and proteins, can sense increases in temperature.
In the case of the high-temperature response, it results in conformational changes,
which persist as long as the bacteria are exposed to that temperature.

3.1. Sensors of the High-Temperature Response

The paradigm for DNA acting as a sensor of high-temperature is the virF' gene
of the human enteropathogen Shigella coding for the primary regulator of the in-
vasion function. The first event following the shift from the outside environment
to its mammalian host is the expression of the virF gene, and the VirF transcrip-
tional activator triggers expression of several operons encoding invasion functions
(Durand et al., 2000; Prosseda et al., 2002; Tobe et al., 1993). The activation of virF
occurs at temperatures above 32°C (Colonna et al., 1995; Prosseda et al., 1998).
Below 32°C, the DNA-binding protein H-NS is responsible for repressing virF
expression by interaction with two sites within the virF promoter region where
both H-NS complexes are assumed to make contact with each other. This is aided
by a bend in the promoter region halfway between the two H-NS sites bringing
the two complexes into close proximity. At low temperatures, the virF’ promoter
occurs in a closed conformation and involves a curvature strong enough to main-
tain the two H-NS sites sufficiently close to favour formation of a stable contact
between them occluding the access of RNA polymerase. While the temperature
raises, the bent weakens, and at 32°C, the curved structure collapses destroying the
contact between the two H-NS sites and allowing binding of the RNA polymerase
(Prosseda et al., 2004).

Well-studied examples for mRNA molecules acting as heat sensors are the
rpoH transcript coding for the alternative sigma factor 032, mRNAs containing the
ROSE element, and the prfA mRNA. The rpoH gene is constitutively expressed,
but translation of the rpoH transcript occurs in the temperature-dependent manner.
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While translation at <37°C is low, it starts to increase at higher temperatures. This
is due to a secondary structure which sequesters the Shine—Dalgarno sequence,
making it almost inaccessible to the ribosomes. High temperature will destabi-
lize the secondary structure, and the ribosomes will bind to initiate translation
(Morita et al., 1999). The ROSE element, an ~100-bp RNA sequence located
between the transcriptional and translational start sites, has been identified within
the 5" untranslated region (UTR) of Bradyrhizobium japonicum and other Rhi-
zobiae (Nocker et al., 2001a,b). This cis-acting sequence mainly regulates genes
that encode small HSPs. As described for rpoH, a secondary structure sequesters
the SD sequence at temperatures of <30°C and largely prevents binding of the
small ribosomal subunit at low temperatures. If the temperature increases above
30°C, the secondary structure will be destabilized allowing binding of the ribo-
somes and translation to start. The prfA transcript is present in Listeria mono-
cytogenes and codes for a transcriptional activator of virulence genes (Johansson
etal.,2002). At temperatures <30°C, the 5' UTR preceding the open reading frame
forms a secondary structure, which masks the SD sequence. When L. monocyto-
genes infects its mammalian host, it is exposed to 37°C destabilizing the secondary
structure and resulting in translation of the prfA coding region. In all three cases
described, translation occurs as long as the bacterial cells are exposed to the high
temperature.

Examples for proteins acting as sensors of high temperature are the TIpA and the
RheA repressors. TIpA is a Salmonella typhimurium virulence plasmid-encoded
protein acting as a sequence-specific DNA-binding autoregulator (Hurme et al.,
1996). This repressor protein contains an N-terminal DNA-binding region and a
long coiled-coil domain. The coiled-coil motif enables TIpA to sense temperature
shifts directly based on monomer-to-coiled-coil equilibrium (Hurme et al., 1997).
At temperatures below 37°C, the TIpA repressor interacts with its operators to
prevent transcription of virulence genes and to autoregulate its own expression.
When S. typhimurium infects a mammalian host, the 37°C environment leads to a
conformational change of TIpA causing its dissociation from the DNA. The RheA
repressor is encoded by Streptomyces albus and regulates expression of HSP18,
a small HSP. Dichroism circular spectroscopy revealed a reversible change of the
RheA conformation in relation with the temperature (Servant et al., 2000). In both
cases, as described before, transcription continues unimpaired as long as cells stay
at the high temperature.

3.2. Sensors of the Heat Shock Response

The heat shock response is a ubiquitous phenomenon that enables cells to survive a
variety of environmental stresses. The HSPs help to process misfolded, damaged,
or aggregated polypeptide chains and support protein maturation and trafficking
(Morimoto et al., 1994). HSPs do so by functioning as molecular chaperones and
ATP-dependent proteases (Feder and Hofmann, 1999; Morimoto et al., 1994). A
sudden increase in temperature results in the production of partially or totally un-
folded proteins generally called non-native proteins. Due to hydrophobic amino
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acid residues normally buried within proteins and now exposed on the outside of
non-native polypeptide chains, proteins can form aggregates, and large aggregates
can kill the cell. Therefore, cells have to prevent formation of protein aggregates
and do this by using two different strategies. HSPs are involved in protein folding
and refolding of non-native proteins or their degradation. Many important molec-
ular chaperones belong to the first class of HSPs and can be divided into three
classes. Folder chaperones bind non-native proteins in a 1:1 stoichiometry can
allow their refolding. Well-studied examples are the DnaK-DnaJ-GrpE team, the
GroEL-GroES team and the ClpA, ClpC, ClpX and ClpY chaperones (Mogk and
Bukau, 2004). Holder chaperones form large oligomeric structures, bind non-
native proteins and pass them over to folder chaperones for refolding. They act as
chaperone buffer when the folder chaperones are overloaded (Narberhaus, 2002a).
Disaggregating chaperones, together with the DnaK-DnaJ-GrpE team, can act
on protein aggregates to disaggregate and finally refold single polypeptide chains.
ClpB is here a well-known example (Weibezahn et al., 2005). The second major
class of HSPs are ATP-dependent proteases. While some such as Lon recognize
any denatured protein, others such as the Clp proteases or the membrane-anchored
FtsH protease act on specific target proteins. All ATP-dependent proteases first
bind there substrates sometimes using an adaptor protein such as ClpS, then use
ATP-hydrolysis to unfold the protein and feed it into the proteolytic chamber of
the protease subunit (Dougan et al., 2002).

Both molecular chaperones and ATP-dependent proteases can act as heat shock
sensors. The underlying principle is titration by denatured proteins appearing im-
mediately after a temperature upshock. DnaK has been identified in two cases. The
first case is 0°2 of E. coli, which has an half-life of less than 1 minute at 30°C.
This short half-life is caused by the concerted action of the DnaK team and the
FtsH protease. At low temperatures, the DnaK chaperone machine converts o3>
into a form recognized by FtsH that will subsequently degrade the destabilized
sigma factor (Herman et al., 1995; Tatsuta et al., 1998; Tomoyasu et al., 1995,
1998). After a heat shock, DnaK is titrated by non-native proteins, and 032 will
escape binding to DnakK as long as this chaperone is involved in dealing with dena-
tured proteins. Enhanced expression of the 0°?-dependent heat shock genes leads
to the removal of all non-native proteins within the cytoplasm. The more DnaK
chaperone is unoccupied, the more o2 will be converted to a form accessible to
degradation by the FtsH protease, leading to a gradual turn-off of the heat shock
response. The second example is the HspR repressor of Streptomyces coelicolor.
The hspR gene is the last gene of the tetracistronic dnaK operon and binds to three
inverted repeats located in front of this operon (Bucca et al., 1995). The repressor
protein is not able to bind to these repeats by itself, but needs DnaK as co-repressor,
which is titrated by non-native proteins causing relief of repression (Bucca et al.,
2000).

GroEL is the second chaperone identified to be involved in regulation of the ac-
tivity of another repressor called HrcA. This repressor protein regulates negatively
expression of the groESL operon and sometimes in addition the dnaK operon in
more than 100 bacterial species (Schumann, 2003). At low temperatures, HrcA
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binds to its operators to allow low level of transcription. After a heat shock, HrcA
dissociates from its operators triggered by a thus far unknown mechanism and re-
binds later. It is assumed that both newly synthesized HrcA and HrcA dissociated
from its operator are unable to bind and rebind, respectively, to the DNA. They
need to interact with GroEL allowing them to fold into their active conformation
(Mogk et al., 1997). While under physiological conditions, sufficient amounts of
GroEL are present to allow folding of HrcA, this chaperone is titrated immedi-
ately after a heat shock by the non-native proteins appearing in the cytoplasm. The
more of these denatured proteins are removed from the cytoplasm, the more HrcA
molecules can bind to GroEL to become folded into their active conformation
resulting in a turn off of the heat shock response. Therefore, GroEL acts indirectly
as sensor of heat stress.

Another example deals with the transcriptional repressor protein CtsR studied in
B. subtilis and present in several Gram-positive species (Schumann et al., 2002).
The homodimeric CtsR repressor, which binds to a highly conserved heptanu-
cleotide direct repeat, located upstream of cipP, clpE and the clpC operon forming
the CtsR regulon. At 37°C, a basal steady-state level of CtsR is maintained, and
after a heat shock, the repressor protein is rapidly degraded by the ClpCP protease
(Kriiger et al., 2001). All genes of the tetracistronic cIpC operon consisting of
ctsR, mesA, mesB and clpC are involved in the regulation of the activity of CtsR.
While ClpC interacts with ClpP to form an ATP-dependent protease, mcsB codes
for a tyrosine kinase and McsA stimulates the kinase activity of McsB (Kirstein
et al., 2005). In the absence of a heat shock, ClpC interacts with McsB to inhibit
its kinase activity. Following a sudden increase in temperature, CIpC is titrated by
the non-native proteins, and McsA binds to McsB to stimulate its kinase activity.
Subsequently, McsB phosphorylates McsA, CtsR and itself, turning CtsR~P into a
substrate for the ClpCP protease (Kirstein et al., 2005). Here, the ClpC chaperone
acts as a sensor of denatured proteins.

In the last example to be described here, the DegS protease of E. coli can detect
partially unfolded outer membrane proteins carrying the specific signature at their
C-terminal end (Ades, 2004; Alba and Gross, 2004). Besides 632, oF is another
alternative sigma factor involved in the heat shock response when non-native pro-
teins appear within the periplasm such as denatured outer membrane proteins. o
is kept inactive by binding to an anti-sigma factor, RseA, which is anchored in
the cytoplasmic membrane and consists of three functional domains. While the
C-terminal domain is extracytoplasmic, the central transmembrane domain an-
chors the protein in the membrane, and the N-terminal domain exposed into the
cytoplasm sequesters 0. Activation of o needs proteolytic cleavage of RseA by
three different proteases acting consecutively. If denatured outer membrane pro-
teins carrying the C-terminal YQF-COOH or YYF-COOH motif appear, e.g., due
to overexpression, this signature will be recognized by the PDZ domain of the
DegS protease. This protease is anchored in the inner membrane and the active
site faces the periplasm. In the absence of stress, the PDZ domain inhibits its pro-
teolytic activity. If the PDZ domain moves away from the proteolytic site, DegS
will cleave the C-terminal domain of RseA at a specific site. This in turn leads to
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the activation of the second protease, RseP, which will also cleave at a specific site
within the transmembrane domain. This causes release of the N-terminal part of
RseA with two alanine residues exposed at its new C-terminal end into the cyto-
plasm with oF still bound to it. The last step involves the complete degradation of
RseA. First, the adaptor protein SspB will recognize the truncated RseA and pass
it over to the ClpXP protease (Flynn et al., 2004). The ClpX ATPase subunits will
unfold the RseA protein and feed it into the proteolytic ClpP chamber. This will
finally cause release of oF able to interact with the core RNA polymerase, and the
genes of the oF regulon will transcribed.

4. Cold Shock Sensors

A sudden decrease in temperature induces the cold shock response in bacteria. This
physical stress factor influences several vital parameters such as solute diffusion
rates, enzyme kinetics, and membrane fluidity and affects conformation, flexibility,
and topology of macromolecules such as DNA, RNA, and proteins. Two major
problems arise from exposing a bacterial cell to a sudden decrease in temperature
to which bacteria have to adapt: (i) the fluidity of the inner membrane is reduced
impairing the free movement of integral membrane proteins. (ii) The decrease in
temperature induces secondary structures in mRNA molecules thereby impairing
translation. Bacteria have evolved strategies to cope with both problems (Eriksson
et al., 2002; Gualerzi et al., 2003; Weber and Marahiel, 2003).

The cold shock response of exponentially growing cells can roughly be sepa-
rated into three different phases. Phase I represents the initial but transient cold
shock response (called acclimation phase = lag period of cell growth) that im-
mediately follows cold exposure and, depending on the bacterial species, may
take up to several hours during which a profound reduction of the growth rate as
well as reprogramming of the translation machinery occurs. When the mesophile
E. coli is transferred from 37°C to a temperature below 20°C, cell growth stops
for an acclimation period of one to several hours. During phase I, homeoviscous
adaptation occurs and a dramatic reprogramming of gene expression takes place
leading to a transient increase in the rate of synthesis of a small set of cold shock
proteins (CSPs) to overcome the deleterious effects of the cold shock, whereas
that of most of the other genes are repressed. Many CSPs facilitate translation
by adapting ribosomes to the lower temperature and preventing the formation of
RNA secondary structures. During phase II, the recovery phase, cells start to grow
significantly faster. These cells are considered to be cold-adapted and later enter
phase III, the stationary phase.

To restore the fluidity of the inner membrane, the amount of double-bonds
within the fatty acids of the phospholipids is enhanced. This can occur by one
of two strategies: incorporation of unsaturated fatty acids during de novo synthe-
sis of phospholipids or, alternatively, introduction of double-bonds into preexist-
ing phospholipids. E. coli uses the first strategy. It codes for an enzyme called
FabF (gene: fabF) which is synthesized constitutively, but which is inactive at
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temperatures above 30°C and which gains activity after a cold shock. This enzyme
accepts palmitoleyl-ACP as substrate, leading to increased amounts of unsaturated
cis-vaccenic acid in membrane phospholipids (Garwin et al., 1980). Here, the en-
zyme [(3-ketoacyl-[acyl-carrier-protein] synthase II encoded by fabF acts as cold
Sensor.

The second strategy is used by B. subtilis and cyanobacteria. They code for one
(B. subtilis) or more enzymes called desaturases which introduce double bonds
into preexisting saturated fatty acids. The B. subtilis desaturase Des (gene: des)
(Aguilar et al., 1998) is absent at temperatures above 30°C and transiently induced
after a cold shock. Induction of the des gene is regulated by a two-component
signal transduction system consisting of the sensor kinase DesK (gene: desK) and
the response regulator DesR (gene: desR) (Aguilar et al., 2001). DesK is an in-
tegral membrane protein that senses the decrease in fluidity of the cytoplasmic
membrane after a sudden temperature downshift. This induces autophosphory-
lation at its invariant histidine residue and subsequent transfer of the phosphor
group to the invariant aspartate residue of the response regulator. The active DesR
protein then binds to a DNA site upstream of the des promoter to induce tran-
scription of the des gene. The desaturase introduces double-bonds into the fatty
acids of the phospholipids. When the fluidity of the membrane has been restored
the activity of the DesK protein changes from a kinase to a phosphatase and
DesR will be dephosphorylated. This leads to turning off of the expression of the
des gene. If B. subtilis cells stay for an extended time at the low temperature,
the des gene will be expressed at a level sufficient to ensure the fluidity of the
membrane.

Besides restoring the membrane fluidity, bacteria have to deal with secondary
structures in their mRNAs induced by the cold shock. This is accomplished by the
synthesis of CSPs acting as RNA chaperones such as CspA and RNA helicases
(CsdA in E. coli, CrhC in cyanobacteria) which bind to RNA molecules to either
prevent formation of secondary structures or to remove them. What do we know
about the regulation of these cold-inducible genes and the sensor(s) involved?
From studies carried out in E. coli we know that there are two levels of regulation,
one post-transcriptional regulation based on the modulation of transcript stability
and one based on translation control (Gualerzi et al., 2003).

The cspA and some additional cold shock genes contain a long 5" UTR of more
than 100 nucleotides, which renders the transcript extremely unstable (t;» ~ 12s)
(Goldenberg et al., 1996). Thirty minutes after transfer of E. coli cells from 37°C
to 15°C, its half-life increased to >70 min. It is assumed that the presence of a
stem-loop like the hp2 element might be responsible for the RNaseE-dependent
degradation at 37°C (Diwa et al., 2000). Toward the end of the acclimation phase, a
new decay pathway will become effective to prevent the dangerous accumulation of
unnecessary cold-shock transcripts. Here, alternative secondary structures present
within the 5 UTR of many cold-inducible genes of E. coli functions as a cold
Sensor.

The second layer of regulation is exerted at the level of translation initiation. In
E. coli, there is an obvious cold-shock translation bias becoming affective during
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the acclimation phase. This means that the translation apparatus of cold-shocked
cells translates at 15°C cold-shock mRNA at a faster rate and to a higher level than
non-cold-shock mRNA. Both cis- and trans-elements contribute to the cold-shock
translation bias. As to the nature of the cis-elements, they most probably are
constituted by elements of secondary/tertiary structure than by sequence motifs.
In the case of cspA such an element has been located in the upstream half of the 5’
UTR. As to the nature of the frans-acting factors, IF3 was identified as being the
most important element capable of conferring translational selectivity in the cold
in favour of cold-shock mRNAs (Giuliodori et al., 2004). In addition, the RNA
chaperone CspA stimulates mRNA translation by favouring unstructured mRNA
conformation with the ribosomes (Brandi et al., 1999; Jiang et al., 1997). Here,
IF3 can be assumed to act as a cold sensor.

5. Sensors of Water Stress

Osmosensing and osmoregulation are important survival mechanisms for all cells.
The cytoplasm of a bacterial cell typically contains 300400 g/L of macro-
molecules (DNA, RNA, proteins), which occupy 20-30% of the cellular volume
(Zimmerman and Trach, 1991). The primary contributors to cytoplasmic osmo-
lality (defined as the osmotic pressure of a solution at a particular temperature,
expressed as moles of solute per kg of solvent), which has been determined to be
100-200 g/L, are low molecular weight solutes also termed osmosolutes, where
most of them are ionic. The osmolyte concentration gradient across the bacterial
cytoplasmic membrane results in an osmotic pressure difference of about 4 atm for
E. coli and 20-30 in Gram-positive bacteria. An increase (hyperosmotic upshift)
or a decrease (hypoosmotic downshift) in the external osmolality causes water to
flow across the membrane resulting in concentrating or diluting the cytoplasm.
Alterations in the water content result in changes of the turgor, volume, viscosity,
membrane tension, and possibly in membrane potential and ion gradient. Further-
more, changes of the thermodynamic activity of cytoplasmic water results in altered
interactions among ions and macromolecules, e.g., hydrogen bonding, hydration,
electrostatic interactions, and macromolecular crowding. When the osmolality in
the medium drops, water will flow into the cell, which may cause leakage and
even lysis of the cell. When the medium osmolality increases, water will exit the
cell and plasmolysis will occur. To prevent lysis or plasmolysis, cells respond to
osmotic up- and downshifts by rapidly accumulating or releasing low molecular
weight osmolytes. Osmoregulatory channels and transporters sense and respond
to osmotic stress via different mechanisms (Poolman et al., 2004; Wood, 1999;
Wood et al., 2001).

Upon osmotic upshift, water will flow out of the cell, the turgor will decrease and
the cells may plasmolyse. To prevent lysis and plasmolysis, bacteria adjust their
intracellular osmolyte concentrations by taken up particular zwitterionic organic
solvents such as glycine betaine or ectoine as osmoprotectants generally referred
to as compatible solutes (Wood, 1999). These compounds can be accumulated to
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molar levels and stabilize native protein structures. To accumulate compatible so-
lutes upon osmotic upshift, bacteria use ATP-binding cassettes or ion-motive force
driven transporters. If the turgor becomes to high, they activate mechanosensitive
channels (MSCs) allowing excretion of compatible solutes. These MSCs excrete
solutes with little discrimination, except for size. MscL with a huge pore size
(30—40 A) appears to be a final resort to release high pressures.

Osmoregulation has been extensively studied in E. coli and in S. typhimurium
and is coordinated into a particular sequence of reactions resulting in cellular adap-
tation to the unfavourable osmotic condition. The primary event after an osmotic
upshock is the efflux of water by diffusion across the lipid bilayer and through
aquaporins mediating rapid and large water fluxes in both directions. This will
lead to physical and structural changes in the cell triggering the osmotic response.
The first response in E. coli is the massive uptake of K™, which is mediated by the
Trk (high K,; for KT, estimated of 0.3 to 3 mM) and Kdp (low K,; for K* with
2 uM) systems and occurs within seconds after the osmotic shift (Bossemeyer
et al., 1989; Meury and Kohiyama, 1992; Voelkner et al., 1993). Within a few
minutes, glutamate begins to accumulate acting as the counterion of K+ (Dinnbier
et al., 1988; McLaggan et al., 1994). The accumulation occurs via an increase in
biosynthesis and a decrease of glutamate utilization. Changes in the turgor con-
tribute to the regulation in activity of both the Trk and the Kdp transporters where
the latter is regulated via a two-component signal transduction system. Signal
perception induces autophosphorylation of the KdpD sensor kinase which subse-
quently transfers the phosphor group to the response regulator KdpE . KdpE~P
then activates transcription of the kdp operon. Besides the turgor, KdpD somehow
senses the availability of K*. The K™ uptake system is encoded by the kdpFABC
genes, where KdpA is believed to span the cytoplasmic membrane 10 times and
to translocate K™ in a process involving two sequentially occupied K™ binding
sites (Buurman et al., 1995). The catalytic subunit KdpB accepts phosphate from
ATP during the K* transport cycle, while the functions of KdpC and KdpF are
unknown. Because high cytoplasmic Kt concentrations have negative effects on
protein functions and DNA-protein interactions, the initial increase in cellular K™
is followed by the accumulation of compatible solutes. This allows the cells to dis-
charge large amounts of the initially acquired K™ through specific and nonspecific
efflux (Kef) systems (Douglas et al., 1991).

Cytoplasmic membrane-based proteins are implicated in the earliest bacterial
responses to osmotic up- and downshifts. Their membrane localization focuses the
search for the stimulus they detect. The sensory domains can remain associated
with the periplasmic and cytoplasmic faces of the membrane. Does the sensor
protein detect changes in transmembrane solvent gradients or in absolute osmo-
lality? Are these changes detected directly or are solvent-induced changes in the
phospholipids of the membrane monitored? Does the sensor protein detect mem-
brane changes that are mechanical and/or chemical in origin? The homologous
proteins TrkG and TrkH, both predicted to span the membrane 12 times, are be-
lieved to be the earliest sensors of and the first respondents to osmotic upshifts in
E. coli.
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6. Sensors of Reactive Oxygen Species

Molecular oxygen (O;) serves as an important role in fundamental cellular func-
tions, including the process of aerobic respiration. Reactive oxygen species (ROS),
including superoxide radicals (O,-~) and hydrogen peroxide (H,O,), are contin-
uously generated as by-products of respiration. Reaction of H,O, with free iron
generates hydroxyl radicals (-OH) in the Fenton reaction. These hydroxyl rad-
icals are highly reactive and react at virtually diffusion-limited rates with most
biomolecules (Imlay, 2002, 2003). ROS are also produced by the host immune
system as the first line of defence against invading bacteria. Macrophages and
neutrophiles release high concentrations of hydrogen peroxide and hypochlorous
acid (HOC)) in an attempt to kill the bacteria (Storz and Imlay, 1999). Proteins
are the major target of oxidative damage because of their high cellular abundance
(Davies, 2005). Iron—sulfur cluster containing proteins are especially vulnerable
to ROS, and elevated levels of ROS are furthermore associated with the oxidation
of methionines to methionine sulfoxide, which is reversible (Grimaud et al., 2001;
Weissbach et al., 2002), and oxidation of thiolate groups in cysteines. Another
irreversible modification is amino acid carbonylation (Fredriksson et al., 2005;
Requena et al., 2001; Reverter-Branchat et al., 2004).

Living cells have developed numerous mechanisms to withstand oxidative stress.
While in E. coli many enzymes have been identified that protect against oxida-
tive damage (Kiley and Storz, 2004), no mechanisms to degrade ROS are known.
Microorganisms are able to detect ROS within seconds. Upon sensing ROS, the
expression of specific genes is induced whose products protect cells from the oth-
erwise fatal consequences of oxidative stress. Induction of these genes involves
transcription factors that are specifically activated by oxidative stress. I will em-
phasize recent insights into the mechanism of peroxide sensing for three families
of proteins (OxyR, PerR, and OhrR; (Mongkolsuk and Helmann, 2002) and of
nitric oxide and superoxide sensing by SoxR all of them acting as transcription
activators.

The E. coli OxyR was the first peroxide-sensing transcription factor to be charac-
terized in detail sensing oxidants directly (Zheng and Storz, 2000). While reduced
OxyR binds to two adjacent major grooves separated by one helical turn, in its oxi-
dized form, it binds four adjacent major groove regions and activates transcription
by recruitment of the RNA polymerase holoenzyme, which subsequently initiates
transcription of its 22 target genes (Choi et al., 2001; Tao et al., 1993; Toledano
et al., 1994). In total, treatment of E. coli cells with H,O, induces about 140
genes most of them in an OxyR-independent way. The initial reaction of OxyR
with H,O, is postulated to occur at Cys-199, leading to the formation of an un-
stable Cys-sulphenic acid (Cys-SOH) intermediate (Zheng et al., 1998). Next, the
oxidized Cys-199 reacts with Cys-208 to form an intramolecular disulfide bond.
Since these two cysteine residues are separated by ~17 A in the reduced state,
formation of the disulfide bond is accompanied by a refolding of a central do-
main in the OxyR monomer (Choi et al., 2001). Aerobically growing E. coli cells
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maintain cytoplasmic H,O, concentrations near 20 nM, primarily because of the
peroxidase activity of Ahp (Seaver and Imlay, 2001) and needs as little as 100
nM intracellular H,O; to become activated (Gonzalez-Flecha and Demple, 1997).
Reduction occurs with a half-time of 5 min through the activity of glutaredoxin
1 and glutathione (Zheng et al., 1998). Though OxyR has been identified primar-
ily as an H,O, sensor, it is also able to respond to disulfide stress resulting as a
consequence from defects in the systems that function to maintain an intracellu-
lar reducing environment (Aslund et al., 1999). Transcription regulators such as
OxyR are widely distributed in most Gram-negative and some Gram-positive bac-
teria, and the Cys-199 and Cys-208 residues are absolutely conserved, suggesting
a common redox-sensing mechanism (Zheng and Storz, 2000).

The PerR family of metallo-regulatory proteins includes several small, dimeric
DNA-binding proteins that respond to metal ions such as Fur (iron sensor), Zur
(zinc sensor) and PerR (peroxide sensor) (Bsat et al., 1998; Escolar et al., 1999;
Gaballa and Helmann, 1998). PerR was identified as the major regulator of the
inducible peroxide stress response in B. subtilis and acts as the prototype of related
peroxide-sensing repressors present in both Gram-positive and Gram-negative
bacteria (Herbig and Helmann, 2001). PerR contains two metal binding sites per
monomer: one site binds Zn(II) and may play a structural role, while the second site
binds a regulatory metal. In vivo, either Fe(Il) or Mn(II) function as co-repressors,
but both metals influence induction after addition of H,O, quite differently. While
in Mn(II)-supplemented medium, induction of the genes of the PerR regulon are
tightly repressed, peroxide leads to an induction in medium with added iron. Two
different models can account for peroxide sensing by PerR. In model one, H,O,
reacts directly with the regulatory metal ion leading to its dissociation and con-
comitant derepression. In the second model, H,O, reacts with one or more cysteine
residues, leading to the formation of a disulfide bond and concomitant loss of metal
ion. Since all PerR homologues have a highly conserved CxxC motif near their
C-terminus, and these cysteine residues are critical for repressor function, these
observations favour the second model.

The OhrR (organic hydroperoxide resistance) family of proteins is found in
a wide variety of bacteria. In B. subtilis, OhrR binds to a pair of inverted re-
peat sequences overlapping promoter sites thereby blocking transcription initiation
(Fuangthong et al., 2001, 2002). Peroxide sensing requires oxidation of Cys-15
and formation of a Cys-SOH (sulphenic acid) and concomitant dissociation from
its operators (Fuangthong et al., 2002).

The second identified transcription factor, SoxR, is responsive to nitric oxide and
superoxide (Ding and Demple, 2000). Like OxyR, SoxR is expressed constitutively
in an inactive state. SOxR is a homodimer in solution with each subunit containing
an [2Fe-2S] cluster that functions as a redox-responsive switch. Oxidation or direct
nitrosylation of both clusters activates SoxR to enhance transcription of soxS up to
100-fold. The SoxS protein in turn activates expression of 37 genes of the SOxRS
regulon (Pomposiello and Demple, 2001; Touati, 2000). It should be mentioned
that superoxide modulates the expression of at least 112 E. coli genes.
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7. Sensors of External pH Stress

Each bacterial species in nature has an optimal pH and drastic changes in extra-
cellular pH values trigger a pH stress response that results in overexpression of
certain genes and suppression of others. The promoters of those genes respond
to the pH changes (Storz and Hengge-Aronis, 2000), but the mechanisms of pH
control of pH-regulated genes are poorly understood. Bacteria display an amazing
capacity to survive and grow in life-threatening stresses in a variety of pathogenic
and natural situations among them the bacterial response to extremes of pH (Bear-
son et al., 1997; Cotter and Hill, 2003; Foster, 2004; Hall et al., 1996). As an
example, enteric bacteria manage to grow in minimal medium ranging between
pH 5 and 8.5 representing more than a 3,000-fold range in H*-ion concentration.
These bacteria can even survive from pH 4 to pH 9 (a 100,000-fold range) for
extended periods of time. By which mechanisms, bacterial cells sense pH and
subsequently alter transcription? A mechanism commonly employed by bacte-
ria involves two-component signal transduction systems, where several examples
have been described for acid stress.

7.1. Acid Stress

Acid stress can be described as the combined biological effect of low pH and
weak (organic) acids present in the environment. Weak acids include volatile fatty
acids like butyrate and proprionate, which, in their uncharged, protonated form can
diffuse across the cell membrane and dissociate inside the cell, lowering the internal
pH. The lower the external pH, the more undissociated weak acid will be available
to cross the cytoplasmic membrane. Several two-component signal transduction
systems have been described where the sensor kinase somehow monitors a drop
in the external pH value and subsequently activates a response regulator.

The acid stress response has been studied in great detail using E. coli as a genetic
model organism (Foster, 2004) and to some extent in several other bacterial species
(Cotter and Hill, 2003; Hall et al., 1996). Four different acid-resistance (AR)
systems have been described. The first system becomes apparent when E. coli cells
are grown to stationary phase in LB medium buffered to pH 5.5. When these cells
are diluted into minimal media at pH 2.5, they will survive while cells grown at pH
8 will be killed. The alternative sigma factor o> and CRP (cAMP receptor protein)
are required to develop acid tolerance (Castanie-Cornet et al., 1999). The other
three acid-resistance systems are developed by cells growing in glucose-containing
LB medium supplemented either with glutamate (second system), arginine (third
system) or lysine (fourth system). Atleast 11 regulatory proteins are known to affect
induction of the AR2 system, and the transcriptional activator GadE plays a central
role. It binds to a 20-bp gad box located upstream of the transcriptional start sites
of gadA and gadB (both coding for glutamate decarboxylase) (Castanie-Cornet
and Foster, 2001; Ma et al., 2003). Activation of gadE needs the two-component
signal transduction system EvgS (sensor kinase) and EvgA (response regulator),
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where EvgA activates transcription of gadE (Ma et al., 2004). AR3, coding for an
arginine decarboxylase (adiA) and adiC (arginine/agmatine antiporter), is activated
by CysB under anaerobic conditions at low pH values in complex media, and CysB
is assumed to be the sensor of these factors (Shi and Bennett, 1994).

One virulence system that responds to pH is the PhoP-PhoQ regulon of
Salmonella typhimurium which is capable of growth within macrophage phagoly-
sosomes (Finlay and Falkow, 1989). PhoQ is thought to be the environmental sen-
sor of the phagocytic habitat, and induction of the pag gene is maximal when the
pH of the phagosome drops below 5.0 (Alpuche Aranda et al., 1992). PhoQ senses
both Mg?* and pH and appears to be responsible for the low pH induction of
only a few of the many acid shock proteins (Bearson et al., 1998). One of the key
steps in the activation of genes involved in the invasion into host epithelial cells
in the intestine is the synthesis of the first global activator, VirF in Shigella and
HilA in Salmonella. The expression level of Shigella sonnei virF is controlled in
response to pH which is accomplished by the two-component regulatory system
cpxR-cpxA (Nakayama and Watanabe, 1995, 1998). In the case of Salmonella, the
hilA gene is activated by the response regulator SirA, which is phosphorylated by
the sensor kinase BarA (Altier et al., 2000; Johnson et al., 1991). The virulence
regulator ToxR of Vibrio cholerae is a transmembrane sensor protein which uses
its N-terminal cytoplasmic domain to bind to promoter regions of virulence factor
genes while its C-terminus is exposed in the periplasm where it senses environ-
mental stimuli (Miller et al., 1987). ToxR regulates a series of genes, defined as
the ToxR regulon (Parsot and Mekalanos, 1991), and its induction occurs during
growth at pH 6.5 but not at pH 8.4 (DiRita, 1992). The last example is the ChvG
sensor protein and ChvI response regulator which play a role in coordinating the
expression of acid-inducible genes in A. fumefaciens (Li et al., 2002).

What do all these sensor kinases sense? Do they all sense the same signal? Is
the signal an increased extracellular proton concentration, changes in the outer
membrane or alterations within the sensor module leading to a conformational
change leading to autophosphorylation?

7.2. Alkaline Stress

Far less is known about base-inducible genes and their regulation. At high pH,
the Na*/H™ antiporter helps maintain internal pH and protects cells from excess
sodium (Gerchman et al., 1993). E. coli codes for two antiporters, NhaA and NhaB,
which specifically exchange Na™ or Li* for HT (Schuldiner and Padan, 1993). The
expression of nhaA is positively regulated by nhaR (Rahav-Manor et al., 1992),
and is induced by Na™, where induction is increased with pH (Padan et al., 1989).
NhaA detects external pH directly (Rahav-Manor et al., 1992). Replacement of
His-226 with arginine confers a lowered pH range of activity and loss of activity
above pH 7.5 (Gerchman et al., 1993).

The FoF; ATPase operon seems to be among the alkali-inducible genes in both
Gram-negative and Gram-positive species. In E. coli, the ATP synthase imports
protons at high pH to counteract the alkaline stress response on cytoplasmic pH on
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one hand and prefers to minimize proton export on the other hand (Maurer et al.,
2005). High pH represses synthesis of flagella, which expend the proton motive
force. The underlying regulatory mechanism including the sensor remains elusive.
In Corynebacterium glutamicum, the FoF; ATPase operon is strongly induced by
alkaline pH, too, and expression of the operon under these conditions seems to be
controlled by o'! (Barriuso-Iglesias et al., 2006).

In B. subtilis, about 80 genes are base-inducible at least fourfold following a
pH upshock from 7.4 to 8.9, where about 60 of these genes belong to the 0"
regulon (Wiegert et al., 2001). The alternative sigma factor oV is sequestered
by the anti-sigma factor RsiW anchored in the cytoplasmic membrane. RsiW
consists of three functional domains where the N-terminal domain is exposed in
the cytoplasm and involved in binding oV, the central domain anchors the protein
in the membrane, and the C-terminal domain is located on the outside of the cell
(Schébel et al., 2004). Release of oV after a sudden pH upshock requires three
different proteases acting successively. The first protease termed PrsW cleaves the
RsiW within its extracytoplasmic domain (Ellermeier and Losick, 2006; Heinrich
and Wiegert, 2006). This site-1 cleavage activates the RasP protease which cleaves
within the transmembrane domain (Schobel et al., 2004). This site-2 cleavage
reaction causes release of the N-terminal domain into the cytoplasm with oV still
bound. Next, the truncated RsiW is attacked by the ATP-dependent ClpXP protease
which degrades the protein into peptides (site-3 cleavage) finally causing release of
o™ into the cytoplasm where it will interact with the RNA polymerase core enzyme
to transcribe the about 60 genes of the " regulon (Zellmeier et al., 2006). Since this
system consists of five components namely the sigma, the anti-sigma factor, and
three different proteases, we suggest calling it a five-component signal transduction
system. Which protein acts as a sensor of alkali stress? Three possibilities are
envisaged: the C-terminal part of RsiW, the first protease PrsW or a third so far
unknown protein interacting either with RsiW, the site-1 protease, or both.
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Abstract: The unfolded protein response (UPR) is a multifaceted signal transduc-
tion pathway that is activated in all eukaryotic organisms in response to changes in
the environment of the endoplasmic reticulum (ER) that adversely affect protein
folding and assembly in the secretory pathway. The response is generally thought
to protect cells from the transient alterations that can occur in the ER environment
and serves to restore homeostatis in this organelle. Under extreme or prolonged
stress, apoptotic pathways can be activated to destroy the cell. Recent studies re-
veal that in addition to protecting cells from adverse physiological conditions, the
UPR plays an essential role in the normal development and functioning of some
tissues and can be a major contributor to the pathology of some diseases.

1. Characteristics of the UPR

In 1977, GRP78 and GRP94 were first observed as transformation-related proteins
that were later demonstrated to be up-regulated by glucose deprivation and rapid
metabolism (Pouyssegur et al., 1977; Shiu et al., 1977). Later, these two proteins
were independently identified as ER resident chaperones, which monitor and aid
the folding and assembly of secreted and membrane-bound proteins (Hendershot
et al., 1988; Lee, 1992).

The concept of an unfolded protein response (UPR) pathway was originally
described in early 1990s when mammalian cells were found to respond to severe
ER conditions, such as altered pH, low levels of glucose or oxygen, or alter-
ations in the oxidizing state of the ER by up-regulating the resident ER molecular
chaperones. All these agents perturb the normal folding and maturation of the
secretory pathway proteins that are synthesized in this organelle, and indeed the
entire UPR pathway can be activated by simply expressing a mutant protein that
cannot fold properly in the ER (Kozutsumi et al., 1988). While this signal transduc-
tion pathway is primarily designed to safeguard the ER, its effects are extended to
other organelles, and in extreme cases it protects the organism by terminating
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cells experiencing chronic ER stress (Ma and Hendershot, 2004; Xu et al.,
2005).

A number of changes in the normal ER environment can affect nascent protein
folding. For instance, lowering the ER pH alters side chain charges on polypep-
tides; low glucose interferes with both the glycosylation of nascent proteins and
inhibits energy production; and decreased oxygen causes the ER environment to
become more reducing, which blocks the formation of disulfide bonds. When
these post-translational modifications are inhibited, the nascent peptides cannot
achieve their correct mature conformation and the incompletely folded proteins
accumulate in the ER due to quality control programs that prevent them from
further transport along the secretory pathway (Ellgaard and Helenius, 2003). A
number of pharmacological agents are routinely used to activate the UPR for ex-
perimental purposes (Lee, 1992). For example, thapsigargin, an inhibitor of the
ER Ca’>* ATPase, depletes ER calcium, and tunicamycin prevents the addition of
N-linked glycans to nascent ER proteins. DTT and 2-3 mercaptoethanol alter the
oxidizing environment of the ER and interfere with formation of disulfide bonds
that normally stabilize the folding and assembly of secretory pathway proteins,
and 2-deoxyglucose (2-DG) mimics low glucose conditions by competing with
glucose and prevents both N-linked glycosylation and energy production, which
is required for protein folding (Helenius, 1994; Kornfeld and Kornfeld, 1985).
Finally, Brefeldin A, an inhibitor of intracellular protein transport, causes proteins
to accumulate in the ER and activate the UPR.

The UPR is thought to function primarily as a cytoprotective response that
protects cells from transient but frequent changes in their environment (Fig. 1).
The hallmark of the response is the up-regulation of ER chaperones, which bind
to unfolded regions on proteins and act to prevent their aggregation and promote
proper refolding if stress conditions are alleviated. This aspect of the response is
conserved in all organisms (Lee, 1987). A second feature of UPR activation is a
transient inhibition of protein synthesis (Brostrom et al., 1996), which serves to
limit the load of unfolded proteins. Interestingly, the block in protein translation is
not specific to ER proteins and occurs in all metazoans. A third component of the
UPR is the expansion of the degradative capacity of the cell, which allows for the
disposal of unfolded proteins (Brodsky et al., 1999; Kostova and Wolf, 2003) and is
found in all eukaryotic organisms. ER-associated degradation (ERAD) is a highly
selective mechanism used for both regulated degradation of certain functional ER-
resident proteins and for the removal of aberrant and unassembled proteins from the
ER. Another long recognized aspect of the UPR is the arrest of cells in the G1 phase
of cell cycle (Lee et al., 1986), which serves to protect the organism by inhibiting
the proliferation of cells that are experiencing stress. Finally, if ER stress persists
or is particularly severe, apoptotic pathways are initiated to eliminate the stressed
cell. The first three functions contribute to preventing the aggregation of unfolded
proteins by both limiting the load of unfolded proteins in the ER and increasing
the concentration of molecular chaperones to deal with existing proteins. They
constitute the cytoprotective functions of the UPR, whereas the arrest of cells in
the G1 phase is considered to be both protective to the cell and the organism.
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FIGURE 1. ER localized UPR transducers and the downstream responses they control. Four
ER localized proteins have been identified that monitor evidence of stress conditions in the
ER lumen and upon activation regulate the downstream responses. These include PERK
(blue), an elF-2o kinase that is responsible for the transient inhibition of protein synthesis
and cell cycle arrest. There are two Irel homologues (green), Irel ¢ which is ubiquitously
expressed and Irel3 which is expressed in the gut epithelium. Activation of Irel leads to
cleavage of XBP-1, which in turn regulates components of the degradative machinery. The
third transducer is ATF6 (yellow), which up-regulates ER chaperones, and the fourth stress
sensor is procaspase 12 (pink), which activates apoptotic programs.

Activation of apoptosis signals the point where the cytoprotective aspects of the
response shift to cytodestructive ones in order to protect the organism. Thus, the
entire response can be considered a protective one that is first active at the cellular
level and later shifts to the organismal level. Where this threshold is set is not
currently well understood and appears to vary between cell types.

2. Components of the UPR Pathway

The UPR response occurs in all known eukaryotes. It was first delineated in yeast
which has a single ER stress transducer that activates the entire pathway. This
component is conserved in higher eukaryotes but is greatly expanded.

2.1. The Yeast UPR

To identify the components of the UPR pathway, a 22-bp cis-acting element from
the yeast BiP promoter (UPRE) was identified that was sufficient to confer ER
stress-induced regulation of a heterologous transcript (Mori et al., 1992). This
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element was used in a genetic screen that led to the identification of Irel (Cox et al.,
1993; Mori et al., 1993), which was originally discovered as inositol-requiring
gene 1 (Irel). Irel possesses an N-terminal ER targeting sequence, a luminal
“stress-sensing”” domain, a transmembrane domain, a cytosolically disposed kinase
domain, and a C-terminal domain that possesses endonuclease activity (Sidrauski
and Walter, 1997). Irel is required for yeast survival during ER stress but not
during normal cell growth. The target of Irel’s endonuclease activity is the HAC!
transcript, which encodes a basic leucine zipper transcription factor (Cox and
Walter, 1996). HACI mRNA is constitutively expressed but not translated due to
the presence of a 252-nucleotide intron that inhibits translation. Activated Irelp
cleaves the HACI transcript at either end of the intron and RIglp, a tRNA ligase,
re-ligates the transcript in a spliceosome-independent reaction (Sidrauski et al.,
1996). The spliced HACI mRNA is efficiently translated to produce Haclp, a
transcription factor that translocates to the nucleus where it binds to UPREs in
ER chaperone promoters and up-regulates these and numerous other UPR targets
(Travers et al., 2000).

2.2. The UPR Pathway in Mammalian Cells

Mammals have preserved the basic components of the yeast UPR and greatly ex-
panded it (Figs. 1, 2). Two Irel homologues exist in mammalian cells: IRE1x and
IRE1f3, which possess the same features as yeast Irelp (Tirasophon et al., 1998;
Wang et al., 1998b). The only known target of Irel’s endonuclease activity is the
X-box protein 1 (XBP-1) transcript (Calfon et al., 2002; Yoshida et al., 2001),
which in the unspliced form encodes a protein with a DNA binding domain but
no transactivation domain. The excision of 26 bases from the XBP-1 transcript by
activated Irel changes the reading frame of the C-terminus of XBP-1, so that the
spliced form of XBP-1 now encodes both a DNA binding domain and a transacti-
vation domain (Calfon et al., 2002; Yoshida et al., 2001). The remodeled XBP-1(S)
regulates components of the ERAD pathway, like EDEM (Yoshida et al., 2003),
co-factors of the ER chaperone BiP, including ERdj3 and ERdj4 (Lee et al., 2003),
an inhibitor of PERK’s kinase activity, pS8IPK, which serves in part to restore
protein translation (Yan et al., 2002), and components of lipid synthesis that play a
role in the expansion of ER membranes during the differentiation of some secretory
tissues (Sriburi et al., 2004).

Unlike yeast, a transient inhibition of protein synthesis occurs during the UPR,
which is achieved by phosphorylating the eukaryotic translation initiation factor-
2« (elF-2 ) through the activation of PKR-like endoplasmic reticulum (ER) kinase
(PERK) (Harding et al., 1999; Shi et al., 1998). This leads to the loss of cyclin
D1 from cells (Brewer and Diehl, 2000), causing a G1 arrest that prevents the
proliferation of cells experiencing ER stress. Paradoxically, the translation inhibi-
tion specifically allows expression of activating transcription factor 4 (ATF4) by
suppressing the usage of several small open reading frames at the 5" end of the
transcript that overlap with the true ATF4 start site (Harding et al., 2000). ATF4
regulates a number of genes including those involved in metabolism and energy
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FIGURE 2. Components of the mammalian ER stress response. The accumulation of un-
folded proteins in the ER leads to the activation of three ER membrane proteins (Irel
(green), PERK (blue), and ATF6 (yellow) that act as signal transducers. These three arms
of the response are largely cytoprotective and serve to regulate downstream targets which
are ultimately responsible for the up-regulation of ER chaperones, inhibition of translation,
cell cycle arrest, a number of other transcriptional responses including those downstream
of ATF6 (yellow oval), AFT4 (green oval) NFkB (navy oval), and XBP-1 (blue oval). If the
stress is not resolved, caspase 12 is activated to initiate apoptosis.

production (Harding et al., 2003; Siu et al., 2002). In addition, ATF4 plays a role in
reversing the translation arrest by transactivating GADD34 (Ma and Hendershot,
2003; Novoa et al., 2001), the regulatory subunit of the PP1 phosphatase that de-
phosphorylates eIF-2«. This serves to reverse the translation arrest and contributes
to apoptosis by inducing the C/EBP-homologous protein (CHOP) (McCullough
et al., 2001; Zinszner et al., 1998). PERK is also required for NF-«kB activation
(Jiang et al., 2003), which up-regulates anti-apoptotic proteins like Bcl2 during
ER stress. Thus, PERK sits at the crossroad of both survival and death signals.
Using a one-hybrid screen to identify proteins that bound to the ER stress regu-
lated element (ERSE) found in ER chaperone promoters, Mori’s group identified
ATF6, a transcription factor that is synthesized as an ER-localized transmem-
brane protein, with a luminal stress sensing domain and a cytosolically oriented
transcription factor domain (Haze et al., 1999). In response to ER stress, ATF6
is transported to the Golgi, where it is cleaved by the Golgi-localized S1P and
S2P proteases (Ye et al., 2000), releasing the cytosolic transcription-factor do-
main. ATF6 up-regulates ER chaperones such as BiP, GRP94, and calreticulin,
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and folding enzymes like peptidyl-prolyl isomerase B (PPlase B) and protein
disulfide isomerase (PDI) (Yoshida et al., 1998). ATF6 also serves to up-regulate
the XBP-1 transcript (Yoshida et al., 2001).

If ER stress conditions are not resolved, apoptotic pathways are activated.
Procaspase-12 is localized to the cytosolic face of the ER membrane and is activated
in response to ER stress (Nakagawa et al., 2000) by IRE1-dependent mechanisms
involving calpain activation (Nakagawa and Yuan, 2000). Although the human
caspase-12 gene contains several missense mutations and clearly cannot have a
role in UPR-induced apoptosis, recent data indicate that caspase-4 in humans is
homologous to murine caspase-12 and is activated in an ER-stress-specific man-
ner, indicating that it might be the human caspase-12 orthologue (Hitomi et al.,
2004).

3. Mechanisms of UPR Activation

3.1. Conventional Means of UPR Activation

The pharmacological agents that are used to induce the UPR share the ability to
dramatically affect protein folding in the ER (Lee, 1992). Indeed, an early study
demonstrated that over-expression of an unfolded secretory pathway protein was
sufficient to activate the UPR in mammalian cells (Kozutsumi et al., 1988). Some-
what surprisingly, further studies revealed that not all unfolded proteins were able
to initiate the response. The PiZ mutant of ocl-antitrypsin, which binds to calnexin
and is retained in the ER, did not activate the response (Graham et al., 1990). On the
other hand, unfolded hemagglutinin from influenza virus (strain A/Japan/305/57,
H2N2) (Kozutsumi et al., 1988), hemagglutinin-neuraminidase (HN) from simian
virus 5 (Watowich et al., 1991), and unassembled immunoglobulin p-heavy chains
(Lenny and Green, 1991) all bind to BiP and activate the UPR. A series of deletion
mutants were made in the extracellular domain of HN, and in all cases, loss of
BiP binding correlated with an inability of the unfolded HN protein to activate the
UPR (Watowich et al., 1991). Together these studies suggested that since only BiP
binding proteins appeared to activate the response, some aspect of BiP might be
monitored to detect adverse changes in the folding environment of the ER. This
possibility was supported by studies in which overexpression of BiP inhibited UPR
activation (Dorner et al., 1992) in a Chinese hamster ovary cell line, whereas over-
expression of ERp72, PDI, or calreticulin did not (Dorner et al., 1990; Llewellyn
and Roderick, 1998).

Once the proximal UPR-transducers were identified, a number of studies re-
vealed that BiP directly regulated the UPR by controlling the activation status of
all three transducers. BiP binds to both Ire1 and PERK under normal physiological
conditions, which keeps them in a monomeric, inactive state. Treatment of cells
with either thapsigargin or DTT induces a rapid loss of BiP from the luminal do-
mains of both proteins; leading to their oligomerization and activation (Bertolotti
et al., 2000). Similar results were obtained with yeast Irelp (Kimata et al., 2003;
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Okamura et al., 2000). The latter study suggested that BiP bound to the signal
transducer as though it was an unfolded protein, an observation that is supported
by the finding that BiP can be released from the mammalian kinases in vitro with
ATP (Bertolotti et al., 2000). Most recently, efforts to map the BiP binding site
on yeast Irelp revealed that deletion of the BiP-binding site did not lead to a con-
stitutively active kinase, but did increase its sensitivity to some stressors (Kimata
et al., 2004). This suggests that BiP is not the only determinant controlling Irel
activity, but that it may act as an adjustor for sensitivity to various stress signals.
ATF6 also associates with BiP in the absence of ER stress, which in this case
serves to retain ATF6 in the ER. Activation of the stress response leads to BiP
release and transport of ATF6 to the Golgi for proteolytic liberation (Shen et al.,
2002). Although BiP is rapidly released from ATF6 in response to ER stress, it
is not constantly cycling on and off this transducer under normal physiological
conditions (Shen et al., 2005). Thus, it is not entirely clear at present how unfolded
proteins are able to “draw” BiP off the various UPR transducers. It is possible
that as stress conditions are alleviated and the pool of free BiP increases, it also
plays a role in shutting down the response. Although this possibility has not been
directly tested, a recent study found that BiP is not readily translated early in the
stress response even though BiP transcripts begin to increase at this time (Ma and
Hendershot, 2003), suggesting that regulation of BiP levels may be important in
controlling UPR activation throughout the response.

3.2. Alternative Mechanisms for Activating the UPR

While it is clear that the accumulation of unfolded proteins signals UPR activation
in eukaryotic cells, two recent studies demonstrate that either there are alternative
ways to activate the UPR or that other changes can unexpectedly affect protein
folding in the ER. Multiple studies have shown that the macrophages populating
atherosclerotic lesions accumulate cholesterol, which ultimately induces apoptosis
in these cells and further exacerbates the progression of the disease. It had been
postulated that changes in plasma membrane cholesterol triggered apoptosis in
these cells. However, cholesterol also traffics to multiple internal membranes,
including the ER, where it was shown to deplete ER calcium, thereby activating
the UPR and inducing apoptosis (Feng et al., 2003). Separate studies to understand
the mechanism of neurodegeneration in a lysosomal storage disease found that the
accumulation of GM 1-ganglioside in the ER led to UPR-mediated apoptosis in the
brain and spinal cord neurons (Tessitore et al., 2004). While the accumulation of a
glycolipid would not be expected to bind to BiP or to directly affect protein folding
in this organelle, similar to the studies on ER loading of cholesterol, excess GM1-
ganglioside-induced calcium loss from the ER and altered normal protein folding.
Thus, the aberrant localization or accumulation of non-protein molecules in the
ER can lead to UPR activation by altering ER calcium and secondarily affecting
protein folding. Finally, studies have shown that high levels of circulating free fatty
acids are toxic to pancreatic islet cells and play a role in the development of type 2
diabetes (McGarry and Dobbins, 1999). Recently, the [3-cells were demonstrated
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to succumb to apoptosis via UPR activation (Kharroubi et al., 2004), although it
is presently unclear as to whether this is mediated by calcium release from the ER
or involves a distinct mechanism.

3.3. Activating the UPR During Plasma Cell Differentiation

Plasma cells are highly specialized, terminally differentiated secretory cells that
produce tremendous quantities of a single product, the antibody molecule. In dif-
ferentiating from a quiescent B cell, the plasma cell must undergo a dramatic
architectural metamorphosis, which includes augmenting the secretory organelles
and the proteins that populate them, up-regulating their energy and translation po-
tential, and increasing all aspects of the quality control system. This transformation
is accomplished in part by activating the UPR. Although the expression of Ig heavy
chains is required for optimal production of XBP-1(S), pH-chain-deficient B cells
exhibit low, but readily detectable, amounts of XBP-1(S) when stimulated to un-
dergo differentiation with LPS (Iwakoshi et al., 2003). Moreover, the activation
of Irel and induction of XBP-1(S) expression precedes the massive increase in Ig
production in several B cell lymphoma models and in normal splenic B cells (Gass
et al., 2002; Iwakoshi et al., 2003; van Anken et al., 2003). Thus, the nature of the
signals that can elicit the UPR in physiologic settings is not yet fully understood.

4. Balance Between Cytoprotective and Proapoptotic
Aspects of the Response

In mammalian cells, the UPR has a wide range of effects on regulating cell survival
and apoptosis (Fig. 3). In keeping with its function as a cytoprotective response,
a number of UPR targets are anti-apoptotic factors. The translation arrest that
occurs downstream of PERK leads to the loss of IkB, thereby activating NFkB
(Jiang et al., 2003), which in turn up-regulates anti-apoptotic proteins like Bcl2.
Other studies suggest that a pool of BiP, which is up-regulated by the ATF6 branch
of the UPR, can relocalize to the cytosol where it binds caspase-7 and caspase-
12 and prevents their activation (Rao et al., 2002; Reddy et al., 2003). Glycogen
synthase kinase-3(3 (GSK3f3) is activated by NFkB and can contribute to cell
survival by phosphorylating p53 and accelerating its degradation (Qu et al., 2004).

On the other hand, several proapoptotic genes are also activated by the UPR
pathway. CHOP, which is downstream of the PERK and ATF6 pathways, is a pro-
apoptotic gene that down-regulates anti-apoptotic proteins like Bcl2 and increases
free oxygen species, causing mitochondrial membrane damage and cytochrome
c release, which induces apoptosis (McCullough et al., 2001). The increases in
cytosolic calcium that occur during UPR activation lead to up-regulation of the
proapoptotic protein BAD, leading to increases in cytochrome c release and ac-
tivation of APAF1 (Wang et al., 1999). The higher cytosolic calcium levels lead
to calpain activation, which can induce procaspase-12 cleavage (Nakagawa and
Yuan, 2000) and activation of the caspase-9 cascade (Morishima et al., 2002).
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FIGURE 3. The UPR includes both antiapoptotic and proapoptotic elements. The left part
of the figure (white) shows antiapoptotic components of the UPR which serve to protect
cells undergoing ER stress from apoptosis and contribute to cell survival. They include
BiP which is up-regulated by ATF6 (yellow), XBP-1(S), which is regulated by both ATF6
(yellow) and Irel (green), and NFkB, which is activated by loss of IkB via PERK kinase
(blue) activation. Together they contribute to cell survival either by directly or indirectly
inhibiting the apoptotic pathways, or by increasing the ERAD machinery for disposal of
unfolded or misfolded proteins to relieve ER stress. The right part of the figure (grey)
shows proapoptotic components of UPR that trigger apoptotic programs. They include
TRAF2/Askl1, which is activated by Irel (green) and serves to activate JNK. In addition,
CHOP, which is up-regulated by PERK (blue) and ATF6 (yellow), caspase-12 (red), which
is cleaved by Irel and activates downstream caspases, and finally increases in cytosolic
calcium during UPR activation all contribute to the destruction of chronically stressed
cells.
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Finally, during ER stress Irel can recruit TRAF2 and induce procaspase-12 clus-
tering and activation (Yoneda et al., 2001). In addition, Askl can be recruited to
Ire1/TRAF2 complex and activated, leading to JNK activation. JNK in turn in-
duces the proapoptotic protein Bim (Lei and Davis, 2003; Putcha et al., 2003) and
inhibits the anti-apoptotic protein Bcl2 (Yamamoto et al., 1999). In cell culture ex-
periments, fibroblasts and some tumor lines survive for long periods of time before
they stop fighting and induce apoptosis in response to ER stress, while others, like
splenic B cells and some neuronal cells, are very sensitive to UPR activation. Thus,
the balance between cell survival and apoptosis may vary in a cell type dependent
fashion. More studies are needed to understand this very important aspect of the
UPR.
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5. Role in Normal Development and Differentiation

While the UPR has largely been thought to serve as a means to protect cells from
transient adverse changes in their environment or to destroy cells that are chroni-
cally orirreversibly stressed, several recent studies demonstrate that the UPR is also
activated during normal development and can play an essential role in maintaining
the homeostasis of some organs. Two transgenic mice have been created that ex-
press a UPR-inducible reporter gene. The first of these rely on excision of the 26
bases of the XBP-1 stem-loop structure to restore the correct reading frame to GFP
(Iwawaki et al., 2004). In this mouse, there was no detectable fluorescence in any
organ during embryonic development or early postnatal stages, whereas the day 14
pancreas strongly expressed GFP demonstrating UPR activation in this tissue. In
addition, intense expression of GFP was detected in the skeletal muscles of older
mice but not in young mice. The second transgenic mouse expresses a LacZ gene
that is regulated by the rat GRP78/BiP promoter (Mao et al., 2004). Examination
of the developing embryo revealed easily detectable (3-gal expression in the heart
and somites with lower levels observed in neural tubes. This is consistent with
activation of at least the ATF-6 arm during embryogenesis. It is not clear if the
lack of detectable GFP in these organs during embryogenesis was due to decreased
sensitivity of this reporter gene or if there are differences in activation of the Irel
pathway versus the ATF6 pathway in developing mice. Finally, the creation of
mice that are nullizygous for various components of the UPR demonstrates an
essential role for UPR activation in the normal functioning and differentiation of
various tissues as described below.

5.1. Contribution of the UPR to Pancreatic Homeostasis

PERK was originally identified in rat pancreatic islet cells as a novel elF-2a
kinase (PEK) (Shi et al., 1998). Although ubiquitously expressed, northern blot
analyses revealed that its expression was highest in pancreatic cells. Moreover,
pancreatic tissue exhibits high constitutive activity for both PERK/PEK and Irel
(Harding et al., 2001; Iwawaki et al., 2004). Several studies demonstrate that
this activation plays an essential role in regulating protein synthesis in 3 islet
cells in response to the sporadic demands for high levels of insulin synthesis.
A transgenic mouse was created in which the normal elF-2o gene was replaced
with an elF-2a mutant that cannot be phosphorylated by PERK and other elF-2«
kinases (Scheuner et al., 2001). Mice homozygous for the targeted knock-in of
this point mutation of eIF2033' A are severely deficient in glucose metabolism.
They die soon after birth due to an inability to regulate protein synthesis levels
in response to alterations in blood glucose levels, which leads to runaway protein
synthesis, defective gluconeogenesis, and increased apoptosis in pancreatic 3 cells
(Scheuneretal., 2001). The production of a PERK null mouse further demonstrated
the role of the UPR in pancreatic homeostasis (Harding et al., 2001). Although
both the exocrine and endocrine pancreas develop normally in these mice in utero,
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postnatally the exocrine cells begin to show evidence of an extended ER, abnormal
activation of Irel, and increased cell death, leading to progressive diabetes (Harding
et al., 2001). The critical role of this pathway in maintaining pancreatic function
was further revealed when the heterozygous eIF-2033!'A mice were fed a high
fat diet (Scheuner et al., 2005). These mice became obese and showed profound
glucose intolerance due to reduced insulin secretion. This was accompanied by
abnormal distension of the ER lumen, defective trafficking of proinsulin, and a
reduced number of insulin granules in {3 cells. Finally, studies on the pS8IPK null
mice revealed that runaway PERK activation lead to gradual hyperglycemia due
to increased apoptosis of {3 islet cells (Ladiges et al., 2005), suggesting that this
component of the UPR also plays a role in regulating normal pancreatic function.
Together these studies suggest that when increased demands are put on the pancreas
to produce high levels of insulin to control blood glucose levels, it is essential to
control protein synthesis via UPR activation in order protect the cell. This concept
is supported by the identification of human mutations in PERK that are linked to
familial diabetes (Biason-Lauber et al., 2002; Delepine et al., 2000; Harding and
Ron, 2002).

5.2. A Role for the UPR in Plasma Cell Differentiation

The differentiation of resting B cells to plasma cells that secrete large quantities
of antibody molecules is accompanied by a dramatic architectural remodeling of
the cell. The ER undergoes an expansion into an elaborate network that extends
throughout the cytoplasm (Shohat et al., 1973; Wiest et al., 1990), as well as en-
largement of the Golgi complex (Wiest et al., 1990), and increases in mitochondria
to supply the increased energy demands. An essential connection between the UPR
and plasma cell development was revealed when XBP-1 null ES cells were used to
reconstitute recombination activating gene-2 (Rag-2)-deficient mice. The chimeric
animals produced normal numbers of mature B cells in all compartments, but they
were unable to differentiate into plasma cells (Reimold et al., 2001). Enforced
expression of XBP-1(S) in these animals was sufficient to restore differentiation
potential to their B cells (Iwakoshi et al., 2003), and in a B cell line it was shown
to increase the ER, Golgi, mitochondria, and lysosomes (Shaffer et al., 2004). A
separate study found that enforced expression of XBP-1(S) in fibroblasts induced
PtdCho production, elevated the overall mass of membrane phospholipids, and
expanded the rough ER (Sriburi et al., 2004). Organelle expansion in both types of
cells overexpressing XBP-1(S) was accompanied by elevated expression of many
genes encoding secretory pathway components. These include proteins that target
and translocate nascent polypeptides into the ER, chaperones and their co-factors
that promote protein folding and assembly, oxidoreductases that regulate oxida-
tive protein folding, glycosylation enzymes, regulators of vesicular trafficking, and
proteins implicated in ERAD (Shaffer et al., 2004).

In addition to activation of the Ire1-XBP-1 branch of the UPR, ATF6 was shown
to undergo proteolytic cleavage during LPS-induced differentiation of the CH12
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B cell lymphoma (Gass et al., 2002). While a role for ATF6 in developing plasma
cells has not been established, it is reasonable to suggest that this factor contributes
to the induction of XBP-I mRNA (Calfon et al., 2002;Yoshida et al., 2001), as
well as to genes encoding ER chaperones and folding enzymes (Yoshida et al.,
2000). PERK, on the other hand, does not appear to be activated in the normal
course of terminal B cell differentiation, although it can be activated in response to
ER stress-inducing agents (Gass et al., 2002). This implies that the physiological
UPR may be uniquely customized according to the specific needs of distinct cell

types.

5.3. Contribution of the UPR to the Normal Physiology
of Other Tissues

A growing body of data suggests that UPR activation may play a role in other
tissues. Apparently PERK plays a critical role in the normal physiology of os-
teoblasts, which secrete the Type I collagen that constitutes the matrix of compact
bone (Biason-Lauber et al., 2002; Zhang et al., 2002). In addition to diabetes, PERK
null mice exhibit skeletal dysplasias at birth and show evidence of postnatal growth
retardation (Zhang et al., 2002). The skeletal defects include deficient mineraliza-
tion, osteoporosis, and abnormal compact bone development. The rough ER of the
major secretory cells that comprise the skeletal system show evidence of distor-
tion, which is likely to contribute to the skeletal dysplasia in these mice (Zhang
et al., 2002). The PERK target CHOP, was originally identified due to its ability
to heterodimerize with classic C/EBPs and negatively regulate their activity (Ron
and Habener, 1992) as well as to transactivate novel genes (Ubeda et al., 1996). As
such, CHOP interferes with adipocyte differentiation (Batchvarova et al., 1995)
and accelerates osteoblastogenesis in vitro (Pereira et al., 2004). When CHOP null
mice were examined, they were found to have a decreased rate of bone formation
with normal numbers of osteoblasts, indicating a defect in osteoblastic function
(Pereira et al., 2005). Thus, unlike other systems where CHOP induces apoptosis,
in osteoblasts it is essential to their normal function.

A slightly less clear-cut link exists between the UPR and the development of
the liver, another highly secretory tissue. Targeted disruption of the XBP-1 gene
results in embryonic lethality due in part to failure of the hepatocytes to differentiate
(Reimold et al., 2000). This phenotype was observed before investigators realized
that the XBP-1 transcript encoded both the unspliced and spliced forms of the
XBP-1 protein. While it is very likely that the levels of protein synthesis that occur
in hepatocytes are high enough to activate the UPR, this possibility remains to
be formally tested. Very recently the unspliced form of XBP-1, which encodes a
protein that possesses a DNA binding domain but lacks the transactivation domain,
was shown to act as a dominant negative protein and repress the transcription of
some genes (Yoshida et al., 2006). Thus, it is currently unclear which XBP-1
function is responsible for the block in liver development.
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6. UPR and Disease

Although the UPR can be considered a cytoprotective response that evolved to
protect cells from the transient and repeated alterations that can occur in their
environment, itis increasingly clear that UPR activation is associated with anumber
of disease states. Interestingly diseases can arise from both cytoprotective and
cytodestructive components of the UPR, and in some pathological states UPR
activation initially protects the tissue and later contributes to the disease state.

6.1. Cytoprotective Responses that Can Contribute
to Disease State

6.1.1. Viral Infections

A common feature of many viruses is to corrupt the cellular machinery in order
to produce large numbers of viral particles. In the case of enveloped viruses, this
requires the synthesis of membrane proteins that are synthesized in the ER. Data
exist for a number of viruses to show evidence of UPR activation, and as would
be expected from their incredible diversity, they use the UPR in very different
ways. In some cases activation of the UPR assists in viral production and therefore
contributes to the spread of virus. In other cases, activation of the UPR by viral
infection induces apoptotic pathways that contribute to disease pathology. Finally,
in other cases the virus uses a combination of UPR responses to increase its
production and produce cytotoxic effects.

UPR activation has been shown to contribute to viral production by a variety
of means. The Irel activation that occurs during infection of cells with Hepatitis
B virus leads to production of XBP-1(S), which in turns activates the HBV S
promoter (Huang et al., 2005). On the other hand infection of hepatocytes with
hepatitis C virus blocks Irel activation, thereby suppressing ERAD components
but maintaining the induction of ER chaperones, leading to increased production
of viral envelope proteins (Tardif et al., 2004). Studies on human cytomegalovirus
(Isler et al., 2005), Herpes simplex virus (Cheng et al., 2005), and African swine
fever virus (Netherton et al., 2004) suggest they are also able to modify the UPR
in order to maintain the protective components of the UPR without decreasing
protein synthesis or activating apoptotic components respectively.

6.1.2. Cancer
6.1.2.1. Tumor Establishment and Survival

Once genotoxic alterations occur that are essential to the development of a cancer
cell, the tumor encounters an inadequate environment that can become growth
limiting. These conditions lead to the activation of cytoprotective responses in-
cluding the hypoxia—induced response (Graeber et al., 1996; Hockel and Vaupel,
2001a,b) and the UPR (Feldman et al., 2005; Ma and Hendershot, 2004). Primary
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hepatocellular carcinomas show evidence of XBP-1 and ATF6 activation (Shuda
et al., 2003), and downstream targets like CHOP, BiP, GRP94, and GRP170
(also known as ORP150) have been reported to be up-regulated in breast tumors
(Fernandez et al., 2000), hepatocellular carcinomas (Shuda et al., 2003), gastric tu-
mors (Song et al., 2001), and esophageal adenocarcinomas (Chen et al., 2002). One
study reported that BiP was overexpressed more frequently in the higher-grade,
estrogen-receptor-negative tumors than in lower-grade, estrogen-receptor-positive
tumors (Fernandez et al., 2000), suggesting that UPR activation is correlated with
a clinically more aggressive phenotype. In support of this, a fibrosarcoma cell line
that was engineered to have lower levels of BiP formed tumors initially but they
were rapidly resolved (Jamora et al., 1996). In two more recent studies, researchers
found that transformed PERK null MEFs produced much smaller tumors that ex-
hibited higher levels of apoptosis in hypoxic areas than wild-type MEFs (Bi et al.,
2005), and that XBP-1 null MEFs and XBP-1-knockdown cells did not form tu-
mors in mice, even though their growth rate and secretion of VEGF were similar
to wild-type cells in culture (Romero-Ramirez et al., 2004). Since both PERK and
XBP-1 activation are specific to the UPR pathway, this evidence suggests that not
only is the UPR activated but that it can play an essential role in tumorigenesis.

Many studies have focused on the signal transduction pathway activated in
response to hypoxic conditions and demonstrated that hypoxia-inducible factorl «
(Hifl &) plays a critical role in tumor growth and angiogenesis (Pugh and Ratcliffe,
2003; Semenza et al., 2000). Several recent studies provide evidence to suggest that
the UPR and Hif1« pathways are related to each other and may interact to regulate
downstream targets. For instance, cells cultured under hypoxic conditions activated
PERK (Koumenis et al., 2002), leading to e[F2x phosphorylation and expression
of both ATF4 and GADD34 (Blais et al., 2004), suggesting that this branch of
UPR is fully activated by hypoxia. Hypoxia can also activate NFkB through a
phosphorylation-mediated degradation of IkB (Koong et al., 1994), while ER stress
activates NFkB through a PERK dependent loss of IkB (Jiang et al., 2003). Since
PERK can be activated by both pathways, it represents a possible point of synergy
in the activation of this important anti-apoptotic protein. CHOP, a proapoptotic
factor, is also up-regulated by PERK. It is presently unclear if these represent
opposing effects on cell survival or if the dismantling of apoptotic machinery that
is a common feature to the transformation process interferes with the CHOP effect
in tumor cells. Indeed, a number of the proapoptotic components that are activated
during ER stress converge on the caspase 3/9 pathway, which is often mutated
or disabled (Soung et al., 2004) in tumor cells, and the down-regulation of Bcl2
by CHOP maybe countered by the NFkB’s activation of antiapoptic factors like
c-IAP1 and c-IAP2 (Wang et al., 1998a) or its suppression of targets like PTEN
(Vasudevan et al., 2004).

There are also some targets that are regulated differently by the two pathways.
For example, the proapoptotic tumor suppressor pS3 is stabilized in response to hy-
poxia through a reduction in the level of MDM2, which targets pS3 for proteasomal
degradation (Alarcon et al., 1999). However, during ER stress, glycogen synthase
kinase-33 (GSK3f3) is activated and phosphorylates p53, which relocalizes p 53
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to the cytoplasm and accelerates its degradation (Qu et al., 2004). It is not cur-
rently clear which of these two pathways is dominant in cancer cells that retain
p53 function and have activated both pathways.

6.1.2.2. Effect of UPR Activation on Angiogenesis

Tumors respond to their inadequate vascularization by secreting the proangiogenic
factor, VEGF (Ferrara and Davis-Smyth, 1997). Recent studies demonstrate that
in addition to its well characterized induction via Hif1 « transactivation (Poellinger
and Johnson, 2004; Semenza, 2001), VEGF is also up-regulated by the UPR
through an ATF4-dependent pathway (Roybal et al., 2004). Furthermore, its pro-
cessing in the ER and secretion is controlled by GRP170, an ER chaperone that
is up-regulated during both ER stress (Lin et al., 1993) and hypoxia (Ikeda et al.,
1997; Tamatani et al., 2001). GRP170 increases the resistance of cells to hypoxia
(Ozawa et al., 1999), and tumors cells that were manipulated to express high levels
of GRP170 showed enhanced secretion of VEGF, whereas decreasing the amount
of GRP170 led to ER retention of VEGF (Ozawa et al., 2001). When these cells
were used in xenograft studies, the tumors expressing low levels of GRP170 grew
very poorly in animals, whereas cells that overexpressed GRP170 produced larger
tumors than the parental line (Ozawa et al., 2001). This suggests that UPR acti-
vation could play an essential role in tumorigenesis by synergizing with hypoxia
activated pathways in promoting angiogenesis.

6.1.2.3. UPR Alters Sensitivity of Tumors to Chemotherapeutic Agents

In addition to a role in promoting tumor growth, there are a number of studies to
suggest that UPR activation in tumors might alter their sensitivity to chemotherapy.
The in vitro treatment of cultured cells with drugs that activate the UPR increases
their resistance to topoisomerase II (topo II) poisons (Hughes et al., 1989), which
is thought to occur via a UPR-mediated decrease in topo II levels (Gosky and
Chatterjee, 2003; Shen et al., 1989; Yun et al., 1995). Other studies have shown
that the increased levels of BiP that occur during UPR activation can result in the
relocalization of BiP to the cytosol where it binds caspase7 and caspasel2 and
prevents their activation in response to some chemotherapeutic agents (Rao et al.,
2002; Reddy etal.,2003). Activation of the UPR has also been shown to up-regulate
P-glycoprotein (Ledoux et al., 2003), which induces multiple drug resistance.
However, UPR activation can also increase the sensitivity of some tumors to DNA
cross-linking agents, like cisplatin (Chatterjee et al., 1997; Yamada et al., 1999). A
recent study reported that cisplatin is a potent UPR activator and induces a calpain-
dependent activation of caspase-12 (Mandic et al., 2003). Changes in the level of
any of the components of the DNA repair system in response to UPR activation
could also contribute to the increased sensitivity to these agents, although there
are currently no data to support this hypothesis. Together these studies suggest
that it may be important to couple information on UPR activation in tumors with
treatment choices.
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6.2. UPR Scenarios that First Protect and then
Destroy Tissue

6.2.1. Ischemia

Ischemia or decreased blood flow to tissues that occurs in response to arterial
occlusion or cardiac arrest can result in hypoxia and hypoglycemia, which in turn
activates the UPR (Kumar et al., 2001; Paschen, 2004). Reperfusion of the affected
tissue triggers oxidative stress leading to production of nitric oxide (Montie et al.,
2005; Oyadomari et al., 2001), which poisons the ER calcium ATPase and depletes
ER calicum stores (Doutheil et al., 2000; Kohno et al., 1997), and of reactive
oxygen species, which can directly modify secretory pathway proteins (Hayashi
et al., 2003), affecting their normal folding in the ER. And finally, the acidic
environment that is established during ischemia further contributes to ER stress
(Aoyamaetal.,2005). Studies exist which suggest UPR activation can be protective
to the tissue as well as ones that demonstrate it contributes to the disease pathology
(Kumar et al., 2001; Montie et al., 2005; Paschen, 2004).

In vivo and in vitro studies demonstrated UPR activation in glomerular nephri-
tis. The induction of ER chaperones by phospholipase A(2) diminished cytotox-
icity, and PERK null fibroblasts were more suseptible to both complement- and
ischemia-reperfusion-mediated death (Cybulsky et al., 2005), suggesting that con-
trolling the load of misfolded proteins in the ER and protecting them from aggre-
gation is important in early stages of ischemia in this tissue. In keeping with this,
pretreatment of cardiac myocytes with tunicamycin increased their survival after
ischemic shock (Zhang et al., 2004), and Purkinge cells from GRP170/ORP150
transgenic mice showed increased resistance to ischemia (Kitao et al., 2004). In
addition, anti-sense constructs that reduced GRP94 levels lead to increased apopto-
sis in neuronal cells, whereas overexpression of GRP94 protected neurons both in
vitro and in vitro from ischemia/reperfusion (Bando et al., 2003). Similarly, over-
expression of PDI in neuronal cells protected them from apoptosis in response to
nitric oxide or staurosporine (Ko et al., 2002). The importance of up-regulating
ER chaperones during ER stress in the brain might be underscored by the pres-
ence of an astrocycte-specific member of the ATF6 family, OASIS (Kondo et al.,
2005), which regulates chaperone levels, and the remarkable resistance of astro-
cytes to short term ischemia as compared to neurons (Benavides et al., 2005).
Finally, siRNA was used to reduce stannicalcin 2 levels, a UPR inducible pro-
tein that contributes to ER homeostatis and is rapidly induced by ischemia. This
led to increased apoptosis in response to ER stress, whereas overexpression of
stannincalcin 2 protected cells (Ito et al., 2004).

However, other studies have shown a correlation between PERK activation,
CHOP induction, and caspase- 12 expression and apoptosis in response to ischemia.
The use of antisense oligonucleotides to decrease either CHOP (Benavides et al.,
2005) or caspase-12 (Aoyama et al., 2005) expression dramatically reduced astro-
cyte cell death, and CHOP null mice have less tissue loss after stroke (Aoyama
et al., 2005), suggesting that these UPR targets play a critical role in mediating
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cell death in response to ischemia. Thus, it would appear that during initial phases
of ischemia the up-regulation of ER chaperones and decreased protein synthesis
play a major role in protecting affected tissues. However if the stress continues,
the activation of proapoptotic elements of the UPR can ultimately destroy cells
affected by ischemia.

6.2.2. Diabetes

The pancreas undergoes dramatic changes in the synthesis of secretory pathway
proteins (in particular insulin) in response to fluctuations in blood glucose levels.
This increased load of proteins in the ER activates the UPR and most importantly
induces PERK phosphorylation leading to transient decreases in translation. Fail-
ure to activate PERK can lead to diabetes. Wolcott—Rallison syndrome, which
is characterized by infantile diabetes due to pancreatic hypoplasia, is caused by
mutations in the PERK gene (Delepine et al., 2000). Similarly, PERK null mice
are normal at birth but begin to develop diabetes as they age due to loss of 3
cell mass (Harding et al., 2001). {3 cells isolated from these mice show runaway
insulin synthesis and secretion, suggesting that controlling of the rate of protein
synthesis may be essential to protecting the 3 cells. In keeping with this, Wolfram
syndrome, another hereditary form of diabetes, is caused by mutations in a gene
that has homology to Hrd3, which is a UPR-inducible component of the ER degra-
dation machinery in C. elegans (Inoue et al., 1998; Strom et al., 1998). Together
these data suggest that the dramatic increases in insulin production that occur in
the ER of pancreatic islet cells must be modulated to protect the islet cell and that
activation of the UPR, specifically PERK, plays a major role in their survival.
However, it is increasingly clear in a number of model systems and in human
disease that prolonged, rather than intermittent, UPR activation in pancreatic islet
cells can lead to cell death. In this case, CHOP appears to be a major mediator
of apoptosis. The production of inflammatory cytokines by pancreatic cells lead
to nitric oxide production, which down-regulates the ER calcium ATPase leading
to UPR activation and apoptosis (Cardozo et al., 2005; Oyadomari et al., 2001).
Cells from CHOP null mice are dramatically more resistant to nitric oxide-induced
apoptosis (Oyadomari et al., 2001). Similarly the accumulation of mutant insulin
in the ER of Akira mice induces the UPR and leads to loss of 3 cell mass due
to apoptosis (Oyadomari et al., 2002). 3 cell loss is prevented and development
of diabetes is delayed by crossing these mice with the CHOP null mouse (Araki
et al., 2003; Oyadomari et al., 2002). Full CHOP induction requires the ATF3
transcription factor (Jiang et al., 2004). Studies show that transgenic mice express-
ing ATF3 in 3 cells develop abnormal islets and (3 cell insufficiency, whereas
ATF3 null islets are partially protected from cytokine and nitric oxide induced
apoptosis (Hartman et al., 2004). Finally, enforced expression of B¢l2 in human 3
islet cultures protects them from death by pharmacological inducers of the UPR
and by nitric oxide (Contreras et al., 2003). Loss of Bcl2 during UPR activation
is regulated by CHOP (McCullough et al., 2001). While CHOP appears to play
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a major role in contributing to the development of diabetes by inducing islet cell
death, it should be noted that both the PERK null (Harding et al., 2000) and elF2-«
mutant (Scheuner et al., 2001) mice are unable to induce CHOP and still show
enhanced apoptosis of islet cells, suggesting that other pathways can also con-
tribute. Thus, it appears that the unusual demands placed on pancreatic cells in
response to continuous changes in blood glucose levels require PERK activation
to control protein synthesis levels and protect the islet cells. However, prolonged
or continuous pressure on the ER leads to a more malevolent UPR that results in
cell death. Loss of the UPR in the first case leads to diabetes, while in the latter
case activation of the UPR does as well!

6.3. Cytodestructive Responses that Contribute to Disease
Pathology

6.3.1. Viral Infections

In addition to the UPR’s role in contributing to viral severity by enhancing virus
production, it is clear that for many viruses that activation of the UPR contributes
to the death of infected cells, which plays a major role in the disease pathology.
For instance, neuropathogenic retroviruses like Molony murine leukemia virus-
ts1 (Kim et al., 2004; Liu et al., 2004) and FrCasF (Dimcheff et al., 2003), simian
virus 5 (Sun et al., 2004), hantaviruses (Li et al., 2005), and hepatotoxic hepatitis C
virus (Benali-Furet et al., 2005; Ciccaglione et al., 2005; Waris et al., 2002) induce
apoptosis via activation or upregulation of UPR components including caspase-
12/4, CHOP, and JNK. In the case of hepatitis C virus, the HCV core triggers
ER calcium depletion leading to UPR activation. This in turn induces CHOP and
initiates a caspase-3-mediated apoptotic cascade (Benali-Furet et al., 2005). Thus,
at least for HCV, data suggest that UPR activation both contributes to the viral load
by increasing the production of envelop proteins and to the disease pathology by
destroying infected cells.

6.3.2. Neurodegenerative Diseases

Neuronal death underlies the pathology of a number of disorders, including
Alzheimer’s, Parkinson’s, and Huntington’s diseases, as well as polyglutamine
expansion disease, stroke, lysosomal storage diseases, amyotrophic lateral sclero-
sis, and prion diseases (Mattson, 2000). Evidence now exists to suggest that the
UPR is activated in these diseases and that it contributes to neuronal cell death
(Cutler et al., 2002; Nishitoh et al., 2002; Paschen and Mengesdorf, 2005; Ryu
et al., 2002; Silva et al., 2005). We will focus on just two of these here.

6.3.2.1. Lysosomal Storage Disease

Lysosomal storage disease represents a diverse group of inherited metabolic disor-
ders in which various lysosomal enzymes are deficient. Although the enzymes are



4. Unfolded Protein Response: Contributions to Development and Disease 75

expressed in all cells, a rapid, progressive degeneration of the nervous system
leading to death at an early age represents the major pathology of these diseases.
Recent studies of several different lysosomal diseases have linked UPR activa-
tion to apoptosis of affected neurons. Sandoff disease is caused by a deficiency
in hexosaminidase A leading to a massive accumulation of the GM2 ganglioside
in the brain. Somewhat surprisingly, the accumulation of this glycolipid results in
an inhibition in calcium uptake into the ER, which triggers the UPR and induces
apoptosis (Pelled et al., 2003). Very similar results were obtained when a mouse
model for 3-galactosidase deficiency was examined. The deficiency leads to the
accumulation of GM1 gangliosides in the brain, which was shown to activate the
UPR via changes in ER calcium and to induce caspase-12 cleavage and JNK ac-
tivation leading to apoptosis (Tessitore et al., 2004). In keeping with this theme,
UPR activation has also been linked to disease pathology in Gaucher’s disease,
which is caused by an inherited deficiency in glucocerbrosidase. In both animal
models and human disease, the resultant accumulation of GlcCer in the ER causes
enhanced calcium release via the ryanodine receptor, which in turn activates the
UPR (Korkotian et al., 1999; Pelled et al., 2005). Although a number of other
lysosomal storage diseases exist that affect the degradation of secretory pathway
proteins and which could presumably lead to UPR activation, it is not presently
known if the UPR also plays a role in these diseases.

6.3.2.2. Alzheimer’s Disease

The ER appears to be a prime contributor to the cellular changes that result in
neuronal dysfunction and death in Alzheimer’s disease (AD). The (-amyloid
precursor protein (APP) is synthesized in the ER where it binds to the molec-
ular chaperone BiP (Yang et al., 1998). Aberrant proteolytic cleavage of APP
in the ER results in the generation of a fragment (Af3) that is highly prone to
aggregation (Yang et al., 1998). This fragment is produced by two successive
cleavages by the enzymes [(3-secretase and y-secretase. Mutations in APP and in
one of the subunits of y-secretase are responsible for several forms of hered-
itary AD (Mattson et al., 2001). In addition to forming aggregates that dam-
age the ER, the A3 fragment causes abnormalities in ER calcium homoeosta-
sis and activates the UPR (Hoozemans et al., 2005; Kudo et al., 2002; Mattson
et al., 2001). Evidently, some components of UPR activation are protective dur-
ing the early stages of the disease, including the up-regulation of Herp (Chan
et al., 2004), which is thought to play a role in the degradation of ER proteins.
However, long-term activation of the UPR is responsible for inducing apoptosis
in affected neurons, in part via CHOP (Milhavet et al., 2002), ASKI (Kadowaki
et al., 2005), and caspase 4 activation (Hitomi et al., 2004). In cases of AD that
are caused by mutation of presenilin-1 (PS-1), there is some evidence to link
expression of this protein to UPR activation (Chan et al., 2002). However, this
point is somewhat controversial (Sato et al., 2000), and mice with a PS-1 knock-
in mutation do not show evidence of abnormal UPR activation (Siman et al.,
2001).
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7. Manipulating the UPR as a Possible Means of Disease
Intervention

The finding that UPR activation plays a detrimental role in so many diverse diseases
makes it an attractive target for therapeutic intervention. A recent study conducted
a screen for small molecules that would protect a rat cell line from ER stress-
induced apoptosis. They identified a molecule that they are calling salubrinal,
which worked at reasonably low concentrations and was more effective than a pan-
caspase inhibitor in blocking cell death (Boyce et al., 2005). This drug was shown
to induce elF-2o phosphorylation by selectively inhibiting both the GADD34 and
CReP phosphatase complexes that dephosphorylate eIF-2cc under ER stress and
normal conditions respectively. Salubrinal also blocked eIF-2x dephosphorylation
mediated by a herpes simplex virus protein and inhibited viral replication in Vero
cells. This suggests that medically useful agents might be developed that interfere
with UPR activation and bodes well for future small molecule screens.
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