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Preface

The clinical definition of stress is a physical, mental, or emotional factor that causes
bodily or mental tension. On a whole-body level, stresses can be induced by envi-
ronmental, psychological, or social situations or by illness, or from a medical pro-
cedure. At the cellular level, stress can be induced by a wide variety of conditions
including heat shock, cold shock, pH shift, hypoxia, UV light, and during wound
healing or tissue remodeling. Increased expression of heat shock proteins (HSP)
protects the cell by stabilizing unfolded proteins, giving the cell time to repair or
resynthesize damaged proteins.

The book Heat Shock Proteins and Stress provides the most comprehensive
review on contemporary knowledge on the role of HSP in stress. Using an integra-
tive approach to understanding the regulation of HSP responses, the contributors
provide a synopsis of novel mechanisms by which HSP responses are regulated
under normal physiological and pathophysiological conditions.

To enhance the ease of reading and comprehension this book has been subdi-
vided into various sections: Section I reviews current progress on our understanding
of HSP in cellular stress; Section II evaluates the role of HSP in oxidative stress;
Section III focuses the reader on the role of HSP in stress response pathway in inver-
tebrates, vertebrate, plants, and aquatic organisms.

Key basic and clinical research laboratories from major universities and aca-
demic medical hospitals around the world contribute chapters that review present
research activity and importantly project the field into the future. The book is a must
read for researchers, postdoctoral scholars, and graduate students in the fields of
Translational Medicine, Clinical Psychology, Human Physiology, Zoology, Botany,
Biotechnology, Molecular Medicine, Infectious Diseases, and Pathology.

Toledo, OH, USA Alexzander A. A. Asea
Houston, TX, USA Punit Kaur
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Chapter 1
Molecular Chaperones and the Nuclear
Response to Stress

Lynn Boyd and Katherine M. Sampuda

Abstract Chaperones are a well conserved class of proteins that reside in many
different cellular compartments. The nucleus is a compartment of special interest
because it houses the genetic material and allows for the expression and mainte-
nance of genes. Many chaperones localize to the nucleus under stress conditions.
The current body of evidence indicates that the nuclear function of chaperones is
similar to chaperone function in the cytoplasm. Emerging evidence on the nuclear
import pathway for chaperones suggests that novel pathways exist that allow chap-
erones to enter the nucleus under conditions of environmental stress. One such path-
way, the Hikeshi pathway, is responsible for the transport of HSP70 and possibly
other molecular chaperones.

Keywords Chaperone - HSP - HSP70 - Nuclear import - Protein aggregation -
Stress

Abbreviations

CHIP  c-terminus of Hsc70-interacting protein
HOP  HSP70/HSP90 organizing protein
HSF1 Heat shock factor 1

HSP  Heat shock protein

PQC  Protein quality control

sHSP  Small heat shock protein

SING  Stress induced nuclear granule

TPR  Tetratricopeptide repeat

UPS  Ubiquitin protein system

uv Ultraviolet
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1.1 Introduction

The different compartments of the eukaryotic cell each have their own characteristic
proteome. Each compartment possesses a protein quality control (PQC) system that
functions to monitor and repair damage to the proteome. The nucleus is a compart-
ment of special interest since it houses the genetic material which must be main-
tained, replicated, and protected from damage. Several human diseases, such as
Huntington’s disease, are associated with protein misfolding in the nucleus. It has
been reported that the nucleus is the most susceptible compartment in regards to
protein damage following a heat insult and this damage can be mitigated by overex-
pression of a nuclear targeted molecular chaperone, HSP70 (Hageman et al. 2007).
This suggests that chaperones can work similarly in the nucleus and cytosol. The
nucleus differs from other membrane-bound compartments in that trafficking
between the nucleus and cytosol is more dynamic than that of the other organelles
such as the ER or mitochondria. Thus, it has been more difficult to discern which
PQC pathways might be specific to the nucleus versus cytosol. The nuclear pore
provides a channel through which small proteins can travel freely and in both direc-
tions between the nucleus and cytosol. Larger proteins must use a transport pathway
to travel through the nuclear pore. Many molecular chaperones are localized to both
the nucleus and cytosol. Molecular chaperones are known mediators of protein fold-
ing and thus may be required during times of proteotoxic stress. Chaperones recog-
nize exposed hydrophobic patches on a protein’s surface and help the protein to
refold into its proper conformation. Several chaperones are known to relocate to the
nucleus under stress conditions (discussed below). Although, most studies have
looked at the stress of elevated temperature, some recent studies have shown that
other types of stress can also induce this nuclear response.

Several neurodegenerative diseases are associated with nuclear protein aggre-
gates. A link between these aggregation events and chaperones is well established.
First, chaperones have been shown to localize to these aggregates (see Table 1.1).
Second, overexpression of chaperones is known to reduce the level of nuclear aggre-
gates (reviewed in Nath and Lieberman 2017). Third, reduced expression or muta-
tions in chaperones makes cells more susceptible to nuclear aggregation events
(Nath and Lieberman 2017). In addition to nuclear protein aggregates, several other
nuclear bodies have been described. In several cases, chaperones have been shown
to localize to these nuclear bodies. Table 1.1 shows known nuclear bodies and
nuclear aggregates that are associated with localization of chaperones.

There are a large number of individual chaperones and co-chaperones that have
been identified. Generally, these can be divided up into several different classes: the
HSP60 family, the HSP70 family, the HSP90 family, the HSP100 family, the
HSP110 family, and the small heat shock proteins (sHSP). Additionally, there are
several co-chaperone families including HSP40 (DNAJ) proteins and the TPR
domain containing proteins (such as HOP/Stil). First, we discuss the entry of these
proteins into the nucleus. Next, we look at the evidence surrounding the actual func-
tion of these chaperones inside the nucleus.
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Table 1.1 Nuclear bodies and aggregates with chaperone localization

Nuclear bodies with chaperone localization

Nuclear body Chaperone protein Reference
Clastome Hsc70, Hsp70 (Lafarga et al. 2002)
Cajal body NOPP140, Telomere Cajal body protein | (Isaac et al. 1998; Raimer

1 (TCABI), Survival Motor Neuron
(SMN)

et al. 2016)

Nuclear speckles

HSPBI, alpha B-crystallin (HSPBY),
HSPB7, Hsp27 (Drosophila), HSPA6
(HSP70B’), HSPA1A (HSP70-1)

(Bao et al. 2002; Van den
1Jssel et al. 2003; Michaud
et al. 2008; Vos et al. 2009)

Nuclear stress body

HSF1, HSF2

(Morimoto and Boerkoel
2013)

Nuclear stress granules

HSF1, HSF2, and Hsp70

(Alastalo et al. 2003; Sarge
et al. 1993)

PML body

DEK proto-oncogene, death domain-
associated protein 6 (DAXX), ATP-
dependent helicase ATRX (ARTX), and
histone cell cycle regulator (HIRA)

(Ivanauskiene et al. 2014)

Nuclear aggregates with chaperone localization

Disease

Chaperone protein

Reference

Huntington’s disease

Hsp70, Hsc70, Hsp26 and Hsp104

(Jana et al. 2000; Walter

(Poly (Q) aggregate) etal. 2011)
Spinobulbar muscular | Hsp70, Hsp90, HDJ-2/HSDJ (Cummings et al. 1998;
atrophy (Poly(Q) Stenoien et al. 1999)
aggregate)

Dentatorubral HDJ-2/HSDJ, HSP70 (Cummings et al. 1998)

Pallidoluysian atrophy
(Poly(Q) aggregate)

Spinocerebellar Ataxia
(Poly(Q) aggregates)

HDJ-2/HSDJ, Hsc70 (Hsp73), Hsp70
(Hsp72)

(Chai et al. 1999;
Cummings et al. 1998)

1.1.1 Nuclear Protein Quality Control

The presence of chaperones and ubiquitin proteasome pathway components in the
nucleus suggests that PQC in the nucleus may work similarly to the cytosolic sys-
tem. Although it has been suggested that misfolded nuclear proteins might be
exported from the nucleus for degradation (Chen and Madura 2014), other reports
have suggested just the opposite, that some proteins are imported into the nucleus
specifically for degradation. The most detailed description of nuclear protein quality
control comes from studies in the budding yeast, Saccharomyces cerevisiae. The
ubiquitin pathway enzymes Cdc34p, Ubclp, and Sanlp target four temperature sen-
sitive nuclear proteins for degradation by the 26S proteasome (Gardner et al. 2005).
Further studies in S. cerevisiae identified a chaperone-assisted degradation pathway
where Hul5, an E3 ligase associated with the 26S proteasome, HSP70, and Bag102,
a co-chaperone, mediate the tagging and the removal of the nuclear kinetochore
component Spc7-23 (Kriegenburg et al. 2014). In mammalian COS cell culture,
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modified B-galactosidase from Escherichia coli was shown to be degraded rapidly
in the nucleus whereas its unmodified form remained stable (Tsuneoka and Mekada
1992). However, the molecular pathways of nuclear PQC in mammalian cell culture
have yet to be discovered. In the nematode, C. elegans, expression of chaperones
can repress the formation of stress induced nuclear granules (SINGs) (Sampuda
et al. 2017). These nuclear granules contain high concentrations of ubiquitin and
proteasome and occur after exposure to proteotoxic stress such as high salt or oxida-
tive stress, but not in response to heat shock. The SINGs may be sites of localized
protein degradation in the nucleus. That the expression of chaperones can repress
SING formation suggests that SINGs are a nuclear response to protein misfolding.

Many chaperones like heat shock protein 70 (HSP70), heat shock protein 90
(HSP90) and small heat shock proteins (sHSP) are induced by heat shock and other
stress conditions. Heat shock induced expression of chaperones is mediated by the
heat shock factor 1 (HSF1) transcription factor (Brunquell et al. 2016; Shibata and
Morimoto 2014). Since many key chaperones are above the size of free diffusion
through the nuclear pore transport into the nucleus would require some sort of trans-
port mechanism such as that involving the Ran and importin proteins (Weis 2003).
The topic of yeast nuclear chaperones and their role in nuclear PQC has recently
been reviewed (Jones and Gardner 2016). In this chapter, we will first discuss the
circumstances and mechanisms for delivery of chaperones into the nucleus. In the
following section, we discuss the known functions of those chaperones in the
nucleus.

1.1.2  Nuclear Import of Chaperones

In addition to responding to heat stress, chaperones are constitutively expressed
under normal physiological conditions. They help to fold newly synthesized pro-
teins as they leave the ribosome and aid in protein translocation across the mem-
brane. However, during stress conditions such as heat shock, chaperones shift to
refolding thermally damaged proteins to prevent them from aggregating. Chaperone
expression is upregulated by HSF1. In unstressed states, cytosolic HSF1 monomers
are suppressed by a chaperone complex consisting of molecular chaperones HSP70
and HSP90. During stressed conditions like heat shock, cadmium sulfate, or azeti-
dine, HSP70 and HSP90 release HSF1 and interact with misfolded proteins.
Unbound HSFI is then translocated into the nucleus to form a transcriptionally
active HSF1 trimer that binds to heat shock elements found upstream of HSP genes.
Upon recovery from heat shock, HSP70 binds to HSF1 and translocates to the cyto-
sol where HSP90 binds to form the HSP70/HSP90 complex to inhibit HSFI
(Trinklein et al. 2004).

After transcription, heat shock proteins are translated in the cytosol where many
of them function. As previously mentioned, a portion of these chaperones translo-
cate to the nucleus. Nuclear import of many of these chaperones requires active
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transport. In some cases, chaperones contain a nuclear localization sequence that
promotes transport through a classical nuclear import pathway. In other cases, chap-
erones have been known to piggyback into the nucleus as they transport proteins
from the cytosol into the nucleus (Melchior and Gerace 1995).

The classical nuclear import pathway revolves around the Importin o/p family. In
this pathway, importins bind to cargo proteins and help transport them across the
membrane and into the nucleus. Once the cargo protein is in the nucleus, Ran
GTPase binds to the importin prompting the release of the cargo protein. Importin
is then shuttled back into the cytosol by Ran (Melchior and Gerace 1995). This
pathway is reliant on the Ran gradient, which is higher in the nucleus and lower in
the cytosol. Heat shock, oxidative stress, and UV irradiation downregulate the clas-
sical importin o/p-mediated pathway by altering the distribution of Ran (Czubryt
et al. 2000; Kodiha et al. 2004; Kose et al. 2012; Yasuda et al. 20006).

The yeast chaperone HSP104 has a nuclear localization signal and is imported
into the nucleus after heat shock (Tkach and Glover 2008). Interestingly, nuclear
import under heat stress does not depend upon the nuclear localization signal and
must depend upon some non-canonical import pathway. In the yeast, Saccharomyces
cerevisiae, both starvation and ethanol stress induced nuclear accumulation of the
HSP70 family member Ssa4p (Chughtai et al. 2001; Quan et al. 2004). Nuclear
localization following starvation is dependent upon a short hydrophobic region near
the N-terminus on the protein and requires the activity of p importin. Nuclear local-
ization following ethanol stress also depends upon f importin and the N-terminal
domain.

CHIP (C-terminus of Hsc70-interacting protein) is a TPR family co-chaperone
and E3 ligase that ubiquitinates proteins that HSP70 and HSP90 are unable to fold.
After heat stress, CHIP localizes predominantly to the nucleus (Dai et al. 2003).
This localization coincides with the translocation of HSF1 into the nucleus and it
has been proposed that CHIP functions as a regulator of HSF1 activity in the nucleus
(Dai et al. 2003).

The co-chaperone HOP (HSP70/HSP90 organizing protein) serves as a linker for
the HSP70 and HSP90 chaperones. Thus, it plays a crucial role in linking these two
major chaperone activities. HOP contains a bipartite nuclear localization signal
required for its nuclear localization under non-stress conditions. However, its trans-
location into the nucleus following stress does not depend upon this NLS (Daniel
et al. 2008).

The classical import pathway is reduced during stress conditions (Kodiha et al.
2004). However, chaperones still localize to the nucleus. This implied that a non-
canonical import pathway was utilized by molecular chaperones. Kose et al. (2012)
showed that a carrier protein, Hikeshi, does not bind to Ran and functions under
heat shock to transport HSP70 into the nucleus. This pathway was termed the
Hikeshi-mediated nuclear import pathway. It is currently unclear if chaperones
other than HSP70 are transported by the Hikeshi pathway.



8 L. Boyd and K. M. Sampuda
1.1.3 Role of Nuclear Chaperones in Stress

Since many human diseases are associated with protein aggregates, there has been
much interest in investigating the potential of nuclear chaperones to alleviate pro-
tein aggregation in the nucleus. The HSP100 family member, HSP104, is a nuclear
localized chaperone in Saccharomyces cerevisiae. HSP104 accumulates in the
nucleus and interacts with HSP70 to help solubilize and rescue aggregated proteins
(Parsell et al. 1994; Yokom et al. 2016). Metazoans do not have HSP100 but other
chaperones may fulfill this role in those organisms.

HSP110 chaperones are homologous to HSP70 but they are larger and tend to
lack chaperone activity on their own. HSP110 proteins serve as nucleotide exchange
factors for HSP70. In mammalian cells, HSP110 chaperones localize to nuclear
protein aggregates and partner with HSP70 to function as disaggregases (Rampelt
et al. 2012). Thus, this chaperone class may be important for protecting against
diseases which involve nuclear protein aggregates. In yeast, HSP110 homologs
assist the HSP104 disaggregases with their localization to aggregates and their dis-
aggregase activity (Kaimal et al. 2017).

The co-chaperones also play a role in nuclear PQC. CHIP is a TPR family co-
chaperone and E3 ligase that ubiquitinates proteins that HSP70 and HSP90 are
unable to refold. CHIP forms a complex with HSF1 in the nucleus and is required
for HSF1 trimerization and transcriptional activation (Dai et al. 2003) In addition,
CHIP, via its E3 ubiquitin ligase activity, participates in the ubiquitination of sub-
strates within the nucleus. Nuclear substrates of CHIP include dioxin receptor,
mutant androgen receptor, p65, RUNX1, RUNX2, and a sirtuin family member
(SirT6) (Adachi et al. 2007; Lees et al. 2003; Li et al. 2008; Ronnebaum et al. 2013;
Shang et al. 2009).

HSP40 is a co-chaperone family also known as the DNAJ family. HSP40 pro-
teins localize to the cytosol and nucleus where they regulate the substrate binding
and ATPase activity of HSP70 chaperones and thus play a pivotal role in protein
quality control in the cell. One HSP40 homolog, Mrj, regulates transcriptional
activity in the nucleus by regulating the recruitment of histone deacetylase to chro-
matin (Dai et al. 2005). Also, it has been shown that aggregation of the TDP-43
protein is prevented by its association with HSP40/HSP70 in the nucleus (Udan-
Johns et al. 2014). TDP-43 is found in nuclear aggregates in patients with the neu-
rodegenerative disease, ALS. It is normally complexed with chaperones, but when
this association is disrupted, the protein forms nuclear aggregates. This result clearly
demonstrates the importance of a properly functioning nuclear chaperone system.
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1.2 Conclusions

Much remains to be learned about the role chaperones in the nucleus and how they
help the cell cope with stress. Studies on nuclear bodies and nuclear protein aggre-
gates provided some of the first evidence showing that chaperones localize to the
nucleus. Several chaperones are known to accumulate in the nucleus under stress
conditions. Import of chaperones into the nucleus occurs via a variety of mecha-
nisms. Once in the nucleus, some chaperones can work to break apart nuclear aggre-
gates, while other presumably perform other functions. What is the specific role of
nuclear chaperones in the response to stress? Is their main function to refold pro-
teins or to target them for proteasomal degradation? It seems likely that they move
into the nucleus to deal with the protein damage that is associated with stress.
However, it is not clear how the nuclear chaperone activity compares with what is
happening in the cytoplasm. Although some evidence suggests that protein turnover
may occur in the nucleus (Gardner et al. 2005; Nielsen et al. 2014), the relationship
between the chaperones and the proteasome in the nucleus is not clear. Does Chip
function in the nucleus to pull chronically misfolded proteins into the UPS for deg-
radation? This is one of the many fundamental questions about nuclear PQC that
remain to be answered.
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Chapter 2

Extracellular Hsp70 and Low-Grade
Inflammation- and Stress-Related
Pathologies
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Abstract Inflammation is part of, but not limited to, the innate immune response
against pathogens. Availability of large amounts of nutrients, low level of physical
activity, or increased longevity are conditions that can lead to tissue malfunction;
they are associated with many chronic inflammatory diseases which are generally
characterized by the presence of parainflammation and low-grade systemic inflam-
mation. Unlike the mechanisms of inflammation induced by infection, the mecha-
nisms of systemic inflammatory states are poorly understood. Disruption of the
cytokine-HPA axis and of sympathetic nervous system regulation predisposes to
chronic inflammatory pathologies. Thus, anomalous immune/inflammatory
responses accompanied by an altered neuroendocrine response underlie a variety of
immune- and stress-related diseases. The capacity of eHsp72 to affect and to be
affected by immune and neuroendocrine mechanisms makes eHsp72 an intrinsic
component of the immune-neuro-endocrine network. Since inflammation is one of
the stress stimuli that result in the release of eHsp72, circulating levels of eHsp72
may also be considered as a biomarker for the diagnosis of chronic low-level inflam-
matory states. In this context, and based on recent investigations of our research
group, this chapter reviews and discusses the potential role of eHsp72 in inflamma-
tion- and stress-related pathologies such as obesity-induced metabolic syndrome,
fibromyalgia, and osteoarthritis. Finally, the role of eHsp72 in the physiological
adaptation to inflammation and stress during aging is also discussed.
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Abbreviations

CRP C-reactive protein

CVD Cardiovascular disease

DAMP Damage-associated molecular pattern
ECM Extracellular cartilage matrix

eHsp Extracellular heat shock protein

FLS Fibroblast-like synoviocyte

FM Fibromyalgia

HPA Hypothalamus-pituitary-adrenal axis

Hsc Constitutive heat shock protein
iHsp Intracellular heat shock protein
IL Interleukin

MetS Metabolic syndrome
NA Noradrenaline
NF-kB  Nuclear factor-kappa B

OA Osteoarthritis

RA Rheumatoid arthritis

SNS Sympathetic nervous system
TLR Toll-like receptor

TNF Tumor necrosis factor

2.1 Introduction

Inflammation is part of, but not limited to, the innate immune response mechanisms
against pathogens. Different aspects and concepts of physiological and pathophysi-
ological inflammatory responses have been very adequately reviewed, explained
and discussed by Medzhitov (2008). It is widely known that when the acute inflam-
matory response is triggered, in response to an infection (particularly a bacterial
infection) or tissue damage, a coordinated release of plasma and leukocytes (mainly
neutrophils) into the infected or damaged area occurs. An appropriate and satisfac-
tory inflammatory response results in the elimination of the infectious agents fol-
lowed by a resolution and repair phase which is mediated primarily by resident and
recruited macrophages. If the acute inflammatory response fails to eliminate the
pathogen, the inflammatory process persists and acquires new characteristics.
Infiltrated neutrophils are replaced by macrophages and, in the case of infection,
also by T lymphocytes. If the effect of these cells is not sufficient, a chronic inflam-
matory state including the formation of granulomas and tertiary lymphoid tissues
take place. In addition, chronic inflammation may arise from other causes such as
tissue damage resulting from an autoimmune response (Kumar et al. 2003;
Medzhitov 2008). Additionally, under adverse conditions tissues suffer from stress
and can malfunction. Depending on the magnitude of this adversity, adaptation to
the new condition may require the help of resident and recruited macrophages in the
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tissue together with the release, on a small scale, of leukocytes and plasma proteins.
This adaptive response is an intermediate state between the basal state and inflam-
mation, and is known as parainflammation. The parainflammatory response is
graded: at one end it is very close to the basal state, while at the opposite end it is
close to inflammation. Induction of parainflammation does not require infection or
tissue damage; rather, this state is generated by tissue malfunction and aims to
restore tissue functionality and homeostasis. If tissue disruption persists for a long
time, parainflammation may become chronic. This occurs as a result of mutations,
environmental factors, or as a consequence of some “modern human diseases”. In
fact, many chronic inflammatory diseases seem to be associated with conditions
such as availability of large amounts of nutrients, low level of physical activity, or
increased longevity (Medzhitov 2008). Diseases related to these conditions are gen-
erally characterized by the presence of low grade inflammation (or
parainflammation).

Unlike the mechanisms of inflammation induced by infection, the mechanisms
of systemic inflammatory states are poorly understood, but it is clear that they do
not seem to follow the classical patterns of transition from acute inflammation to
chronic inflammation (Medzhitov 2008). Chronic low-grade systemic inflammation
is a term used to reflect increments in the systemic concentration of TNF-a, IL-1p,
IL-6, and C-reactive proteins (CRP) among other inflammatory and anti-
inflammatory mediators. Despite the fact that changes in acute-phase reactants are
much smaller than those in acute infections, chronicity of low-grade inflammation
is strongly associated with advancing age and lifestyle factors such as obesity, and
consequently with increased risk of cardiovascular disease (CVD) and type 2 diabe-
tes (Bruusgaard 2005; Mathur and Pedersen 2008). Thus, chronic low-grade sys-
temic inflammation has generally been circumscribed to obesity and metabolic
syndrome, where adipose tissue shows a high infiltration of macrophages that are
the main source of inflammatory cytokines such as TNF-a (Wellen and Hotamisligil
2005). Nevertheless, low level systemic elevations (and/or elevated production by
cultured immune cells) of inflammatory cytokines such as IL-1f, TNF-a, IL-8 or
IL-6 are also present in other pathologies, especially those in which an inflamma-
tory/stress feedback dysregulation can contribute to the aetiology, such as inflam-
mation- and stress-related diseases. Inflammatory and stress responses are regulated
by neuroendocrine-immune mechanisms. It is well known that the immune system
interacts with the neuroendocrine system, so this interaction can be regarded as a
dynamic network that tends to reach adaptive equilibrium in both health and disease
(Del Rey et al. 2012). During the immune response, pro-inflammatory cytokines
activate the stress system through stimulation of the hypothalamus-pituitary-adrenal
(HPA) axis, resulting in the release of glucocorticoids and catecholamines in order
to prevent an excessive immune response and to protect the organism from an “over-
shoot” of pro-inflammatory cytokines (Elenkov 2008; Besedovsky and Del Rey
2000). Since the HPA axis is stimulated during the immune response to non-
pathogenic antigens and also during certain pathological conditions in which the
immune system is involved, an immunoregulatory circuit involving immune-derived
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cytokines and the HPA axis may well operate during certain pathological condi-
tions. Indeed, disruption of the cytokine-HPA axis circuit can predispose to chronic
inflammatory diseases (Del Rey and Besedovsky 2000), including chronic low-
grade inflammatory pathologies (Martin-Cordero et al. 2011; Bote et al. 2012;
Galvez et al. 2017). Thus, anomalous immune/inflammatory responses accompa-
nied by an altered neuroendocrine response constitute a mechanism that underlies a
variety of immune- and stress-related diseases.

The Hsp70 family consists of a class of heat shock proteins that includes the
constitutively expressed Hsp70 (Hsc70, 73 kDa) and the stress-inducible Hsp70
(Hsp72, 72 KDa). Under normal physiological conditions, Hsp72 is expressed at
low levels. However, following stress stimuli, intracellular synthesis of Hsp72 and
release of extracellular Hsp72 (eHsp72) release increase markedly, giving rise to a
stress response that plays a role in cytoprotection as an intracellular molecular chap-
erone, and also as an extracellular chaperokine that induces the release of pro-
inflammatory cytokines (Asea et al. 2000; Asea 2006). Thus, Hsp70 can act both as
a pro- and anti-inflammatory molecule in the production and release of inflamma-
tory mediators. As an anti-inflammatory effector, intracellular Hsp70 prevents the
expression of inflammatory mediators by inhibiting the translocation of the tran-
scription factor nuclear factor-kappa B (NF-kB) to the nucleus, avoiding the pro-
inflammatory cytokine signal transduction and gene expression and, consequently,
increasing endotoxin- and cytokine-mediated cytotoxicity tolerance. As a pro-
inflammatory mediator, extracellular Hsp70 (eHsp72) produces a multifaceted
immune/inflammatory response involving the activation of a variety of immune
effector cells and cytokine release (Amorim and Moseley 2010), particularly inflam-
matory cells and pro-inflammatory cytokines with the participation of NF-xB
(Ortega et al. 2009a; Giraldo et al. 2010a). Therefore, the ability of Hsp70 to regu-
late inflammation is an important aspect of the progression of a variety of patho-
physiologic states characterized by a dysregulated inflammatory response. In fact, it
has been proposed that “the highly inducible Hsp70 provides a useful platform to
discuss the role of these primitive and ubiquitous proteins in modulating human
inflammatory disease” (Amorim and Moseley 2010). In addition, the capacity of
eHsp72 to affect and to be affected directly or indirectly by immune and neuroen-
docrine mechanisms indicates that this heat shock protein is part of the signaling
system that can modulate the activity of the neuro-endocrine-immune network.
Thus, due to its capacity to affect the production of cytokines that in turn induce
neuroendocrine responses, eHsp72 is an intrinsic component of the immune-neuro-
endocrine network, which can also mediate neuroendocrine metabolic adjustments
and influence adaptive brain functions (Ortega et al. 2012a).

Since inflammation is one of the stress stimuli that result in the release of eHsp72
(Campisi et al. 2003), high circulating levels of eHsp72 may also be considered as
a biomarker for reinforcing the diagnosis of a chronic low-level inflammatory sta-
tus. As discussed above, the ability of Hsp70 to modulate the inflammatory response
in the context of stress responses, with a protective anti-inflammatory activity of
intracellular Hsp70 and, paradoxically, a pro-inflammatory action of extracellular
Hsp70, is widely accepted. However, the magnitude of the pro-inflammatory
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response induced by eHsp72 (through the induction of IL-1f3, TNF-a, and IL-6
release), as well as the induced compensatory anti-inflammatory response through
the release of the anti-inflammatory cytokine IL-10 must be taken into account,
since they may be different in healthy individuals and in individuals with low-level
inflammatory conditions, particularly those associated with aging and obesity.

The main objective when treating patients with inflammatory diseases is to
diminish inflammation and manage secondary consequences in order to improve
their quality of life. In the therapeutic management of low-grade inflammation- and
stress-related pathologies, different strategies focus on reducing the circulating lev-
els of inflammatory and stress biomarkers, as well as on rebalancing the interactions
between the cytokine-mediated inflammatory response and the stress responses
mediated by the sympathetic nervous system (SNS) and the HPA axis. Determination
of circulating levels of eHsp72 may then constitute a good biomarker of inflamma-
tion and stress for the evaluation of effectiveness of these strategies. Nevertheless,
studies of the behavior of inflammatory cells in response to eHsp72 in each situation
and condition can also be crucial, with particular attention to the different responses
depending on the baseline inflammatory status of each patient.

This chapter reviews and discusses the potential role of eHsp72 in a classical
low-grade inflammatory disease, obesity-induced metabolic syndrome, and also in
fibromyalgia and osteoarthritis, two pathologies in which recent investigations have
reported that low-level systemic inflammation together with a dysregulated stress
response also seem to contribute to their etiology. Finally, although aging cannot be
considered a pathology, it can also be drawn into the spectrum of physiological
conditions in which there is an underlying low-grade systemic inflammation and
dysregulated stress response; hence the potential role of extracellular Hsp70 in the
physiological adaptation to inflammation and stress during aging is briefly
discussed.

2.1.1 Extracellular Hsp70 and Metabolic Syndrome

Metabolic syndrome (MetS), or insulin resistance syndrome, is a metabolic disorder
associated with obesity that involves risk factors for type 2 diabetes mellitus and
arteriosclerosis, with concomitant increased risk of cardiovascular events (Hansen
1999; Eckel et al. 2005; Zimmet et al. 2005). It is well known that obesity is associ-
ated with low-grade inflammation (Das 2002, 2004), and inflammation appears to
be a common link between atherosclerosis, obesity, and insulin resistance (Bastard
et al. 2006). In fact, a model of interaction between the immune and metabolic sys-
tems has been proposed, in which inflammation induces obesity and insulin resis-
tance, and in turn obesity induces low-grade inflammation and also promotes insulin
resistance and all of the other characteristics associated with MetS (Wellen and
Hotamisligil 2005). As has been mentioned, low-grade inflammation is a condition
that involves increased systemic concentrations of TNF-a, IL-1f, IL-6, IL-1ra, and
CRP (Petersen and Pedersen 2005). Inflammatory cytokines can also stimulate the
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HPA axis, increasing levels of glucocorticoids and catecholamines and affecting
inflammatory and immune processes. In this way, disruption of the cytokine-HPA
axis feedback loop can aggravate inflammatory pathologies (Besedovsky and Del
Rey 2007). It is also well established that noradrenaline (NA) is involved in regulat-
ing both metabolism and most of the mechanisms of the immune response, includ-
ing the innate response and the systemic and local release of inflammatory cytokines
(Ortega et al. 2000; Elenkov and Chrousos 2002; Garcia et al. 2003; Elenkov et al.
2005; Sanders 2006; Besedovsky and Del Rey 2007). Indeed, noradrenergic dys-
function, including over-activity of the SNS, is today also recognized as a charac-
teristic of obesity-related MetS, contributing to the pathophysiology and clinical
prognosis of this disorder (Straznicky et al. 2010a, 2010b). In this context, studies
in our laboratory found that Zucker rats (an experimental model of MetS) present
high circulation levels of NA, CRP and IL-6, leading us to hypothesize that animals
with MetS present dysregulation in the negative feedback mechanism between IL-6
and NA that can contribute to the systemic low-grade inflammation and/or hyper-
glycaemia of MetS (Martin-Cordero et al. 2011).

Catecholamines play a key role in the extracellular release of Hsp72. Adrenergic
receptors are involved in the stress-induced increase of eHsp72, and NA could stim-
ulate a receptor-mediated exocytotic pathway of Hsp72 release during stressor
exposure (Fleshner et al. 2004). Noradrenaline thus participates as a stress signal for
the release of eHsp72 during stress (Ortega et al. 2010), increasing the expression
and release of Hsp72 by human immune cells such as neutrophils (Ortega et al.
2010). Therefore, a wide variety of pathological (including inflammatory) and
physiological stressful stimuli can induce a marked increase in intracellular synthe-
sis (Lindquist and Craig 1988) and extracellular release (Campisi et al. 2003;
Fleshner et al. 2004) of Hsp72; pathologies with noradrenergic dysregulation
together with low-grade inflammation, as is the case of MetS, can also affect the
extracellular concentration of Hsp72. A high basal concentration of eHsp72 is asso-
ciated with hypertension, arteriosclerosis (Johnson and Fleshner 2006), and MetS
(Garcia et al. 2013). This agrees with the notion that eHsp72 could be a good bio-
marker of inflammation and stress, and conceptually it could also be considered as
a potentially good biomarker of the regulation and progression of MetS. Since
eHsp72 can stimulate the release of IL-1p, IL-6, and TNF-a, theoretically it can also
contribute to the low-grade systemic inflammation underlying MetS and therefore
to insulin resistance and type 2 diabetes mellitus.

As has already been widely and very well reviewed, intracellular Hsp72 is
involved in the regulation of type 2 diabetes in human and animal models, protect-
ing against obesity-induced insulin resistance (Chung et al. 2008; Whitham and
Febbraio 2010). In fact, patients with type 2 diabetes mellitus can present a reduced
gene expression of Hsp72 (Kaur et al. 2010). In the cascade of molecules involved
in inflammation and obesity, the pro-inflammatory cytokine TNF-a plays a promi-
nent role in mediating downstream transduction cascades that affect insulin signal-
ing. It has been observed that TNF-a is overexpressed and overproduced in the
adipose tissue of rodent models of obesity and obese humans (Hotamisligil et al.
1993, 1995; Wellen and Hotamisligil 2005). Intracelullar Hsp72 confers protection
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against disturbed metabolic homeostasis via multiple modes of action including, but
not limited to, reducing inflammation (Chung et al. 2008; Morino et al. 2008; Gupte
et al. 2009), protecting cells against TNF-a-induced insulin resistance (Chung et al.
2008), and improving skeletal muscle oxidation (Chung et al. 2008; Gupte et al.
2009; Liu and Brooks 2012). Nevertheless, in contrast with intracellular Hsp70
(iHsp70), extracellular Hsp70 (eHsp70) has potent pro-inflammatory effects; thus
recently it has been suggested that imbalances in Hsp70 status, described by the
[eHsp70]/[iHsp70] ratio, may be determinant in triggering a chronic pro-
inflammatory state that leads to insulin resistance and type 2 diabetes mellitus
development, suggesting that changes in this ratio value could be used as a bio-
marker for the management of inflammatory response in insulin resistance and dia-
betes (Krause et al. 2015).

In addition, eHsp72 can also elicit an autoimmune response with the production
of anti-Hsp70 antibodies (Pockley et al. 2003). A relationship between circulating
anti-Hsp70 antibody levels and deregulated parameters associated with MetS, such
as hypertension, dyslipidemia, atherosclerosis, and obesity has been reported
(Pockley et al. 2002, 2003; Ghayour-Mobarhan et al. 2007). In fact, obese subjects
present significantly higher plasma anti-Hsp70 concentrations compared with over-
weight and normal weight subjects (Ghayour-Mobarhan et al. 2007). Altered levels
of circulating antibodies against Hsp70 have been also associated with type 2 diabe-
tes and diabetic microvascular/macrovascular complications, and MetS (Wu et al.
2001; Ghayour-Mobarhan et al. 2005, 2007; Gruden et al. 2009, 2013; Kaur et al.
2010). However, the underlying mechanisms of this association are still unclear
(Gruden et al. 2013). Participation of Hsp70 in the response and physiological regu-
lation of type 2 diabetes and MetS is not simply a protective effect of intracellular
Hsp70 and a potential inflammatory-induced response mediated by extracellular
Hsp70. Not only the [eHsp70]/[iHsp70] ratio, but also the levels of anti-Hsp70 anti-
bodies in response to the increased concentration of eHsp72, and probably different
pro- or anti-inflammatory effects of eHsp72 in healthy or MetS-suffering individu-
als, play an important role in physiological regulation by Hsp70 in obesity-associated
MetS.

Release of TNF-a by adipose tissue is primarily produced by non-fat cells pres-
ent in the tissue (Fain et al. 2004); inflammatory factors released by macrophages
could induce inflammation in adipocytes by stimulating the transcription of inflam-
matory genes (Odrowaz-Sypniewska 2007). In this context, eHsp72 stimulates the
release of inflammatory cytokines from healthy lean Zucker rats (Garcia et al.
2013), thus confirming the pro-inflammatory activity of eHsp72. The question now
is whether macrophages from obese animals respond to eHsp72 in the same way as
those from healthy ones. An altered eHsp72-induced release of inflammatory cyto-
kines by macrophages from genetically obese rats (fa/fa) is shown by a decrease in
eHsp72-induced release of IL-1f and TNF-a, and an increase in release of IL-6 with
respect to the macrophage response from the lean rats (Fa/fa). The lower TNF-a
release in response to eHsp72 by macrophages from genetically obese rats could be
explained by the high eHsp72-induced release of IL-6, since IL-6 can inhibit TNF-a
release by macrophages in a paracrine context. Also physiologically relevant is the
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fact that eHsp72 inhibited the release of IL-1f and IL-6 in macrophages from obese
rats with respect to their constitutive release, thus confirming a different or altered
response to eHsp72 in macrophages from obese animals as compared to macro-
phages from healthy ones. These results suggest that eHsp72 participates in the
adaptation/regulation processes in MetS; the elevated circulating levels of eHsp72 in
obese animals (which seems to be a consequence of the previously mentioned
inflammatory and stress dysregulation underlying MetS) could also be viewed as a
physiological adaptation for counterbalancing the increased release of inflamma-
tory cytokines in MetS (Garcia et al. 2013). Nevertheless, this adapted response
could also have a cost in terms of susceptibility to infections in obese individuals
with type 2 diabetes, which has also been reported (Bray 1985; Knight et al. 2000).

Increasing Hsp expression could be considered a therapeutic strategy to protect
from insulin resistance and diabetes, and to reinforce vascular defense and delay or
avoid clinical complications associated with cardiovascular diseases (Kaur et al.
2010), in both genetic- and diet-induced obesity (Whitham and Febbraio 2010).
Interventions may include heat therapy (Chung et al. 2008; Gupte et al. 2009), elec-
trical therapy (Morino et al. 2008), physical exercise (Morino et al. 2008), or phar-
macological molecules that stimulate heat shock response (McCarty 2006; Gupte
et al. 2009; Literati-Nagy et al. 2009). Heat response elevates intracellular Hsp72 in
white and brown adipose tissue, gut, heart, and brain; it attenuates inflammatory
markers (JNK, IKK-b and NF-kB) in multiple organs and tissues, it improves insu-
lin stimulated signaling in muscle and liver, and it restores impaired vasodilatation
in vessels (revised by Henstridge et al. 2014). Thus, induction of intracellular Hsp72
is a novel approach to prevent insulin resistance-induced vascular complications
and insulin sensitivity in obesity (Karpe and Tikoo 2014).

Although the benefits of increasing the concentration of iHsp70 in obesity and
type 2 diabetes are well documented, little is known about the strategies which
focus on modifying concentration and function of eHsp2. It is plausible to speculate
that strategies aimed to reduce elevated systemic levels of eHsp72 in MetS could
contribute to reduce potential eHsp72-induced inflammatory response. Habitual
aerobic exercise is an accepted non-pharmacological therapeutic strategy in the
management of MetS to improve diabetic status and insulin sensitivity, thus reduc-
ing the risk of CVD (Bassuk and Manson 2005). However, in the context of danger
theory, increased circulating concentration of eHsp72 during exercise is known to
facilitate the innate/inflammatory immune response (Fleshner et al. 2003; Ortega
et al. 2009a; Giraldo et al. 2010a), for example by stimulating the release of inflam-
matory cytokines by macrophages. Consequently, exercise which increases sys-
temic eHsp72 could elevate inflammation and insulin resistance, thus exacerbating
disorders associated to MetS. In fact, studies in our laboratory found that habitual
exercise-induced stress in obese Zucker rats impaired the inflammatory/stress feed-
back response contributing to the metabolic, inflammatory, and stress disorders
associated with MetS. Nevertheless, although exercise drastically increased the cir-
culating concentration of eHsp72 in the obese animals, it improved the deregulated
macrophage release of inflammatory cytokines (IL-1p, IL-6, and TNF-a) in response
to eHsp72, thus approaching the behavior determined in lean rats as reference
(Garcfia et al. 2013). Hence, strategies aimed to modify eHsp72 concentration in
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MetS must take into account not only the concentration of this protein but also the
different potential adaptive immunophysiological functions in the obese individuals
as compared to the functions in healthy individuals (Ortega 2016). Thus, Hsp70 is
considered a master regulator for controlling the immune system, inflammation and
insulin resistance (Molina et al. 2016), and exercise is able to modulate both extra-
cellular and intracellular Hsp70 levels; it is therefore an efficient and powerful tool
for normalizing and/or maintaining the [eHsp70]/[iHsp70] ratio at appropriate lev-
els (Krause et al. 2015).

2.1.2 Extracellular Hsp70 and Fibromyalgia

Fibromyalgia (FM) is a form of non-articular rheumatism defined by the presence
of chronic widespread pain (on both the left and the right sides of the body, both
above and below the waist, and obligatorily with accompanying axial skeletal pain)
and allodynia to pressure in more than 11 of 18 specified sites or tender points
(Wolfe et al. 1990). FM usually appears at an age of 30—40 years (only rarely after
the age of 55 years), mainly in women (more than 90% of patients). FM is often
associated with symptoms such as reduced physical activity strength, fatigue, sleep
disorders, and psychiatric disorders (e.g. depression). In particular, FM patients
have great difficulty in performing everyday activities such as walking, working, or
remaining seated or standing for long periods of time. Despite this symptom-based
definition, the lack of objective criteria has led to doubts about the diagnosis of the
pathology and even about its existence. Nevertheless, although the biophysiology of
FM remains elusive and the treatment of the syndrome is generally empirical, recent
hypotheses of the aetiology of this syndrome have included inflammatory disorders
accompanied by changes in the neuro-immune-endocrine system (Van West and
Maes 2001); it has been proposed that it belongs not only to the spectrum of inflam-
matory pathologies but also to the spectrum of “stress-related illnesses”. In this
context, studies in our laboratory found that FM patients show an inflammatory
state accompanied by an altered stress response. It was therefore proposed that an
inflammatory/stress feedback dysregulation also underlies FM. This is manifested
by high circulating levels of IL-8 (the main pro-inflammatory cytokine involved in
FM) and CRP, high circulating levels of cortisol, and increased systemic levels of
NA and eHsp72. This was the first time (and to the best of our knowledge the only
time) that an elevated circulating concentration of eHsp72 has been reported in FM
patients. Since inflammation also results in the release of eHsp72, high circulating
levels of eHsp72 may also contribute to reflect a “chronic low-level inflammatory
status” in these patients (Bote et al. 2012).

In healthy women, circulating eHsp72 is particularly involved in the activation of
neutrophils (Ortega et al. 2009a; Giraldo et al. 2010a). Human neutrophils can
express and release Hsp72, both constitutively and in response to NA. This suggests
that NA contributes to the expression and release of Hsp72 under stress situations,
with a role for neutrophils as a source for the release of eHsp72 to the blood, thus
increasing the inflammatory state of the organism (Giraldo et al. 2010b). Elevated
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circulating concentrations of NA could therefore act as a “stress signal” for the
expression and release of Hsp72 in inflammatory cells in FM patients (Bote et al.
2012). In fact, we have found that neutrophils from FM patients release and express
constitutively more Hsp72 than neutrophils from healthy women (Hinchado et al.
2011), and monocytes from FM patients release more Hsp72 than those from
healthy women both constitutively and in response to NA (unpublished data).
Increased release of inflammatory cytokines (such as IL-18, TNF-a, and IL-6) by
monocytes and enhanced functional capacity of neutrophils (chemotactic, phago-
cytic, and fungicidal activities) in FM patients can also be justified, at least partially,
by their increased systemic concentration of eHsp72 (Bote et al. 2012): This is
because stress-induced physiological concentrations of eHsp72 stimulate chemo-
taxis, phagocytosis, and microbicidal capacities of neutrophils in women (Ortega
et al. 2009a; Giraldo et al. 2010a), and they induce the release of IL-1p, TNF-a, and
IL-6 by monocytes (Asea et al. 2000), which has also been confirmed in our labora-
tory in isolated monocytes from FM patients. IL-8 is the pro-inflammatory cytokine
regarded as the main systemic inflammatory marker for this pathology (Ortega et al.
2009b; Bote et al. 2012; Wallace et al. 2001; Bazzichi et al. 2007); it is mainly pro-
duced by monocytes and endothelial cells (Ilizasa and Matsushima 2001). Although
no relevant differences have yet been found between women with FM and age-
matched healthy women in the constitutive release of IL-8 by monocytes in vitro,
recent unpublished data from our laboratory reveal that IL-8 release induced by
eHsp72 is of a greater magnitude in monocytes from patients with FM, a circumstance
which could reinforce a role for eHsp72 in the syndrome. A proposed model of
immune-neuroendocrine dysregulation in fibromyalgia is shown in Fig. (2.1).
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Fig. 2.1 A proposed model of immune-neuroendocrine dysregulation in fibromyalgia
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Non pharmacological anti-inflammatory and anti-stress strategies are frequently
used as therapeutic aids in the management of FM syndrome. Acceptance of the
hypothesis of the anti-inflammatory effects of exercise makes it especially interest-
ing as a therapeutic aid in treating chronic low-grade inflammatory pathologies,
such as FM. In this context, habitual exercise (particularly aquatic exercise in warm
water) is a good strategy for improving pain and other symptoms associated to FM
by inducing an improvement in the altered inflammatory and stress biomarkers
associated with this syndrome (Ortega et al. 2009b; Ortega et al. 2012b; Bote et al.
2014). However, paradoxically, it is known that exercise activates the innate and
inflammatory response in healthy people (Ortega et al. 1993; Northoff et al. 1994;
Suzuki et al. 2002; Giraldo et al. 2009), an effect that is mediated by stress hor-
mones (Ortega 2003; Ortega et al. 2007) and stress proteins, such as eHsp72, even
during acute moderate exercise (Fleshner et al. 2003; Ortega et al. 2006, 2009a,
2010). Nevertheless, the effects of exercise may be different in patients with chronic
inflammatory diseases and in healthy people. A role for eHsp72 in FM syndrome
was confirmed when comparing the effect, between FM patients and age-matched
healthy women, of a single bout of moderate cycling (45 min at 55% VO, max) on
the pro-inflammatory cytokine IL-8, neutrophil activity (chemotaxis and superoxide
anion production), and production of inflammatory cytokines by monocytes,
together with the systemic concentration of eHsp72 (with NA and cortisol) (Bote
etal. 2013). In FM patients, the exercise induced a decrease in the systemic concen-
tration of IL-8, NA, and eHsp72, as well as in neutrophil activation and in inflam-
matory cytokine release by monocytes (IL-1f, TNF-a, IL-6, IL-10, and IL-18). This
was contrary to the fully expected exercise-induced increase in all the above-
mentioned biomarkers in healthy women. This opposite behavior in FM patients
with respect to healthy women after acute exercise in the inflammatory response
seems to be mediated, at least partially, by opposite behavior in the stress response
mediated by NA and eHsp72. Thus, the decrease in NA might contribute to the
decrease in circulating levels of eHsp72 in FM patients after exercise. In addition,
the decreased concentration of eHsp72 could contribute to the decrease in activation
of neutrophils and in release of inflammatory cytokines by monocytes. Inflammatory
and stress responses to exercise may then differ according to each individual’s par-
ticular set-point, and these opposite responses may even be working each in a posi-
tive regulatory direction (Bote et al. 2013). While moderate exercise-induced
activation of the innate and/or inflammatory responses can be considered to be an
“alert state” in healthy people for avoiding and defending against pathogenic
attacks, given that it is a positive physiological adaptation in a situation of vulnera-
bility for the organism (Ortega 1994), the anti-inflammatory effects induced by the
same acute moderate exercise in FM patients is also a particular positive effect, with
the focus now being on homeostatic adjustment, and involving inflammation-stress
feedback mechanisms. In this homeostatic adjustment, eHsp72 seems to play an
important role in FM syndrome. To the best of our knowledge, this paradoxical
opposite response to acute moderate exercise in FM patients with respect to healthy
people has not been found in any other chronic inflammatory pathologies (e.g.,
those revised by Ploeger et al. 2009). Thus, circulating levels of eHsp72 in response
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to moderate sessions of exercise could also contribute as an inflammatory and stress
biomarker for the diagnosis of FM syndrome.

2.1.3 Extracellular Hsp70 and Osteoarthritis

Osteoarthritis (OA) is the most prevalent arthritic disease and one of the most com-
mon chronic health conditions, affecting mainly elderly people. However, not only
age but also genetic, epigenetic, environmental, biomechanical, metabolic, and bio-
chemical factors are involved in the onset and progression of OA (Musumeci et al.
2015). OA affects all the tissues that form synovial joints, the most common being
the knees and hips, and it is mainly characterized by cartilage destruction, subchon-
dral bone remodelling, osteophyte formation, and synovial inflammation, leading to
joint stiffness, swelling, pain, and loss of mobility (Glyn-Jones et al. 2015; Kapoor
2015). While previously characterized as a non-inflammatory degenerative arthrop-
athy of purely mechanical cartilage degradation, several inflammatory and immune
processes within the joint are now recognized to be strongly implicated in the patho-
genesis, progression, and burden of OA (Scanzello and Goldring 2012; Rahmati
et al. 2016). There is general agreement that it is a complex condition in which
inflammatory mediators are released by cartilage, bone, and synovium (Kapoor
et al. 2011; Loeser et al. 2012). The multifactorial pathophysiological mechanisms
of OA, however, have not yet been clearly elucidated. In this context, it is plausible
to speculate that Hsp70, as a stress and inflammatory mediator, could play a role in
the pathophysiology of OA.

OA seems to be initiated not only by tissue damage from mechanical injury, but
also by infiltration of inflammatory mediators or defects in joint metabolism and
homeostasis (Kapoor 2015). Thus, during cellular stress and cartilage damage,
extracellular cartilage matrix (ECM) fragments and heat shock proteins (Foell et al.
2007) may act as endogenous damage-associated molecular patterns (DAMP) and
trigger a local innate immune response via pattern recognition receptors (PRR),
including Toll-like receptors (TLR) (Scanzello et al. 2008; Liu-Bryan and Terkeltaub
2015). This suggests a potential role for stress proteins in OA. The signaling cas-
cade following the activation of TLR-2 and TLR-4 in response to “danger signals”
would ultimately result in activation of transcription factors such as NF-xB, which
stimulates the inflammatory and innate immune responses in the OA joint (Scanzello
et al. 2008) with the release of pro-inflammatory and catabolic mediators from
synovial macrophages, fibroblast-like synoviocytes (FLS) and chondrocytes
(Kapoor et al. 2011; Sokolove and Lepus 2013; Orlowsky and Kraus 2015). These
events contribute to further tissue damage and cartilage breakdown either directly or
indirectly, and thus perpetuate and amplify a vicious circle of inflammatory and
catabolic activity, resulting in increased synovial inflammation and cartilage degra-
dation (Liu-Bryan 2013; Sokolove and Lepus 2013; Orlowsky and Kraus 2015).

Of the few studies on Hsp70 in OA that exist, the majority were carried out on
articular cartilage tissue or chondrocytes in vitro. Madreperla and co-workers (1985)
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first reported the induction of synthesis of Hsp70 in calf chondrocytes that had been
incubated at temperatures similar to those reached in cartilage during walking. Soon
after, Kubo and co-workers (1985) demonstrated for the first time the synthesis of
stress proteins in human chondrocytes incubated at elevated temperatures. In healthy
human chondrocytes Hsp70 synthesis was evident after exposure to elevated tem-
peratures (44—46 °C), while in OA chondrocytes Hsp70 synthesis occurred at physi-
ologic temperatures (37 °C), although there was an apparent increase in the synthesis
of this protein at higher temperatures. This demonstrated active synthesis of Hsp70
at physiologic temperatures in OA cartilage, suggesting that the cells of this tissue
are under stress in vivo. Takahashi and co-workers (1997a) also reported that Hsp70
is overexpressed in cartilage from OA subjects. These authors speculated that a pos-
sible cause for this may be that the damage of cartilage surface that occurs in OA
may create significant friction and heat stress that could enhance Hsp70 synthesis in
order to protect the cells against excessive stress (Kubo et al. 1985; Takahashi et al.
1997b). Indeed, chondrocytes from OA joints are subjected to several stressful stim-
uli that may lead them to initiate a stress response by overexpression of Hsp70 and
cytokine genes such as non-physiological high levels of mechanical stress —high
weight loading— and heat stress —high temperature in the joint— (Kubo et al. 2001;
Takahashi et al. 1997b), and elevated concentrations of catabolic and inflammatory
mediators like cytokines in cartilage tissue and synovial fluid (Cruz et al. 1991;
Sohn et al. 2012). Moreover, OA cartilage expression levels of Hsp70 have even
been reported to correlate positively with the clinical severity of the disease (Kubo
et al. 1985; Takahashi et al. 1997b), and thus Hsp70 has been proposed as a param-
eter showing OA severity and progression (Takahashi et al. 1997b). However, in
spite of the fact that Hsp70 is highly expressed in OA cartilage and exerts cytopro-
tective functions by acting as a chaperone within chondrocytes, a considerable pro-
portion of these cells still die in OA (Terauchi et al. 2003), and thus cartilage
degradation and OA progression are not completely prevented by the chondropro-
tective effects of Hsp70. This protection may not be sufficient due to the release of
Hsp72 to the extracellular milieu as well as the presence of pro-inflammatory, cata-
bolic, and apoptotic factors that may counteract the beneficial effects of intracellular
Hsp70 in OA.

Surprisingly, despite the important role of synovitis and low-grade systemic
inflammation in OA, there are hardly any studies assessing eHsp72 concentrations
in synovial fluid or serum in this pathology. In addition to local response, inflamma-
tion- and damage-induced vascular leakage result in a subsequent influx of inflam-
matory mediators and plasma proteins also capable of functioning as DAMPs
(Loeser et al. 2012; Sohn et al. 2012; Liu-Bryan 2013), further propagating the local
inflammatory response and cartilage degradation (Sokolove and Lepus 2013). In
this way, synovitis is a key factor in OA pathophysiology because of the increased
presence of several soluble inflammatory mediators in the synovial fluid, such as
IL-1B, TNF-a, IL-6, IL-8, IL-15, and IL-17 (Sellam and Berenbaum 2010; Loeser
et al. 2012); and infiltration of macrophages, T cells, B cells, mast cells, and natural
killer cells in the synovial tissue (De Lange-Brokaar et al. 2012).
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In fact, Sohn and co-workers (2012) have reported high serum levels of inflam-
matory cytokines in OA, in agreement with recent results found in our laboratory
showing higher systemic levels of the inflammatory cytokines IL-1f, TNF-a, IL-8,
and IL-6 in OA patients with respect to age-matched healthy individuals (Gélvez
et al. 2017). In addition, OA patients also presented elevated circulating concentra-
tions of eHsp72 together with low systemic levels of cortisol, thus reflecting an
inflammatory state accompanied by an altered stress response and an immune-
neuroendocrine dysregulation in OA (Galvez et al. 2017). These results contribute
to confirm the hypothesis that a low-level chronic systemic inflammation underlies
OA and that eHsp72 could be a new potentially good systemic biomarker of stress
and inflammation in this pathology. Thus, not only could local inflammatory events
within joint tissues be reflected systemically, but synovial tissue would also be
exposed to the influence of low-grade systemic inflammation (Hiigle and Geurts
2016). The presence of low-grade systemic inflammation could also contribute to
initiate and/or aggravate OA and, in turn, locally produced inflammatory mediators
released into the bloodstream may have an impact on the perpetuation of this chronic
systemic inflammatory status (Berenbaum 2013; Galvez et al. 2017). However, the
exact sequence of inflammatory events and how they are initiated currently remains
unclear, and whether systemic inflammation induces OA or is a consequence of this
pathology has not yet been completely elucidated (Berenbaum 2013; Goldring and
Otero 2011; Gélvez et al. 2017). In this sense, the high serum levels of eHsp72 may
be at least partially a systemic reflection of its overproduction in the OA joint. Under
the effect of diverse stress stimuli, such as pro-inflammatory cytokines, OA chon-
drocytes could initiate a cellular protection response by increasing the production
and probable release of Hsp70. Furthermore, owing to its chaperokine activity, it
can be speculated that eHsp72 could induce inflammatory cells to release more pro-
inflammatory cytokines, thus creating a positive feedback that would contribute to
perpetuate the increased inflammatory response. Hence, since inflammation is one
of the stress stimuli that results in the release of eHsp72 (Campisi et al. 2003), high
circulating levels of eHsp72 in OA per se may reflect a “chronic low-grade inflam-
matory status”. Although locally overexpressed Hsp70 may have a protective role in
the intracellular milieu in OA, an increased extracellular release of this protein may
contribute to the perpetuation and progression not only of this pathology, but also of
other pathologies and conditions influenced by a high systemic inflammatory status
in OA patients.

Currently, OA treatments mainly target symptoms, but there are no available
therapies that modify OA progression in the long term. Therefore, the goals of OA
treatment are to reduce pain and stiffness, and to preserve and improve joint mobil-
ity and quality of life (Hochberg et al. 2012). Regarding Hsp, some of the above-
mentioned experiments have suggested that Hsp70 expressed in OA chondrocytes
could protect the cells against excessive stress (Kubo et al. 1985; Takahashi et al.
1997a, 1997b). Thus, when high levels of Hsp70 are expressed in chondrocytes,
cells would be more protected against stress, cytotoxicity, cell death, ECM
destruction and thus prevent OA progression (Kubo et al. 2001); for this reason
strategies focused on increasing intracellular expression levels of Hsp70 can be an
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effective therapeutic aid in the management of this pathology. Nevertheless, direct
administration of Hsp70 into chondrocytes from outside the body is infeasible.
Consequently, it is necessary to stimulate or alter chondrocytes to express this pro-
tein. Several authors have investigated gene therapy with Hsp70 in OA chondro-
cytes. Chondrocytes to which Hsp70 gene was transduced had a significantly higher
metabolic activity and viability under heat stress (Kubo et al. 2001), showing that
Hsp70 expressed in OA chondrocytes protects the cells against excessive stress and
accelerates cartilage metabolism with enhanced expression of proteoglycan core
protein (Arai et al. 1997). Induction of Hsp70 by the reversible proteasome inhibitor
MG132 or by gene transfer, efficiently protects chondrocytes from cytotoxic stress
in vitro, and so increasing cell survival (Grossin et al. 2004, 2006). In vivo, the
induction by intra-articular injections of MG132 (Grossin et al. 2004; Etienne et al.
2008) or overexpression via electric gene transfer (Grossin et al. 2006) of Hsp70
decreased the severity of OA lesions in a mono-iodoacetate-induced (Grossin et al.
2004, 2006) or surgically-induced (Etienne et al. 2008) OA rat model. Cartilage
hypocellularity due to cell death also contributes to the development of OA, and
chondrocyte apoptosis has been described as one possible pathway for OA pato-
physiology (Blanco et al. 1998). Stress-induced activation of Hsp not only protects
cells from stress but also suppresses apoptosis in various cells (Mosser et al. 2000;
Park et al. 2000; Ravagnan et al. 2001). Given the fact that stress-induced intracel-
lular Hsp70, through its cytoprotective and anti-apoptotic capacities, could have
chondroprotective effects, it has been proposed that increasing intracellular expres-
sion of Hsp70 in chondrocytes may be an effective approach to prevent apoptotic
cell death and thus extracellular matrix destruction in OA. In vitro, overexpression
of Hsp70 in cultured articular chondrocytes via gene delivery almost completely
suppressed apoptosis through inhibition of the activation of caspase 3 (Terauchi
et al. 2003). Additionally, treatment of articular chondrocytes with glutamine has
shown anti-apoptotic effects that may be mediated by Hsp70 (Tonomura et al.
2006). In addition, since mechanical stress can, under certain conditions, induce
Hsp70 expression, the effects of exercise in OA have also been investigated. In a rat
model of OA, it has been reported that light or moderate exercise is beneficial on the
severity of chondral lesions, probably due to a reduced level of chondrocyte apop-
tosis through the anti-apoptotic capacities of stress-induced Hsp70 overexpression,
whereas intense exercise abolishes this chondroprotective effect (Galois et al. 2004).
This may be due to the intense exercise-induced release of eHsp72, which usually
provokes pro-inflammatory effects.

Heat stimulation is another method for inducing Hsp70 expression. Hydrotherapy,
balneotherapy, mud therapy, hot packs, paraffin baths, ultrashort waves, microwave,
ultrasound, and other heat stimuli are thermal treatments widely used as non-
pharmacological strategies for the treatment of OA in clinical settings (Yildirim
et al. 2010; McAlindon et al. 2014). Appropriate microwave heat-induced Hsp70
expression might partially mediate an increase in the expression of matrix genes
such as proteoglycan core protein and type II collagen in the articular cartilage in
vivo, thus contributing to promote metabolic activity in the cartilage (Tonomura
et al. 2008). Fujita and co-workers (2012) examined the combination of glutamine
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and microwave-induced heat stimulation therapy in vivo to increase Hsp70 expres-
sion in OA cartilage. After the treatment, the severity of OA was reduced, thus sug-
gesting that Hsp70, stimulated by the combination of microwave heat and glutamine,
may be involved in the suppression of OA progression. Similarly, mild electrical
stimulation and heat stimulation have been reported to increase Hsp70 in chondro-
cytes and promote articular cartilage matrix metabolism (Hiraoka et al. 2013).
These studies suggest that heat-induced increase of Hsp70 in OA cartilage may be
useful for slowing the progression of OA.

Taking into account that increased systemic levels of eHsp72 have been found in
OA patients, most likely a systemic reflection of an inflammatory and stress status
in this pathology, the question now is: what about a role for eHsp72 in the manage-
ment of OA? It seems to be plausible to speculate that strategies focused on dimin-
ishing the circulating concentration of eHsp72 could also be effective as a therapeutic
aid for OA patients. Nevertheless, the systemic effect of therapies such as hyper-
thermia on eHsp72 in OA has not been sufficiently investigated in clinical studies.
Recently, our research group described a reduction in systemic eHsp72 concentra-
tions in aged OA patients (with closer values to those of age-matched healthy indi-
viduals) after a cycle of 10 days of mud therapy with mineral-medicinal water at
38—42 °C. This effect occurred in parallel with a marked decrease in the serum
concentration of the pro-inflammatory cytokines IL-1p, TNF-a, IL-8, and IL-6,
which strongly suggests a role for eHsp72 in the systemic anti-inflammatory effects
induced by the cycle of balneotherapy or, at least, confirms eHsp72 as a good
inflammatory and stress systemic biomarker in OA (Ortega et al. 2017). Uzunoglu
and co-workers (2017) have also assessed mild heat stress using thermal water baths
for 3 weeks in OA patients. Serum eHsp72 levels initially increased after the first
session of balneotherapy, but at the end of the 3-week protocol eHsp72 systemic
concentration was lower than baseline, implying that an adaptation might occur at
the end of the intervention. It could therefore be speculated that the paradoxical
decrease of eHsp72 in our study reflects a lower release of eHsp72 after the heat-
induced intracellular Hsp70 increase in OA, for example in chondrocytes, with a
decrease in expression and release of the inflammatory and stress mediators, such as
inflammatory cytokines and stress proteins. Thus, the ratio [iHsp70]/[eHsp70] could
be crucial to evaluate the effectiveness of heat therapies, particularly in the joint. In
addition, response to eHsp72 also depends on the basal activation status of NF-kB
in the cells. In some chronic inflammatory diseases associated with aging, such as
diabetes (Garcia et al. 2013) and other rheumatic diseases such as rheumatoid
arthritis (RA), the effects of eHsp72 via the activation of TLR-4 can be anti-
inflammatory (or not pro-inflammatory) by inhibiting NF-«kB (Luo et al. 2008a,
2008b; Martinez de Toda and De la Fuente 2015). The anti-inflammatory effects of
eHsp72 under certain physiological or pathophysiological conditions, such as aging
or RA, can also be induced by a strong IL-10 release brought about by stress pro-
teins in FLS or macrophages (Luo et al. 2008a; Ortega et al. 2012a). Thus, it would
also be important to corroborate that eHsp72 exerts pro-inflammatory responses in
OA patients in the same way as in healthy individuals. In this way, post-heat modu-
lation of eHsp72 circulating concentrations could trigger an Hsp-cytokine-HPA-
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cortisol anti-inflammatory feedback mechanism, leading to anti-inflammatory
effects and neuroendocrine-immune regulation (Ortega et al. 2017).

In sum, although the number of studies is small, they demonstrate a role for
Hsp70 and thermotherapy. This suggests that hyperthermia can be effectively
applied to OA treatments. It is still necessary to determine the optimal intensity,
duration, and interval of heat stimulation for clinical application in humans, since
the effect of hyperthermia shows significant variations in response to small differ-
ences in the applied temperature (Hojo et al. 2003). Given that some treatments for
OA are associated with problems including invasiveness, prognosis and high cost of
the procedures, it would be interesting to develop alternative conservative therapies
like thermotherapy which could effectively prevent or delay the progression of OA
(Takahashi et al. 2009; Ortega et al. 2017).

2.1.4 Aging as a Low-Grade Inflammation- and Stress-Related
Condition: Extracellular Hsp70 and Aging

As can be easily deduced from reading the previous sections, the pathologies
addressed in relation to inflammatory and stress response dysregulation are closely
related to the aging process, mainly OA and type 2 diabetes, which are associated
with MetS, but also FM, since patients suffering from FM show signs of premature
aging (Hassett et al. 2015). Low-grade inflammation is, in turn, closely related to
the aging process. Together with an oxidative stress state (Harman 1956), the aging
process is also characterized by chronic low-grade inflammation, so-called
“inflamm-aging” (Franceschi et al. 2000). This term denotes an upregulation of the
inflammatory response that occurs with age, resulting in a low-grade chronic sys-
temic pro-inflammatory state characterized by elevated concentrations of pro-
inflammatory cytokines (such as IL-1p, IL-6, and TNF-a) and other inflammatory
compounds, all of them involved in the pathogenesis of most age-associated dis-
eases (Vasto et al. 2007). Due to the very interrelated oxidative and inflammatory
processes, the term “oxi-inflamm-aging” was proposed to better define what occurs
during the aging process, linking chronic oxidative and inflammatory stress and
involving the immune system in these interactions (De la Fuente and Miquel 2009).
Thus, immunosenescence, or age-related changes in the immune system, is charac-
terized by the impairment of many immune functions but also by the overactivation
of others that could, at the same time, contribute to the increase of inflammatory-
oxidative stress, and to the acceleration of aging. Therefore, successful aging and
longevity depend on the maintenance of efficient anti-inflammatory and antioxidant
mechanisms, in which Hsp70 can play a crucial role (Ortega et al. 2012a; Martinez
de Toda and De la Fuente 2015). Functional longevity also depends on the preserva-
tion of an adequate balance at all physiological levels, especially between the func-
tion and the interaction of the homeostatic systems such as the nervous, endocrine
and immune systems and their communications. Age-related alterations of these
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regulatory systems lead to loss of homeostasis and therefore to the increase in mor-
bidity and mortality that appears with age (De la Fuente et al. 2011). eHsp72 can
also exert protective actions by affecting the neuro-endocrine-immune network,
particularly the interactions between cytokines and neuroendocrine agents (Ortega
et al. 2012a).

It is widely accepted that intracellular Hsp70 confers protection against the
harmful effects of oxidative stress and inflammatory status, playing an important
role as a regulator of the rate of aging. In this context, Hsp70 has been proposed as
a promising biomarker of biological age and lifespan. Nevertheless, the different
actions of the inducible and basal levels of Hsp70 must be taken into account
(reviewed by Martinez de Toda and De la Fuente 2015). Martinez de Toda and De
la Fuente conclude that, since Hsp70 induction levels after a stressor are high in
adult and long-lived individuals but low in old ones (or prematurely aged subjects),
these inducible levels can be proposed as a biomarker of biological age. Together
with impaired induction, the decreased basal levels during aging could lead to even
more damage accumulation in cells and tissues. However, the age-related changes
of Hsp70 basal levels are still controversial, mainly due to differential accumulation
of Hsp70 between mitotic or postmitotic tissues (Martinez de Toda and De la Fuente
2015). Recent results have confirmed that aging-associated variations of the levels
of Hsp70 followed a different pattern in post-mitotic (heart, renal cortex, cerebral
cortex, spleen) and mitotic (liver and renal medulla) tissues, being lower or higher
in old mice compared to adults, respectively. It is curious that Hsp70 levels were
similar in tissues from long-lived mice to those in adult animals. These results
strongly suggest that Hsp70 basal levels show tissue-specific age-associated varia-
tions and are preserved in long-lived animals, demonstrating their role as markers of
the rate of aging and longevity (Martinez de Toda et al. 2016).

With respect to extracellular Hsp70, results are even more controversial, not only
with regard to age-related changes in the circulating concentration of eHsp72 but
also with respect to the immunophysiological role of this protein in the adaptive
homeostasis during the aging process. What do we expect from the relation between
aging and eHsp72? It could be hypothesized that, due to the inflammatory state in
aging (inflammaging), systemic concentration of eHsp72 would increase with
advancing age and, in turn, these high levels of eHsp72 could increase the inflam-
matory state in aged individuals in a vicious circle of positive feedback. However,
most human studies indicate that eHsp72 decreases with advancing age in the nor-
mal population, and low serum eHsp72 levels have been associated with longevity
(Rea et al. 2001; Terry et al. 2004, 2006) reflecting an anti-inflammatory status
(Terry et al. 2006; Franceschi et al. 2007). Conversely, high eHsp72 levels have
been positively correlated with the level of inflammation, being associated with
inflammation and frailty in elderly patients (Njemini et al. 2004, 2011). Centenarians
and centenarians’ offspring have shown lower serum eHsp72 levels compared to an
old group and their respective offspring, the authors proposing that serum eHsp72
concentration can predict the development of cardiovascular diseases, and that low
eHsp72 levels can be a predictor of longevity (Terry et al. 2004).
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However, it has also been proposed that circulating eHsp72 could play a protec-
tive role against inflammation-related conditions, such as aging (Bautmans et al.
2010). Results from our laboratory in mice were also contradictory with respect to
those reported in humans: circulating concentrations of eHsp72 were only detect-
able in old (13 months) and very old (26 months) C57BL/6 J mice (no detectable
concentration could be determined in 3 month-old mice). Surprisingly, very old
mice also had the lowest glucose (and exhibited a better glucose tolerance than old
mice) and the highest corticosterone plasma levels. In addition, no significant age-
dependent changes were found in constitutive and eHsp72-induced release of IL-1p,
but IL-6 release was significantly decreased in very old mice. Taken together, these
results suggest that very old animals present a different inflammatory response,
which may contribute to endocrine and metabolic alterations. Alternatively, they
may indicate an immune-endocrine adaptation that contributes to longevity (Ortega
et al. 2011). Furthermore, while immune cells from very old animals produced low
levels of IL-6, subsequent results showed that the capacity to produce IL-10 was
much higher than in younger mice (unpublished data). Glucocorticoids, which can
also induce the production of Hsp72 (Sun et al. 2000), not only inhibit pro-
inflammatory cytokines synthesis and release, but also increase IL-10 production,
the most important anti-inflammatory cytokine. Thus, eHsp72-glucocorticoid-IL-10
interaction appears to be relevant to keep inflammaging under control (Ortega et al.
2012a). Basal systemic levels of eHsp72 may not reflect the magnitude of the
increase and use of this protein that occurs under stress and other danger conditions.
Physiological levels of both eHsp72 and corticosterone can stimulate certain aspects
of the innate response, and the release of eHsp72 could be a countermeasure against
the deleterious effects of inflammatory mediators, particularly during the aging pro-
cess when disruptions in the connections of the neuro-immune-endocrine network
are inexorable. eHsp72 could therefore exert protective actions by affecting the
neuro-endocrine-immune network, particularly the interactions between cytokines
and neuroendocrine agents. In addition to the immune/inflammatory regulatory
responses, this network would be able to mediate neuroendocrine metabolic adjust-
ments (Ortega et al. 2012a).

2.2 Conclusions

The ability of Hsp70 to modulate the inflammatory response in the context of stress
responses, with a protective anti-inflammatory activity of intracellular Hsp70 and a
pro-inflammatory activity of extracellular Hsp70, is well accepted. Together with
other stress stimuli, inflammation also results in the release of eHsp72. Consequently,
high circulating levels of eHsp72 can conceptually be considered as a biomarker to
at least reinforce the diagnosis of low-grade inflammation- and stress-related
pathologies. Nevertheless, this would be a simplistic approach if the fact that pos-
sible dissimilarities in immunophysiological activity and relevance of eHsp72
between healthy individuals and people with inflammation- and stress-related
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diseases is not considered. Participation of stress-induced Hsp70 in response and
physiological regulation of these pathologies may be more than a simply protective
anti-inflammatory effect of iHsp72 and potentially dangerous pro-inflammatory
effect of eHsp72. Not only can the (eHsp70)/(iHsp70) ratio be determinant in trig-
gering chronic pro-inflammatory states, but also the levels of anti-Hsp70 antibodies
in response to increased concentrations of eHsp72, and different pro- or anti-
inflammatory effects of this extracellular protein, can be crucial in regarding eHsp72
as a good biomarker of inflammation and stress-related conditions and longevity, as
well as for approaching strategies focused on Hsp70 as a target for treatment of
these diseases. This is particularly important in aged people when disruptions in the
connections of the neuro-immune-endocrine network are inexorable. In this situa-
tion eHsp72 could exert protective actions by regulating the interactions between
cytokines and neuroendocrine agents, and mediating anti-inflammatory and meta-
bolic adjustments.
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Chapter 3
Heat Shock Proteins and Endoplasmic
Reticulum Stress

Azhwar Raghunath, Lakshmikanthan Panneerselvam, Kiruthika Sundarraj,
and Ekambaram Perumal

Abstract The endoplasmic reticulum (ER) is a dynamic as well as an intricate
organelle that carries out diverse essential functions within the cell. The efficient
functions of the ER regulate the cellular processes and maintain cell homeostasis.
When this dynamic equilibrium gets imbalanced due to perturbations in the ER func-
tions, a condition termed ER stress occurs. ER stress accumulates and aggregates
unfolded proteins within the ER lumen. An evolutionarily conserved signal transduc-
tion mechanism called unfolded protein response (UPR) recuperates the ER function
and proteostasis in the ER. A diverse group of heat shock proteins (HSP) has been
implicated in this ER stress response. In recent years, studies have revealed the roles
of HSP in sensing the ER stress and activating the three axes of UPR. In addition, the
HSP are also responsible for the ER associated degradation of unfolded proteins
when ER stress persists for a long time. The HSP in ER stress have been implicated
in diverse pathophysiological conditions like cardiovascular diseases, cancer, aging,
diabetes and obesity. In the present chapter, we have summarized the advances made
in the manifold roles of HSP that govern ER stress signaling in health.

Keywords Endoplasmic reticulum stress - Heat shock proteins - Molecular
chaperones - Protein folding - Signal transduction - Unfolded protein response
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3.1 Introduction

The endoplasmic reticulum (ER) is a dynamic three-dimensional membrane-bound
organelle contiguous with the nuclear envelope (NE) and an interconnected network
of tubules, vesicles, and cisternae extending from the nucleus towards the periphery
of the cells. In 1902, Emilio Veratti, a student of Camillo Golgi, discovered ER as a
new subcellular structure distinct that of Golgi apparatus (Veratti 1961). The scien-
tific community disregarded the work of Emilio Veratti and abandoned the existence
of such organelle. After five decades, in 1953, with advancements in high-resolution
imaging technologies, Keith Porter and George Palade captured a complex tubular
network within the cytoplasm and proved Emilio Veratti was correct (Porter 1953;
Palade and Porter 1954; Porter and Palade 1957). Keith Porter named this complex
tubular network as ER. Since then, the diverse functions of the ER are still being
discovered.

3.1.1 ER Structure, Function and Stress

Based on the difference in morphologies, ER has three distinct domains, namely
NE, peripheral ER cisternae, and interconnected tubules (D'Angelo and Hetzer
2006; Burke and Ellenberg 2002). The nucleus is encircled by NE with the inner
and outer nuclear membranes (INM and ONM) connected only at the nuclear pores.
Beneath the inner membrane, a network of lamins holds the nucleus in shape (Hetzer
et al. 2005). The INM and ONM envelope the nuclear membrane space. The periph-
eral ER extends and forms an interlinked network of cisternae and tubules through-
out the cytoplasm, where the former occupies the region closer to the NE, the latter
resides in the periphery (Terasaki et al. 1994). Based on the presence of bound
ribosomes/polysomes on the surface of the ER, it has been classified into two types:
rough and smooth ER. Mostly cisternae are classified as rough ER (RER) and
tubules as smooth ER (SER) (Shibata et al. 2006). The RER serves as the compart-
ment for the synthesis of one third of the cellular proteins, whereas the SER portion
stores lipids and xenobiotics. In addition to having more numbers of ribosomes,
cisternae possess large luminal volume to surface area unlike tubules. The primary
functions of ER are protein synthesis and transport, protein modification, lipid and
steroid synthesis, regulation of Ca?* homeostasis and secretion, carbohydrate
metabolism, and drug detoxification (Chen et al. 2013; Schwartz and Blower 2016).
Perturbations in any of these ER functions derange the folding and secretion of
proteins thereby, promote the accumulation of unfolded proteins in its lumen ulti-
mately resulting in a condition called as “ER Stress” (Zhao and Ackerman 2006;
Banhegyi et al. 2007). Energy deprivation, redox or lipid imbalance, Ca?* diminu-
tion, accumulation of misfolded, unfolded or abundant proteins, and alteration in
ionic conditions in ER trigger a response called unfolded protein response (UPR) or
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ER stress response (Schroder and Kaufman 2005a, b). The UPR is an evolutionarily
conserved complex response, which reestablishes the ER homeostasis.

3.1.2 UPR

The UPR recuperates the cell from ER stress through three major molecular mecha-
nisms: (i) attenuation of protein synthesis and trafficking into the ER (Brostrom and
Brostrom 1998; Harding et al. 2002), (ii) augmentation of transcription of ER lume-
nal chaperone genes to facilitate the protein folding and processing within ER (Ma
and Hendershot 2004), and (iii) elimination of unfolded proteins from the ER
through proteasome-dependent ER-associated degradation (ERAD) (Plemper and
Wolf 1999; Hampton 2002; Tsai et al. 2002; Jarosch et al. 2003). When the UPR
fails to restore the ER homeostasis spatially and temporally, then UPR triggers
apoptosis - a programmed cell death, to clear the dysfunctional cells (Ferri and
Kroemer 2001; Breckenridge et al. 2003; Rao et al. 2004). The dysregulation of the
UPR leads to a range of pathological conditions - atherosclerosis, cardiovascular
diseases, diabetes, ischemia, lysosomal storage disease, obesity, neurodegeneration,
and viral infection (Aridor and Balch 1999; Rutishauser and Spiess 2002; Paschen
2003). The three major molecular mechanisms of UPR are under the control of three
prongs of UPR signal-transduction pathway. These three arms are pancreatic ER
kinase (PERK), activating transcription factor 6 (ATF6), and inositol-requiring
transmembrane kinase/endonuclease 1 (IRE1) get activated sequentially due to ER
stress. In unstressed state, all these three ER-localized transmembrane proteins are
bound to an ER-resident chaperone called immunoglobulin heavy chain binding
protein (BiP; also called glucose-regulated protein 78 (GRP78) and (HSPAY)).

3.1.3 PERK - Translation Impediment

PERK is a type I transmembrane protein, acts as a starting point in the cascade of
translational arrest (Harding et al. 1999). PERK not only resembles IRE1’s luminal
domain, but also in the activation mechanism (Shi et al. 1998; Liu et al. 2000).
Under resting conditions, BiP binds PERK and keeps it in an inactivated state
(Harding et al. 2000a). During ER stress, the unfolded proteins recruit BiP and dis-
sociate it from PERK (Bertolotti et al. 2000). As a result, PERK homo-oligomerizes
and self-activates by trans-autophosphorylation with the cytoplasmic PERK kinase
domain. This activated PERK transiently phosphorylates eukaryotic translation-
initiation factor 2o (EIF2a aka EIF2S1) at Ser51 and inactivates EIF2a. The tran-
sient phosphorylation of EIF2a attenuates translation of the most mRNA, reduces
the traffic of nascent polypeptides into the ER, thus lessens the cargo of newly
synthesized proteins ultimately diminishes the burden of the stressed ER (Shi et al.
1998). Though phosphorylated EIF2a halts the translation of the most mRNAs, it
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preferentially translates a few mRNA components in the ER stress (Harding et al.
2000b; Fernandez et al. 2002a). One such mRNA is ATF4, constitutively expressed,
but translated inefficiently on association with monoribosomes and low MW poly-
ribosomes under normal physiological conditions. ATF4 mRNA carries upstream
open reading frames (UORFs) in the 5' untranslated regions which hinders transla-
tion under resting conditions (Lu et al. 2004; Vattem and Wek 2004; Fernandez et al.
2002b). Upon ER stress, these ATF4 mRNAs recruit heavier ribosomal fractions
which bypass uORFs in the 5' leader and favour translation of ATF4 mRNAs. The
PERK- EIF2a pathway plays dual roles: one halts translation of the most mRNAs
and two prefers translation of genes to manage ER stress. ATF4 is a member of the
basic leucine zipper (bZIP) family of transcription factors activates the transcription
of UPR genes and recuperates ER homeostasis (Luo et al. 2003). ATF4 target genes
include C/EBP homologous protein (CHOP), growth arrest and DNA damage-
inducible gene 34 (GADD34), and BIP (Fawcett et al. 1999). CHOP - a bZIP tran-
scription factor and its expression is induced transcriptionally by ATF4 and ATF6
and translationally by EIF2a phosphorylation as CHOP mRNA contains small
uORFs (Zinszner et al. 1998; Jousse et al. 2001; Ma et al. 2002). The transcriptional
component of ER stress is under the control of CHOP (Ubeda et al. 1996). CHOP
forms heterodimers with other families of transcription factors: members of C/EBP
and fos-jun, thus regulates the genes that are in the UPR (Ubeda et al. 1999). Once
the ER stress is abated, the normalcy is brought back with normal protein synthesis.
Protein phosphatase 1 (PP1) - a serine/threonine phosphatase dephosphorylates
EIF2a and PPI, which requires GADD34 as cofactor to perform its functions (Novoa
et al. 2001; Brush et al. 2003). Thus GADD34 removes the translational halt,
restores protein synthesis in the ER and completes a feedback loop (Kojima et al.
2003). In attenuation of protein synthesis, EIF2a activates all the three chief play-
ers: ATF4, CHOP, and GADD34. This translation control happens sequentially: BiP
senses ER stress and activates PERK, PERK phosphorylates EIF2a, EIF2a triggers
the transcription of ATF4, ATF3, and CHOP, and these bZIP transcription factors
upregulate GADD34 (Jiang et al. 2004). CReP (homolog of GADD34) and Nck-1
are found to dephosphorylate EIF2a where CReP directly unphosphorylates EIF2a
in unstressed conditions and Nck-1 directly dephosphorylates PERK (Jousse et al.
2003; Kebache et al. 2004). PERK pathway activates another bZIP transcription
factor nuclear factor erythroid 2-related factor 2 (NRF2) through phosphorylation.
The activated NRF2 upregulates an array of antioxidant genes and promotes cell
survival during ER stress (Itoh et al. 1997; Cullinan et al. 2003).

3.1.4 ATF6 - Proteolytic Activation

Similar to IRE1, mammalian ATF6 has two homologs, namely ATF6a and ATF6p.
ATF6a is a type II transmembrane protein (90 kDa) that has two important functional
domains: a bZIP transcription factor in the cytoplasmic domain and a Golgi localiza-
tion sequences (GLS) in the ER lumen (Haze et al. 1999). Under normal
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physiological conditions, BiP masks the GLS and the same BiP is freed from the
GLS during the ER stress (Shen et al. 2002). Once free from BiP, unmasked GLS
translocate ATF6a to the Golgi. In the Golgi, a bZIP transcription factor, ATF6« is
proteolytically cleaved by site-1 and site-2 proteases (S1P and S2P) and translocates
itself and activates the transcription of UPR target genes (Chen et al. 2002; Ye et al.
2000). These UPR target genes include BiP (GRP78), GRP94, protein disulphide
isomerase (PDI), and X-box binding protein 1 (XBP1) (Yoshida et al. 2001). In the
UPR transcriptional response, there is a temporal difference in the functions of tran-
scription factors: ATF6 and XBP1 wherein ATF6 performs its action first, followed
by XBP1 yet they display complementary roles in UPR (Yoshida et al. 2003). Though
ATF6p has bZIP domain like that of ATF6a, ATF6f has little part to play in the UPR
(Thuerauf et al. 2004). Like ATF6a, there are other ER transmembrane transcription
factors activated by S1P and S2P intransmembrane proteolysis namely, ATF6p,
BBF2 human homolog on chromosome 7 (BBG2H7 aka CREB3L2), cAMP respon-
sive element binding protein H (CREBH aka CREB3L3), cAMP responsive element
binding 4 (CREB4), leucine zipper protein (LZIP aka CREB3), old astrocyte specifi-
cally induced substance (OASIS aka CREB3L1), and sterol regulatory element bind-
ing proteins (SREBPs) (Bailey and O’Hare 2007; Asada et al. 2011). Except SREBPs,
other ER transmembrane transcription factors functions are not studied well. SREBPs
play an important role in lipid synthesis (Brown and Goldstein 1997).

3.1.5 IREI - Non-Canonical mRNA Processing

IRE1 is a type I ER transmembrane receptor with a molecular weight of ~100 kDa.
Both the serine/threonine kinase and C-terminal endoribonuclease domains of IRE1
reside in the cytoplasm (Wang et al. 1998; Tirasophon et al. 2000). In mammals,
there are two homologs of IRE1: IREla and IRE1f, the former is ubiquitously
expressed, while the latter expression is restricted to gut epithelial cells (Bertolotti
et al. 2001). Unfolded proteins activate IRE1 in two ways: firstly unfolded proteins
dissociate BiP from IRE1 and secondly on direct interaction with IRE1 (Bertolotti
et al. 2000). Either way, the IREI oligomerizes and transautophophorylates itself
and other IREI in the complex (Shamu and Walter 1996). As a result, both the
kinase and endoribonuclease functions get activated. Though the kinase activity has
not been studied thoroughly, the activated IRE1 can initiate two major events: apop-
tosis and autophagy. Autophagy is initiated as an adaptive response to ER stress
when IRE1 binds tumour-necrosis factor receptor associated factor 2 (TRAF2) and
activates JUN N-terminal kinase (JNK) via apoptosis signal regulating kinase 1
(ASK1) (Urano and Wang 2000; Nishitoh et al. 2002; Ogata et al. 2006). When ER
stress persists for a long time beyond unsalvageable levels, JNK incites apoptosis
through the activation of caspase 12.

The IRE1 endoribonuclease activity performs non-canonical splicing of XBP/
mRNA called “XBPI splicing” resulting in spliced XBPI (XBPIs). Two
post-transcriptional products are possible from XBP/ mRNA, when it undergoes
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XBP1I splicing, a shift in the reading frame occurs resulting in the XBP1s protein
with 376 amino acids (Yoshida et al. 2001; Lee et al. 2002; Calfon et al. 2002). In
this XBP1 splicing mechanism, XBP/ mRNA serves as the only substrate for acti-
vated IRE1. When there is no splicing, unspliced XBPI (XBP1u) mRNA produces
a truncated and short-lived XBP1u protein with 261 amino acids. XBP1u proteins
are instantaneously degraded through both ubiquitin-dependent and ubiquitin-inde-
pendent pathways (Tirosh et al. 2006). Both the XBP1u and XBP1s have a bZIP
DNA-binding/dimerization and the nuclear-localization domains in common, but
C-terminal transactivation domain is present only in XBP1s and absent in XBP1lu,
which is essential for transcriptional activation of cytoprotective genes. IRE1 axis
regulates UPR with XBP1u, wherein XBP1u inhibits both translocation and trans-
activation under specific conditions (Yoshida et al. 2006).

Depending on the magnitude of ER stress, IRE1 axial plays a dual role: when the
stress is recoverable, the IRE1 offers protection and when irrecoverable, the IRE1
triggers apoptosis. During recoverable stress conditions, the pro-apoptotic pro-
teins - BCL-2-associated X protein (BAX) and BCL-2 antagonist/killer (BAK)
remain inert by directly interacting with the cytosolic domains of IRE1, thereby
enhances IRE1’s kinase and endoribonuclease activities (Hetz et al. 2006). In con-
trast, during irrecoverable ER stress these pro-apoptotic proteins trigger apoptosis.
The ER stress response collectively depends on IRE1, XBP1 and associated adaptor
proteins called “UPRosome” (Hetz and Glimcher 2008).

3.1.6 ERAD

Eukaryotes have two ER quality control systems to take care of the misfolded pro-
teins: one is UPR and the other is ERAD (Travers et al. 2000; Smith et al. 2011 -
31-32). ERAD pathway distinct that of the lysosomal degradative pathway was first
reported by Lippincott-Schwartz in the late 80s (Lippincott-Schwartz et al. 1988).
ERAD machinery identifies the misfolded proteins retained in the ER and translo-
cates them into the cytosol for degradation in the proteasome. ERAD pathway con-
sists of the following steps: ERAD substrate recognition, substrate targeting,
retrotranslocation, ubiquitylation and proteasomal degradation. The substrates of
ERAD include damaged, misfolded, or unmodified polypeptides and improperly
assembled members of multiprotein complexes. Besides targeting the problematic
proteins, ERAD earmarks properly folded proteins to maintain protein concentra-
tions, metabolic enzymes, plasma membrane metal transporters, and transcription
factors (Rape et al. 2001; Tyler et al. 2012). The proteins that fail to achieve the
native conformation expose their hydrophobic patches to the exterior, which are
kept interior in the properly folded proteins and maintain the lowest energy state
(Jahn and Radford 2005). Aggregation of misfolded proteins happens through the
interaction between these exposed hydrophobic patches. ERAD substrates are rec-
ognized through these exposed hydrophobic regions. Most nascent proteins that
translocate into the ER while being synthesized on ribosomes are co-translationally
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glycosylated with an N-linked oligosaccharide (GIcNAC2-Man9-Glc3, where N is
acetylglucosamine, Glc is glucose, and Man is mannose). This glycosylation hap-
pens mostly in an Asn in a consensus Asn-X-Ser/Thr motif (where X is any amino
acid) and determines the fate of the protein whether processed, trafficked or
degraded (Tannous et al. 2015). ER mannosidases remove the several mannose resi-
dues of the misfolded proteins and direct them for ERAD (Thibault and Ng 2012).
Both glycosylation dependent and independent signals direct the misfolded proteins
to the ERAD pathway (Christianson et al. 2008; Ninagawa et al. 2015). The ER resi-
dent chaperones bind to improperly folded proteins and deliver to SellL-Hrdl
ERAD complex for translocation into the cytoplasm (Lilley and Ploegh 2005;
Mueller et al. 2006). Hrd1 is a six transmembrane domain and possesses a catalytic
RING finger domain in the cytosol (Gardner et al. 2000). The transmembrane
regions form a retrotranslocation channel to export the misfolded substrates
(Carvalho et al. 2010; Baldridge and Rapoport 2016). The ubiquitination of the
misfolded proteins happens once they are exposed to the cytosol and Hrd1 catalyzes
this ubiquitination. The Cdc48/p97 ATPase complex recognizes the ubiquitinated
substrates (Ye et al. 2001). Ubiquitin regulatory X (UBX) domain-containing pro-
tein, UBXDS recruits the ATPase complex to the ER membrane (Schuberth and
Buchberger 2005). Thus ubiquitinated substrates are exported into the cytosol by
the ATPase activity (Ye et al. 2004). Once in the cytoplasm, the substrates are turned
soluble and cytosolic chaperones — HSP direct the substrates to the proteasome for
degradation (Wang et al. 2011).

3.1.7 HSP in ER Stress

HSP plays a decisive role in assisting the protein synthesis from the secretory path-
ways of ER, protecting the nascent polypeptides from various stress stimuli and
apparently maintaining proteostasis regulations (Parsell and Lindquist 1993). In
addition to this the subcellular localization of specific molecular chaperones
(mtHSP60, mtHSP70) coupled with UPR signaling potentiates adaptive mechanism
via ERAD system in eukaryotes (Vembar and Brodsky 2008; Maattanen et al. 2010).
HSP90 acts as a transcriptional arm of ER stress and regulates the stability and
function of UPR signaling kinases during cellular transduction and stressed states
(Marcu et al. 2002). On the other hand, mutation or failure in the ER stress sensors
(GRP78 and GRP94)/UPR multiple signaling kinases machineries will trigger an
apoptotic stimulus. Numerous studies have reported that differential expression of
HSP in various ER stressed disease models (Zheng et al. 2017; Meares et al. 2008).
However, the underlying mechanism of HSP in ER stress and the molecular insights
associated with UPR signaling kinases, ERAD, autophagy, apoptosis and their reg-
ulations remain obscure. This chapter discusses the role of HSP in the ER stress
(Table 3.1).
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3.1.7.1 GRP78

GRP78 - an ER resident and the most abundant ER chaperone with a molecular
weight of 78 kDa and is discovered in transformed chick embryo fibroblasts grown
in glucose-deprived medium (Pouyssegur et al. 1977). It is evolutionarily conserved
from unicellular yeast to higher eukaryote humans. It is induced during ER stress
and commonly called as BiP as it binds to pre B-cells immunoglobulin heavy chains
(Haas and Wabi 1983). GRP78 remains as an integral part of ER stress and serves
as a signaling master regulator (Lee 2005; Wang et al. 2009). The excess unfolded
proteins during ER stress deplete GRP78 and lead to the dissociation of PERK,
ATF6, and IREi, thus regulate the UPR (Schroder 2006). It transduces signals in ER
stress by regulating three sensors: PERK, IREI, and ATF6 (Bertolotti et al. 2000).
Under ER stress, UPR activates the expression of GRP78, which inhibits apoptosis
and makes the cells survive (Rao et al. 2002). GRP78 has two domains: an N-terminal
ATPase and a C-terminal peptide-binding domain. The peptide-binding domain
of GRP78 binds hydrophobic residues of unfolded proteins (Lee 2001). GRP78
prevents the aggregation of mutant prion proteins and facilitates their degradation in
the proteasome (Jin et al. 2000). GRP7S is determined to reside in the perinuclear
ER with its C-terminal retention signal Lys-Asp-Glu-Leu (KDEL) domain (Zhang
and Zhang 2010) and a novel isoform (GRP78va) that lacks this signal is retained in
the cytosol (Ni et al. 2011). GRP78 transiently binds the nascent polypeptides inside
the ER and promotes the formation of multimeric protein complexes (Gething
1999). When the interaction of GRP78 with misfolded or mutant proteins is persis-
tent and this extended association directs the bound protein for ERAD (Sorgjerd
et al. 2006; Petrova et al. 2008). Under ischemia, GRP78 translocates from ER to
the neuronal cell surface. The binding of the serine protease tissue plasminogen
activator to the cell surface GRP78 fails to activate the PERK/EIF2« axis in the
UPR and thus protects neuronal cells from cerebral ischemia mediated ER stress
(Louessard et al. 2017). This negative feedback of the PERK/EIF2« axis blocks the
ATF4 leading to the non-activation of CHOP - an inducer of death signals during
ER stress hyperactivation.

3.1.7.2 GRP%4

GRP94 (aka gp96, endoplasmin, ERp99, HSP90b1, HSP108 or Tra-1) is a ubiqui-
tously expressed HSP90 family ER luminal chaperone and gets upregulated during
ER stress (Argon and Simen 1999). GRP94 has four domains: an N-terminal ATPase
domain, a middle domain, an acidic charged linker domain, and a C-terminal dimer-
ization domain. Similar to GRP78, GRP94 becomes an ER resident with its
C-terminal KDEL sequence - a retrieval signal for the KDEL receptor (Munro and
Pelham 1987). It functions in the proper folding and assembly of membrane and
secretory proteins. A long-awaited enigma of the ATPase activity of GRP94 was
proved from the GRP94 structure at atomic resolution. The GRP94 clients include
heavy and light chains of immunoglobulin family, integrins family, TLRs, LRP6,
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LRRC32 (GARP), platelet glycoprotein Ib/IX/V and insulin like proteins (Melnick
et al. 1994; Ostrovsky et al. 2009; Morales et al. 2009; Liu et al. 2010; Staron et al.
2010; Staron et al. 2011; Liu et al. 2013; Zhang et al. 2015). The only common
feature used for the GRP94 selectivity is the presence of disulfide bonds in proteins.
The misfolded proteins are detected and directed for ERAD with the physiological
interaction of both GRP94 and OS-9 - an ERAD sensor protein (Christianson et al.
2008). Insulin like growth factor (IGF) signaling plays an important role in ER
stress response by increasing the chaperone reserves within the ER. UPR controls
IGF production post-translationally, whereas GRP94 is essential for the generation
of mature IGFs (Ostrovsky et al. 2009). In the ER functional network, GRP9%4
remains as the chief player. As more and more proteins are synthesized into the ER,
the functional burden of ER increases, this will co-regulate the transcription of
GRP94 and other chaperones essential for folding efficacy and restrict the export of
misfolded proteins out of ER. GRP94 forms a large complex with GRP78 and an
array of ER proteins, particularly itinerant proteins and these complexes are
abundant (Melnick et al. 1994; Meunier et al. 2002). Immunoglobulins and thyro-
globulins are properly folded in this fashion (Muresan and Arvan 1997). Both
GRP94 and GRP78 are co-induced during ER stress and they are the distinctive
features of the UPR response.

3.1.7.3 HSP90

HSP90 dimerizes to perform its functions in vivo (Wayne and Bolon 2007; Mayer
and Le Breton 2015). HSP90 monomer has three domains: an N-terminal ATP bind-
ing domain, a central hydrophobic patch binds the clients and is essential for ATP
hydrolysis, and a C-terminal helical motif for dimerization (Prodromou et al. 1997;
Meyer et al. 2003; Harris et al. 2004). The C-terminal Met-Glu-Glu-Val-Asp
(MEEVD) motif is required for its interaction with co-chaperones that carry tetratri-
copeptide repeat (TPR) domains (Buchner 1999). The interesting feature of HSP90
is that heat shock factor 1 (HSF1) is an HSP90 client. HSF1 is a transcription factor
that regulates the expression of heat shock genes during stress. HSF1 is held in an
indolent state on forming a complex with HSP70 and HSP90 (Voellmy and
Boellmann 2007; Solis et al. 2016). Thus HSP90 is the key component in the stress
status. HSP90 interacts with a broad spectrum of client proteins and the selectivity
and specificity of these client proteins are determined by a group of co-chaperones
(Rohl et al. 2013). In the UPR, HSP90 associates with both transmembrane kinase
IREla and PERK and stabilizes both, which is essential for the functioning of these
kinases (Marcu et al. 2002). Similar to HSP70, the interaction partners decide the
fate of the clients either towards folding or proteolytic degradation. Thus HSP90 has
the ability to switch the chaperone function between pro-folding and pro-degradative
modes (Brodsky 2007).
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3.1.7.4 HSP70

HSP70 (MW 70 kDa) has three domains: ATPase domain in the N-terminal region,
substrate-binding domain in the centre, and a lid at the C-terminal region (Sousa
and Lafer 2006). The N-terminal ATPase domain binds and hydrolyzes ATP. The
substrate domain interacts with different protein substrates with hydrophobic area
clouded with positive charges (Jordan and McMacken 1995). The lid of the
C-domain opens and allows the substrate to hold in place by forming hydrogen and
ionic bonds with the substrate (Han and Christen 2003a). Eleven different HSP70
chaperones are found in mammals and exhibit an array of proteostasis functions:
regulation of stress-responsive signaling pathways, protein degradation, protein
disaggregation, protein folding, and translocation of proteins across membranes
(Kampinga and Craig 2010; Nillegoda and Bukau 2015). This vast array of HSP70
functions is chiefly operated by the diverse HSP40 co-chaperones. ATPase activity,
specificity of protein binding, disaggregation, and localization functions of HSP70
are influenced by HSP40 co-chaperones. In addition, other players regulate the
functions of HSP70 include Bag-1, Hip, and HSPBP1. Hip retains the substrate
within HSP70, whereas HSPBP1 and Bag-1 facilitate the ADP dissociation from
the HSP70 and release the protein substrate. The damaged and irreversibly dena-
tured proteins are recognized by HSP70 with its cochaperone HSP40 and directs
them for degradation in the ubiquitin-proteasome system with another group of
co-chaperones - Bag-1, C terminus of HSP70 interacting protein (CHIP), HSJ1
(Cyr et al. 2002; Petrucelli et al. 2004; Liiders et al. 2006). CHIP first forms a
HSP70-HSP40-substrate protein-CHIP-E2 complex and inhibits the protein sub-
strate refolding by blocking the ATPase activity of HSP70. CHIP - an E3 ligase
tags the substrate protein with ubiquitin and destines it for proteasomal degrada-
tion (Glover and Lindquist 1998; Ballinger et al. 1999; Connell et al. 2001;
Meacham et al. 2001). Bag-1 has a dual role, inhibits proteasomal degradation of
substrate proteins not taggged with ubiquitin and favours the normal folding of
susbtrate proteins (Elliott et al. 2007). On the other hand, Bag-1 carries the ubiqui-
tinated substrate protein for degradation in the proteosome (Alberti et al. 2003).
HSJ1b takes care of non-hydrolysis of ubiquitin chain from the protein substrate
by ubiquitin hydrolases. HSJ1b has affinity towards ubiquitin-binding sites, which
make it to bind at the sites of ubiquitin protein substrate and prevent it from ubig-
uitin hydrolases and targets the ubiquitinated proteins for degradation (Westhoff
et al. 2005). The HSP70 primarily favours the protein folding, this function will be
shifted based on the stress experienced by the cell, and determined by the ratio
between the folding-stimulating co-chaperones and the degradation stimulating
factors (Connell et al. 2001).
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3.1.7.5 HSP40

HSP40 (MW 40 kDa) - a co-chaperone for HSP70. HSP40 is called as J-proteins due
to the presence of a J-domain, which is conserved with Escherichia coli Dnal
(Georgopoulos et al. 1980). This J-domain triggers the HSP70 ATPase activity (Wall
et al. 1994) and is present in all the members of HSP40. The complex formation
between polypeptides and HSP70 is controlled through three mechanisms: specific
polypeptide-binding domains (PPDs) of HSP40 bind and deliver distinct polypep-
tides to HSP70 (Cheetham and Caplan 1998), HSP40 stabilizes the polypeptide-
HSP70 interaction by the hydrolysis of HSP70 ATP to ADP (Liberek et al. 1991),
and unique HSP40 members at different sites with the cellular compartment deter-
mines the binding of specific polypeptides with HSP70-HSP40 pairs (Cyr and
Neupert 1996). The substrate specificity and binding affinity differ for HSP40 and
HSP70 as they interact with same protein at different regions (Han and Christen 2003
b). In the ER alone, seven HSP40 co-chaperones regulate the protein folding and
trafficking (Kampinga and Craig 2010; Otero et al. 2010; Melnyk et al. 2015).
ERdj3 - a new member of the HSP40 family glycoprotein resides within the ER. It is
a stress-inducible ER DnaJ homologue that functions as a cochaperone of BiP. The
histidine, proline, and aspartic acid residues (HPD motif) are essential for the ERd;j3
function. ERdj3 first binds nascent unfolded and mutant secretory pathway proteins
and then recruits BiP onto them for folding and assembly. The interaction of BiP
with ERdj3 after recruitment releases the ERdj3 from the protein substrate:BiP com-
plex (Shen and Hendershot 2005). The human ER-associated DnaJ (HEDJ) - a novel
HSP40 chaperone is expressed in the human cell and localized to the ER. ERdj3
assembles into a native tetramer and this tetramer assembly coordinates the secretory
proteostasis in ER stress (Chen et al. 2017). Similar to that of ERdj3, HEDJ interacts
with BiP in an ATP-dependent manner and stimulates its activity (Yu et al. 2000).
ERdj3 not only maintains proteostasis within the cells, but also involved in the regu-
lation of extracellular proteostasis (Genereux et al. 2015). UPR is the major regulator
of extracellular proteostasis network through the increased expression and secretion
of ERdj3. Thus ERdj3 takes care of the improper proteins in the secretory pathway
and extracellular chaperoning potential. The secreted ERdj3 binds misfolded protein
clients extracellularly. In addition, ERdj3 has the potential to co-secrete with aggre-
gation proteins, thus controls the extracellular chaperoning activity of misfolded pro-
teotoxic clients that elude the ER quality control. ERdj3 co-chaperone is capable of
extracellular proteostasis under ER stress.

3.1.8 HSP and ER Stress in Health
3.1.8.1 Cardiovascular Diseases
The role of HSP on ER stress mediated ischemic heart diseases was extensively

studied in the chronic inflammatory mice models. The increased cardiac expression
of both mRNA and protein levels of HSP25, HSP40 and HSP70 confers
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cardio-protection by refolding the misfolded and aggregated proteins against
adverse effects of ER stress response in monocyte chemoattractant protein-1 treated
mice (Azfer et al. 2006). Chien et al. (2014) documented that treatment with pro-
gressive thermal preconditioning regulates cardiac function through induction of
myocardial HSP32, HSP70 and preserves the subcellular organelles - mitochondrial
and ER function and its integrity in the rat hearts of ischemia/reperfusion injury.
Aberrant protein folding affects the ER quality control, which leads to the accumu-
lation of misfolded proteins and causes ER stress in diseased conditions. Impairment
of Lys-Asp-Glu-Leu (KDEL) receptor - a retrieval receptor for ER chaperones
induces the expression of cytosolic HSP70 and Bip chaperone due to mechanical
stress response during nascent protein synthesis. The dissociation of HSP70 and Bip
chaperone form ER kinases initiates the UPR in the pressure overload heart models
(Hamada et al. 2004). Mutation in small HSP alphaB-Crystallin (CryaB) causes
desmin related cardiomyopathies in the heart and skeleton muscles. The overex-
pression of CryaB R120G mutant impairs the function of Ca®* handling proteins,
sarcoplasmic/endoplasmic reticulum calcium ATPase 2, phospholamban, ryanodine
receptor 2 and calsequestrin 2, heart rate variability, increased the protein expres-
sion of ER degradation enhancing a-mannosidase-like protein, inositol requirement
1 and XBP1 and enhances the susceptibility of cardiac arrhythmia (Jiao et al. 2014).
However, the underlying mechanism in the induction of ER stress associated with
the mutation of CryaB R120G chaperone remains unclear. A proteomics study
demonstrated that CryaB offers protection against cardiac specific overexpression
of calcineurin, a calmodulin dependent serine/threonine protein phosphatase
induces ER stress mediated apoptosis. This result suggests that CryaB could be
used for the potential therapeutic target for the treatment of cardiac ER stress
(Bousette et al. 2010). In addition, systemic transgenic overexpression of cardiac
HO-1 (HSP32) showed that decreased calcineurin level. Besides under pressure
overload condition, elevated calcineurin is associated with cardiac hypertrophy
(Chen et al. 2011a). The implication of HSP, ER stress and activation of UPR sig-
naling was associated in the pathophysiology of limited cutaneous systemic sclero-
sis (1cSSc) and pulmonary arterial hypertensioned (PAH) patients. In this study,
upregulation of HSP and its cochaperones genes (HSP70, HSP40, HSP90 and
HSP105/110) were observed in the peripheral blood mononuclear cells (PBMC)
from patients with LcSSc. Among these genes, HSP40 was found to be positively
correlated with BiP. IL-6 was associated with ER stress mediated inflammation in
the patients of IcSSc with PAH (Lenna et al. 2013). The excessive ingestion of fluo-
ride induces ER stress and eventually intervened protein synthesis and secretion
(Sharma et al. 2008). The differential expression of HSP in the heart of fluoride
treated animals was reported (Panneerselvam et al. 2017). HSP27, HSP32, HSP60,
and HSP70 were upregulated, whereas HSP40 and HSP90 were downregulated in
the myocardium of rats treated with fluoride.
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3.1.8.2 Cancer

Extensive literatures suggest that ER stress plays double-edged sword mechanism
in the enhancing (Allavena et al. 2008) and controlling the cell proliferation
(Nakagawa et al. 2000). In recent years, emerging evidence shows that the implica-
tion of HSP and its molecular inhibitors were closely linked to its therapeutic strate-
gies in the mechanism of cancer therapy. In general, increased accumulation of
protein folding and their aggravations were commonly seen in the cancer cells due
to their uncontrollable proliferation. Moreover, most of the currently available anti-
cancer drugs cause ER stress through activating UPR mediated apoptosis and
autophagy (Rutkowski and Kaufman 2007). It is well acknowledged that knock-
down of HSP27 using antisense oligonucleotide targeting or downregulating HSP27
with small interfering (si) RNA increases the sensitivity to paclitaxel in UMUC-3
cells and enhances the resistance to in vivo tumor growth in the bladder cancer
model (Kamada et al. 2007). Recent evidence suggest that combinational co-
targeting of HSP27 and autophagy induces ER stress in prostate cancer. Inhibition
of HSP27 suppresses the ERAD machinery in proteostasis and activates the UPR
kinases molecules resulting in induction of autopaghy flux in LNCaP and C4-2
cells. Combined inhibition of HSP27 and autophagy induces apoptotic cell death
through caspase activation (Kumano et al. 2012). Further, it has been reported that
ER stress induces the phosphorylation of HSP27 along with intracellular inclusions
called aggresomes in the U251MG cells (Ito et al. 2005). These aggresomes were
later found to be pericentriolar membrane-free, cytoplasmic inclusions, which pos-
sess cytoprotection against the improper toxic misfolded protein aggregation in the
cells (Kopito 2000). The ER protein 29 (ERp29) plays a decisive role in the traffick-
ing protein folding and confers tumor suppressor activity through upregulation of
HSP27 and downregulating the expression of EIF2a in doxorubicin induced breast
cancer cells. In addition, knockdown of HSP27 decreases the cell viability and
induces apoptotic signaling in the ERp29 overexpressing MDA-MB-231 cells and
parental MCF-7 cells. These results confirm that HSP27 plays a critical role in the
regulation of ER stress in cancer cells (Zhang and Putti 2010).

In addition, it is well known that pharmacological inhibition of CK2, a serine/
theronine protein kinase abundantly expressed in the cancer cells induces apoptotic
cell death in cancer therapy (Wang et al. 2005). Hessenauer et al. (2011) reported
that inhibition of CK2 induces apoptosis via ER stress response in prostate cancer
cells (LNCaP and PC-3). In this study, the protein expression of HSP70 and HSP90
were found to remain unchanged after CK2 inhibition, whereas HSP27 expression
was found to decrease in both LNCaP and PC-3 cells. Further, it has been demon-
strated that HSP27 is mainly responsible for the regulation of ER stress mediated
autophagy activation in hepatocellular carcinoma (Chen et al. 2011b). Inhibition of
HSP90 deregulates BiP/Grp78 accumulation and enhances apoptosis thereby dimin-
ishes the growth of bortezomib-resistant tumors in a mouse model of MCL xeno-
transplantation (Roue et al. 2011). Lamoureux et al. (2014) documented that
inhibitors of HSP90 regulate the HSP27 expression through increased ER stress
mediated apoptosis and synergistic cases the castration-resistant prostate cancer
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model. Combined inhibition of HSP90 and HSP32 induces ROS dependent ER
stress and activates apoptotic-signaling pathway in human melanoma (A375) cell.
The inhibition of these chaperones also reduces the phosphorylation of AKT signal-
ing which is an essential marker of cell survival mechanism and drastically elevates
the ER stress functional markers of ER oxidoreductin and protein disulfide isomer-
ase expression in A375 cells (Barbagallo et al. 2015).

3.1.8.3 Neurodegenerative Diseases and Aging

Impairment in the ubiquitin-proteasome system in the eukaryotic cells has been
associated with the mechanism of neuronal cell death in various neurodegenerative
disease models. Ryu et al. (2002) identified that set of ER stress and UPR signaling
genes, including molecular chaperones HSP27, HSP40, HSP70, HSP90f, and
HSP110 were upregulated in the pathogenesis of 6-OHDA-induced neuronal cell
death in Parkinson’s disease model. A time course microarray study confirmed that
pharmacological inhibition of potassium degradation pathway induces ER stress
related genes in the primary cultures of mouse neocortical neurons. Incidentally, the
upregulation of HSP genes (HSP27, HSP40, HSP47, and HSP70) in these condi-
tions elicits the neuroprotective response against the proteasomal inhibitor
lactacystin-induced cultured cortical neurons (Choy et al. 2011). Further, the
increased neuronal expression of HSP27 and HSP40 were directed correctly with
adaptive neuronal defense, survival mechanism against methamphetamine induced
dopamine D1 receptor dependent ER stress mediated apoptosis in rat striatum
(Jayanthi et al. 2009). Alternatively, the overexpression of ATF3 potentiates HSP27
and AKT activation and inhibits c-Jun N-terminal kinase-induced neuronal death in
PC12 cells and superior nerve ganglion neurons (Nakagomi et al. 2003). It has been
reported that binding of HSP72 regulates the XBP1 signaling via increased RNase
activity of IREla/XBP1 binding and inhibits ER stress-induced apoptosis in PC12
cells. Further, the physical interaction between cytosolic chaperone HSP72 and
XBP1 confer prosurvival mechanism in the ER stress (Gupta et al. 2010). A recent
study revealed that sustained expression of HSP25 decreases the astroglial apopto-
sis and exacerbates the clasmatodendrosis (autophagic astroglial death) through
prolonged ER stress in the rat hippocampus induced by status epilepticus (Kim
et al. 2017). Under peroxidase stress condition, the expression of HSP70 was
increased drastically with decreased ER stress chaperones (GRP78, GRP94 and
GADDI153) in primary neuronal cell cultures. The mechanism underlying the
deregulation of ER stress chaperone was due to increased oxidative insults from
peroxidase stress and enhances the sensitivity of the neurons to nonlethal state
(Paschen et al. 2001). Impairment in the ER Ca®* homeostasis causes neuronal
injury called transient cerebral ischemia. Increased mRNA expression of HSP32
was observed in the cortical and hippocampal neurons during a disturbance in the
ER Ca’-ATPase pool. Activation of HO1 was believed to enhance the resistance
against cerebral ischemic and posses adaptive survival mechanism against ER stress
(Gissel et al. 1997). HSP105 is one of the members of larger HSP family members,
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found to be associated with HSP70, HSP40 and assisted in maintaining stable pro-
tein folding and prevents aggregation during ER stress. Meares et al. (2008) revealed
that knockdown of HSP105 did not influence the UPR signaling in ER stress, rather
it maintains its chaperonic activity via interacting with GRP78 and glycogen
synthase kinase 3 (GSK3) during ER stress and blocks caspase 3 activation and
proceeds alternate death pathway in SH-SY5Y human neuroblastoma cells. Previous
studies also revealed that inhibition of HSP90 causes ER stress mediated apoptosis
in rat histiocytoma (Taiyab et al. 2009) and SH-SYS5Y cell (Xie et al. 2012). Vaccaro
et al. (2013) reported that pharmacological inhibition of ER stress protects against
TDP-43 neuronal toxicity in Caenorhabditis elegans and Danio rerio mutants. In
this study, transgenic C. elegans reporter strains express a chaperone like HSP-4
under ER stress.

3.1.8.4 Obesity and Diabetes

ER stress has been considered to play a vital role in the pathology of obesity, insulin
resistances and diabetic disease models. It has been reported that the dysregulation
of HSP70 and HSP40 homologs were found to be associated with the ER stress
related factor in the diabetic retinopathy (Yan et al. 2012). Over expression of
HSPAS (heat shock 70 kDa protein 5) found to attenuate ER stress by eliminating
the deleterious misfolded proteins and regulates the UPR signaling kinases in the
lipid-induced apoptosis in MING cells (Laybutt et al. 2007). Further, the upregula-
tion of mitochondrial HSP60, HSP20 and HSP27 were augmented in the mitochon-
drial stress, which transports the nascent proteins from cytosol to mitochondria
during ER stress in the adipose tissue of obese volunteers (Boden et al. 2008). A
recent study showed that exenatide (exendin-4), a glucagon-like peptide-1 receptor
agonist activates the HSP1/SIRT 1-mediated deacetylation and enhances the expres-
sion of HSP40 and HSP70 in the treatment of hepatic ER stress in both in vivo and
in vitro models (Zheng et al. 2017). Hagiwara et al. (2009) reported that hyperther-
mia induces the expression of HSP72 and attenuates the lipopolysaccharides
induced systemic inflammation mediated ER stress in the pancreatic f cells. In this
study, the induction HSP72 believed to prevent the formation of misfolded proteins
during the hyperthermic condition and aids cytoprotection to pancreatic f cells.

3.1.9 HSP and ER Stress in Xenobiotics Toxicity

In recent years, there have been enormous reports that suggest occupational and
accidental exposure of heavy metals and nanoparticles contaminants in the environ-
ment either natural or anthropogenic causes adverse effects in human health. Lin
et al. (2007) demonstrated that ER stress mediated apoptosis plays a crucial role in
the arsenite-induced neurodegeneration in rats. The induction of HSP 70 and HO1
was correlated with oxidative stress response mechanism in the substantia nigra of
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rat brain (Lin et al. 2007). It has been reported that chronic exposure of lithium
increases the expression of the phosphorylated form of HSP27 and GRP94 in
SH-SYSY Cells. In this study, GRP94, phosphorylation of HSP27 and GSK-3f/a
(ser21/9) were believed to regulate the post translational modification of molecular
chaperones and confers neurogenesis in SH-SYSY cells exposed to lithium (Allagui
et al. 2009). Increased calcineurin, calcium and activation of caspase 3, 4, 8, 9 regu-
lates ER stress mediated apoptosis in human neutrophils (Binet et al. 2010). In a
recent study, Shirriff and Heikkila (2017) revealed that cadmium chloride increased
the expression of BiP, HSP70 and HO1 in a dose and time dependent manner in
Xenopus laevis A6 kidney epithelial cells. Induction of BiP, HSP70 and HO1 were
possibly attenuated due to the aggregation of unfolded/misfolded protein though
UPR, HSR and NRF?2 activation. In contrary, titanium dioxide nanoparticles exposure
did not alter the expression of HSP70 and GRP78 rather it influence the cytotoxic
effects in the human bronchial epithelial A549 cells (Aueviriyavit et al. 2012).

It has been denoted that silver nanoparticles inhibit ER stress sensor - ATF6 and
cause pyroptosis mediated cell death through induction of NLRP-3 inflammasome
in human THP-1 monocytes. Interestingly, lower concentration of silver nanoparti-
cles induces the HSP70, and at higher concentration it inhibits the synthesis of
HSP90. Thus, the differential expression of these HSP70 and HSP90 were implicated
in the ER stress response events in human THP-1 monocytes (Simard et al. 2015).
In another study, the co-localization of high HSP70 expression was observed in the
ER of human bronchial epithelial cells (16HBE) treated with AgNPs (Huo et al.
2015). High throughput screening analysis portrayed that silicon dioxide nanopar-
ticles alter the levels of E3 ubiquitin-protein ligase UBRS, and HSP90w isoform 1 in
the assessment of ubiquitin-proteasome pathway and induces ER stress in A549
cells (Okoturo-Evans et al. 2013). Molecular chaperones HSP4, HSP70, and
HSP16.1 regulates the activation of canonical UPR signaling mediated ER stress in
the toxicogenomic responses of C.elegans exposed to gold nanoparticles (Tsyusko
et al. 2012). The exposure of urban particulate matter induces UPR associated post-
translational modification of HSP27, S6 ribosomal protein, and protein kinases and
cleaves ATF-6 in cultured human bronchial epithelial (BEAS-2B) cells for 24 h. The
elevated expression of HSP27, HSP70 and HSP90 were believed to enhance the
cellular resistance and prevents the protein misfolding against ER stress (Watterson
et al. 2009). The modulation in the levels of HSP60, HSP70, and HSP90 was
observed in the seminal vesicle and prostate glands of mice exposed to iron oxide
nanoparticles (Sundarraj et al. 2017).

3.2 Conclusions

In the last few decades, our understanding of the pathophysiological roles of HSP in
ER stress has vastly increased. Nevertheless, the roles of HSP still remain an enigma
in the ER stress. Research studies addressing these questions will lead to novel
treatments and preventive strategies to promote the human health targeting these
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HSP. HSP associated with ER stress have been implicated in several diseases. To
able to intervene these diseases, a thorough understanding of the signal transduction
mechanisms is warranted on the roles of HSP in ER stress. Currently, it appears that
diverse HSP involve in orchestrating the normal functions of the ER particularly
proteostasis. The investigations so far revealed that each of these HSP has manifold
functions in the ER. Hence, relentless research in these HSP is mandatory in order
to unravel the complexities in the signal transduction mechanisms within the ER.
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Chapter 4

Features of Stress-Induced Changes
of HSP70 Expression in Populations
of Immunocompetent Cells

Anna A. Boyko, Natalya I. Troyanova, Julia D. Teterina, Tatyana L. Azhikina,
Sergey S. Vetchinin, Elena I. Kovalenko, and Alexander M. Sapozhnikov

Abstract The results of intracellular protein measurement carrying out with the
use of monoclonal antibodies, strongly depend on the localization of antibody bind-
ing epitopes in the structure of the molecular target. Our previous study has shown
pronounced differences in the pattern of cellular stress response detected by moni-
toring of intracellular HSP70 content, which was assessed using flow cytometry and
monoclonal antibodies interacting with various domains of these molecules. In the
present work we investigate the features of stress-induced changes in the expression
of HSP70 in populations of mononuclear and granulocytic cells from human periph-
eral blood using standard methods: PCR, Western-blot and flow-cytometric analy-
sis. A particular feature of this study is an application of a number of antibodies
including monoclonal antibodies specific for the total pool of HSP70, separately for
the inducible or constitutive form of this protein, as well as for the different domains
of the HSP70 molecule. The results provide new additional information on HSP70-
related stress-induced processes in populations of immunocompetent cells.
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Abbreviations

HS Heat shock

Hsc70  Constitutive form of HSP70

HSP Heat shock proteins

HSP70 Heat shock protein 70 kDa

Hsp70  Inducible form of HSP70

MFI Means of fluorescence intensity
PBMC Peripheral blood mononuclear cells
PMN Polymorph nuclear leukocytes

4.1 Introduction

Heat shock proteins (HSP) belong to the group of intracellular proteins, the levels
of expression of which significantly increase under the influence of various stress
factors. One of the important families of HSP is HSP70 composed of the protective
proteins with a molecular mass of 70 kDa, possessing evident chaperone activity.
These proteins are expressed by almost all types of cells, including cells of the
immune system. The life cycle of the majority of immunocompetent cells is associ-
ated with migration and circulation, which causes their exposure to endogenous and
exogenous stress factors that affect the intensity of expression and intracellular
content of HSP70. Accordingly, these proteins are the involved in immune homeo-
stasis (McLeod et al. 2012; Muralidharan and Mandrekar 2013; Ferat-Osorio et al.
2014). The essential role of HSP70 in immune system is confirmed by evidences on
the relationship of the level of HSP70 expression in immunocompetent cells with a
number of pathological processes, especially with diseases accompanied by inflam-
mation of certain tissues (Cuanalo-Contreras et al. 2013; Tan et al. 2007). Along
with this, age-related changes in the content of HSP70 in various types of immune
cells have been demonstrated (Njemini et al. 2002; Calderwood et al. 2009;
Kovalenko et al. 2014). However, despite the numerous evidence of the disease-
dependent modulation of the intracellular HSP70 level, by now the HSP70 analysis
has not found yet a real application for immunodiagnostics and immunotherapy.
Additional investigations are needed to expand existing knowledge of relationship
between normal and pathological immune reactions and HSP70 expression. It is
important to note that for such studies the most informative methodological
approach is an integrated analysis using, in particular, RT-PCR, Western-blot and
flow cytometry. At the same time it should be taken into account that the results of
flow-cytometric analysis can depend on the specificity of used antibodies to certain
epitopes of the molecular targets. Indeed, in the structure of HSP70, which form
strong complexes with a large number of intracellular proteins, many fragments of
the molecule may not be available for detecting antibodies. In the present study we
used a number of commercial antibodies, and elaborated by our group a panel of



4 HSP70 Level Variations in Immune Cells 81

monoclonal antibodies, directed to different domains of HSP70. Fractions of
mononuclear and granulocyte cells isolated from human peripheral blood were used
for the experiments. Incubation of cell samples in hyperthermia conditions (heat
shock, HS) was used as the stress factor.

4.1.1 Materials and Methods
4.1.1.1 Participants

Healthy adult persons (aged 20—65) were recruited to the study. Inclusion criteria
for the participation were the absence of active pathologies, of treatment with corti-
costeroids or high doses of nonsteroid anti-inflammatory drugs for all subjects. The
study has been approved by the local research ethics committee. All participants
gave their informed consent prior to the study.

4.1.1.2 Granulocyte and Mononuclear Cell Isolation

Cells were isolated from peripheral blood within 0.5 h after blood sampling by
centrifugation at 500 g for 30 min at RT in density gradient using PolymorphPrep
separation medium (Axis-Shield, Sweden). Fractions containing polymorph nuclear
leukocytes (PMN) and mononuclear cells (PBMC) were then collected. Cells
were washed twice (400 g, 15 min) in Dulbecco’s phosphate buffer saline (DPBS),
resuspended in RPMI-1640 media (Sigma-Aldrich, USA) supplemented with
2 mM L-glutamine, 15 mM HEPES and 2% fetal calf serum (HyClone, Thermo
Scientific, USA) (referred hereafter to as assay media) at concentration of 2 x 10°
cells/ml and left for 30 min prior to use in assays. PMN fraction purity assessed by
flow cytometry analysis with CD66b as a marker for neutrophils was routinely
>95%. Population of monocytes determined as CD14-positive cells in PBMC
fractions amounted as a rule to not more than 10%. Cell viability determined by
trypan blue staining was no less than 97%.

4.1.1.3 Heat Treatment

PMN and PBMC in assay media were dispensed into polypropylene tubes (10° cells
in 500 ml) and heated (heat shock, HS) in a constant-temperature water bath at
40 °C for 1 h, or at 41 °C for 1 h, or at 43 °C for 10 or 20 min. Then the treated cell
samples and control samples (without HS) were incubated for a necessary time
intervals (5 min, 30 min, 60 min, etc.) at 37 °C in CO, incubator (recover period).
In some experiments, preliminary incubation of PMN with cycloheximide (100 pM,
30 min) was performed before HS.
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4.1.1.4 HSP70 Immunolabeling

Intracellular HSP70 levels were determined by indirect immunofluorescent staining
and flow cytometry analysis. For intracellular labeling the cells were fixed and per-
meabilized in DPBS containing 2% paraformaldehyde (Riedel-de Haen, Germany),
0.05% BSA and 0.05% Triton X-100 (Sigma-Aldrich, USA) at 37 °C for 15 min. The
permeabilized cells were incubated with primary HSP70-specific monoclonal
antibody BRM22 (Sigma-Aldrich, USA) recognizing both inducible Hsp70 and con-
stitutive Hsc70, or Hsp70-specific antibody C92F3A-5 (Stressgen, Enzo Biochem,
USA), or Hsc70-specific antibody 1B5 (Enzo Life Sciences, USA) for 30 min at RT
and then stained with secondary sheep anti-mouse or anti-rat IgG Fab-fragments
conjugated with PE (Sigma-Aldrich, USA) for 30 min at RT. Each stage of labeling
was followed by two washes with DPBS containing 0.2% BSA and 0.1% Triton
X-100. HSP70 intracellular levels were determined as means of fluorescence
intensity (MFI) corrected for background fluorescence of the negative controls by

sample

control

the formula: (M ]—1 , where MFI . is the mean fluorescence intensity of
cells in samples, and MFI,,,,, is the fluorescence intensity of cells in samples
treated only with secondary polyclonal antibodies.

In a number of experiments cell samples were stained for detection of cell
surface HSP70. Indirect immunofluorescence staining of PMN and PBMC samples
with primary antibodies was performed at 4 °C for 30 min in DPBS supplemented
with 0.2% BSA and 0.05% NaN3. Different commercial antibodies (indicated
above monoclonal antibodies to Hsp70 + Hsc70, Hsp70, Hsc70, and polyclonal
anti-Hsp70/Hsc70 (Santa-Cruz Biotechnology), and elaborated by our group a
panel of anti-HSP70 monoclonal antibodies (clones 2E4, 2E11, 2F3, 3C5, 6G2,
2ES5) interacting with different epitopes of HSP70 molecule (Boyko et al. 2014))
were used as the primary antibodies. After double washing secondary fluorescent-
labeled antibodies staining of the cell samples was performed in the same solution
(30 min at 4 °C) followed by washing and flow cytometric analysis. The level
of surface expression of HSP70 was calculated in MFI units, similar to the intracel-
lular level of HSP70.

4.1.1.5 Flow Cytometry

Flow cytometry analysis was carried out on a FACSCalibur flow cytometer (BD
Biosciences, USA) equipped with 488 and 640 nm lasers and an appropriate set of
detectors and filters. Cytofluorimetric analysis was performed using separated PMN
u PBMC fractions. In the case of mononuclear cell population, lymphocyte and
monocyte subsets were discriminated by gating the cells using forward and side
scatter cytogram. A minimum of 10,000 gated events was collected for each sample.
Data were analyzed using CellQuest ver. 3.4 (BD Biosciences) and FlowJo version
7.6.5 flow cytometry analysis programs.
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4.1.1.6 Western Blot Analysis

PMN and PBMC 6 x 10° cells per sample were harvested by centrifugation, washed
one time with cold DPBS and treated with lysis buffer (20 MM Tris-HCI (pH 7.5),
150 MM NaCl, 1 MM Na,EDTA, 1% Triton X-100, protease inhibitors cocktail
(Thermo Scientific, USA)) in 200 pl for 5 min on ice. After the lysed cell sample
centrifugation (10,000 g, 10 min) the supernatants were collected and protein con-
centration was determined in colorimetric assay using Bradford reagent. The pro-
tein samples obtained from equal number of cells were loaded into sodium dodecyl
sulfate-polyacrylamide gels (10%), separated by electrophoresis and blotted to
nitrocellulose membranes for the HSP70 Western blot analysis according the stan-
dard protocol (http://www.cellsignal.com/contents/resources-protocols/western-
blotting-protocol/western). After the sample transference nitrocellulose membranes
were stained with primary antibody BRM22 or C92F3A, anti-f-actin antibody
AC-15 (Sigma-Aldrich, USA) and secondary HRP-conjugated antibody (Sigma-
Aldrich, USA). The results were visualized using enhanced chemiluminescence
western blotting reagents (Immun-Star HRP, Biorad, USA). The data were analyzed
using ImagelJ software (ver.1.38x Wayne Rasband, NIH, USA).

4.1.1.7 Real-Time PCR Procedure

Total RNA for each time point was extracted from 6x10° cells of PMN or PBMC
using TRIzol reagent (MRC, UK) according manufacture’s instruction. Before pro-
cedure of reverse transcription all RNA samples were treated with DNasel (Thermo
Scientific, USA) to remove residual DNA and quantified (NanoVue Plus spectro-
photometer, GE Healthcare Life Science, UK). Complementary DNA synthesis was
performed using MINT Reverse Transcriptase (Evrogen, Russia) following the
manufacturer’s instructions. Real-time PCR primers (5’-3") are listed below (gene:
forward primer, reverse primer).

HSPAIA/B: AGGTGCAGGTGAGCTACAAG, CTCGGCGATCTCCTTCATC;
HSPA6: ACCCAGGTGTATGAGGGTGA, TCTATCTGGGGGACTCCACG;
HSPAS: TGCTGCTCTTGGATGTCACT, AAGGTCTGTGTCTGCTTGGT;
p-actin: CACCACACCTTCTACAATGAG, GTCTCAAACATGATCTGGGTC.

Each real-time PCR sample were prepared using qPCRmix-HS SYBR reaction
mixture (Evrogen, Russia) according manufacture’s instruction. The reactions
repeated in triplicates were carried out using a LightCycler 480 Real-time PCR
detection system (Roche Diagnostics, Deutschland GmbH), a detailed amplification
protocol is described (Boyko et al. 2017). The fold-increase gene expression ratio
was estimated as a ratio of normalized to b-actin HSPA mRNA levels in HS-treated
cell samples to that in the intact samples.


http://www.cellsignal.com/contents/resources-protocols/western-blotting-protocol/western
http://www.cellsignal.com/contents/resources-protocols/western-blotting-protocol/western
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4.1.1.8 Statistical Analysis

Statistical analysis was performed using Microsoft office Excel 2007 and SigmaPlot
(ver. 11.0, Systat Software Inc.). Data are expressed as mean + standard deviation.
For data that followed a normal distribution t-tests were performed, for non-normally
distributed data a Mann-Whitney U test was used. Results were considered statis-
tically significant as * for p < 0.05.

4.1.2 Results

4.1.2.1 Intracellular HSP70 Level in Intact Mononuclear Cells
and Granulocytes

In the first series of our experiments intracellular HSP70 levels and transcriptional
activity of the HSPA genes were analyzed in intact human PMN (polymorphonu-
clear leukocytes, or granulocytes) and PBMC (peripheral blood mononuclear cells
containing lymphocytes and monocytes). The results of cytofluorimetric analysis
demonstrated that the total pool of intracellular HSP70 detected in granulocytes was
more than two times lower than in mononuclear cells; there was no significant dif-
ference in the HSP70 content between lymphocytes and monocytes (Fig. 4.1). In
contrast, the levels of stress-inducible Hsp70 were considerably higher in granulo-
cytes compared to lymphocytes and monocytes. Thus, intact human PMN (predom-
inantly neutrophils), despite the low total content of HSP70, express more
stress-inducible Hsp70 compared with PBMC.

In next series of experiments we analyzed the basal transcriptional activity of
HSPAIA/B, and HSPA6 genes encoding stress inducible proteins Hsp70 and
Hsp70B, respectively, as well as gene HSPAS of constitutive protein Hsc70. The
basal HSPAIA/B expression that was found using qRT-PCR was higher in PMN
compared with PBMC. Similar to HSPA1A/B, transcriptional activity of HSPAG,
most strictly stress-inducible gene, was higher in PMN than in PBMC (Fig. 4.2).
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HSPAS expression was higher in mononuclear cells than in granulocytes; further-
more, in PBMC HSPAS8 expression was considerably more intensive than HSPA1A4/B
or HSPA6 expression. These results conform to the data described above on the
intracellular content of total HSP70 and stress inducible Hsp70 in granulocytes and
mononuclear cells (Fig. 4.1). Collectively, these data indicate significant differences
in HSP70 expression between the leukocyte populations in healthy humans.

4.1.2.2 Effect of Heat Shock on Transcriptional Activity of HSPA Genes
in PMN and PBMC

In these experiments two protocols of cell hyperthermia in vitro were applied: mild
prolong HS (40 °C, 60 min) and sever short-term HS (43 °C, 10 min). Transcriptional
activity of HSPA genes in the cells subjected to hyperthermia was evaluated for
stress induced HSPA1A/B and HSPA6 genes of Hsp70 and Hsp70B proteins, respec-
tively, and for the HSPAS gene of the constitutive Hsc70 protein. The accumulated
mRNA level of the targeted HSPA gene was normalized against house-keeping gene
[-actin to correct the sample-to-sample variation.

The results demonstrate that for PMN induction of the HSPA mRNA synthesis
occurs in response to sever short-term HS (43 °C, 10 min) and practically is absent
for the heat treatment at 40 °C, 60 min. The mRNA accumulation arises for both
stress-induced genes HSPAIA/B, HSPA6 and the gene of constitutive protein HSPAS
with a maximum level between 0.5 and 3 h after the end of heating and with the
decrease of transcriptional activity to baseline values in about 4 h after the end of
the exposure (Fig. 4.3).

The similar protocols were used to analyze the effect of HS on transcriptional
activity of HSPA genes in mononuclear cells. Like in PMN, in PBMC more pro-
nounced induction of the transcriptional activity was observed under sever short-
term HS (43 °C, 10 min). However, heating of PBMC samples at 40 °C for 60 min
induced the activation of the HSPAIA/B transcription, which was not observed in
PMN (Fig. 4.4).
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Fig. 4.3 Transcriptional activity of HSPA genes in human granulocytes in conditions of hyperther-
mia were determined by qPCR using fB-actin as a reference. Transcription levels of HSPAIA/B (a),
HSPA6 (b) and HSPAS8 (¢) mRNA synthesis were compared after the cell treatment with two
protocols of hyperthermia (40 °C, 60 min, and 43 °C, 10 min) in dynamics (before HS (0 h), 0.2,
0.5, 2, 3 and 5 h after termination of HS). The data were obtained with cell samples from three

different donors in independent experiments
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Fig. 4.4 Dynamics of transcriptional activity of HSPA genes (HSPA14/B, HSPAG6, and HSPAS) in
human mononuclear cells induced by HS (40 °C, 60 min, and 43 °C, 10 min); O h - before HS, 2 h
and 4 h - after termination of HS. The data were obtained in cell fractions isolated from three
different donors in independent experiments
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Fig. 4.5 The comparison of effect of HS (43 °C, 10 min) on dynamics (2 h and 4 h after HS) of
transcriptional activity of HSPA genes in human granulocytes and mononuclear cells

The comparison of effect of HS on HSP70 expression in PMN and PBMC
demonstrated a considerable difference in hyperthermia induced patterns of HSPA
genes transcriptional activity in these types of cells. The response of stress-induced
HSPAIA/B and HSPAG genes for sever short-term HS (43 °C, 10 min) was signifi-
cantly stronger in mononuclear cells than in granulocytes (Fig. 4.5) despite of
higher level of this gene expression in intact PMN in comparison with PBMC
(Fig. 4.1). In contrast to the inducible HSP70, the HS-induced accumulation of the
mRNA of the HSPAS gene was pronounced greater in PMN than in PBMC (Fig. 4.5),
in spite of the prevalence of constitutive Hsc70 expression in intact mononuclear
cells comparing to granulocytes (Fig. 4.1).

4.1.2.3 Dynamics of Intracellular Level of HSP70 in Granulocytes
Subjected to Hyperthermia

It is known that stress-induced increase of intracellular HSP70 level occurs during
the cell recovery period, the duration of which can vary from several minutes to
several hours, depending on the cells and treatment conditions (Eid et al. 1987;
Wang et al. 2003; Polla et al. 1995; Schneider et al. 2002). In our study the dynam-
ics of HS-induced (43 °C, 10 min) alterations of intracellular level of HSP70 in
granulocytes was analyzed (before HS, then every hour up to 7 h, and 15-17 h after
the termination of HS) by flow cytometry and Western-blot using monoclonal
antibodies to inducible and constitutive form of this protein.

As the results of this series of experiments, we did not register a significant
HS-induced accumulation of total pool of intracellular HSP70 (Hsp70 + Hsc70), as
well as of stress induced Hsp70, during 1-7 h and in 15 h after the termination of
the HS (Fig. 4.6a, b). The obtained data did not conform to a considerable induction
of HSPA transcription in PMN under the same protocol of HS demonstrated in this
study (Fig. 4.3). However, immediately after the thermal treatment a significant
increase of intracellular HSP70 level was detected by flow cytometry in granulo-
cytes followed by a phase of this level decrease in 15-30 mins after HS (typical
patterns of the dynamics are presented in Fig. 4.6¢).
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Fig. 4.6 Dynamics of HSP70 response to hyperthermia (43 °C, 10 min) in human neutrophils
estimated by flow cytometry and Western-blot methods. (a) flow cytometric analysis of intracel-
lular HSP70 (Hsp70 + Hsc70) and Hsp70 (inducible protein) levels before HS (point O h) and in
response to heat treatment during 7 h, and in 15 h after HS termination. (b) Western-blot analysis
of intracellular Hsp70 content in granulocytes; time intervals were counted from the start of the
HS; (c) basal level of Hsp70 without hyperthermia. (¢) flow cytometric analysis of kinetics of
intracellular HSP70 (Hsp70 + Hsc70) before HS (0 min), immediately after the end of HS (10 min)
and in 15-30 min after the HS; the data obtained in experiments with neutrophils from four donors

To find out which protein of HSP70 family (Hsp70 or Hsc70) can contribute to
the HS-mediated two-phase dynamics of the intracellular protein level in neutro-
phils detected by flow cytometry analysis, the inducible (Hsp70) and constitutive
(Hsc70) protein levels were measured separately in additional experiments. It was
revealed that antibodies recognizing both stress induced Hsp70 and constitutive
Hsc70, and antibodies specific to Hsp70 or Hsc70 detected the similar profile of the
intracellular protein content immediately after HS (Fig. 4.7). Thus, the registered by
flow cytometry HS-induced two-phase dynamics of HSP70 intracellular level was
mediated by both constitutive Hsc70 and stress induced Hsp70.

Itis possible to assume that the HS-induced rapid increase of intracellular HSP70
level could be associated with a real synthesis of these proteins. To check this
assumption, a series of experiments was performed with application of cycloheximide
as an inhibitor of protein synthesis. Pre-incubation of neutrophils with cycloheximide
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Fig. 4.8 Effect of the protein synthesis inhibitor cycloheximide (100 pM, 30 min) on intracellular
level of HSP70 (Hsp70 + Hsc70), evaluated by flow cytometry (a) and Western-blot analysis (b) in
human neutrophils. The representative data of two independent experiments

did not lead to inhibition of the increase of detectable intracellular HSP70 level
after HS (Fig. 4.8a). The HS-induced changes of intracellular HSP70 content in
neutrophils immediately after hyperthermia were analyzed also by Western blotting.
In these experiments, we could not register an increase of intracellular HSP70
content after HS treatment (Fig. 4.8b). Thus, the increase of HSP70 level in neutro-
phils observed with flow cytometry immediately after thermal exposure is not
associated with a real intracellular accumulation of these proteins due to protein
synthesis de novo.

Another explanation of the HS-induced increase of intracellular HSP70 content
in the neutrophils detected by flow cytometry immediately after HS might be con-
nected with HS-caused modification of the protein conformation. To investigate a
possible changes of conformation of intracellular HSP70 under HS-conditions we
used a panel of six monoclonal anti-HSP70 antibodies elaborated earlier in our
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Fig. 4.9 Dynamics of intracellular level of HSP70 after heat shock (43 °C, 10 min) analyzed by
flow cytometry using different HSP70-specific antibodies. Immunostaining was performed with
antibodies interacting with C-terminal domain of HSP70 (a) and with N-terminal domain of
HSP70 (b). The results are presented from three independent experiments

group. This panel included three antibodies (clones 2E4, 2E11, 2F3) specific to
epitopes in the substrate-binding COOH-terminal domain of HSP70 molecule;
another three clones (6G2, 2E5, 3C5) are specific to the sites of the conserved NH2-
terminal nucleotide-binding domain of the protein (Boyko et al. 2014).

The dynamics of the intracellular level of HSP70 in neutrophils in response to
HS, detected by these two groups of antibodies was different. The antibodies 6G2,
2ES5, 3C5 did not allow to detect the increase in intracellular HSP70 level immedi-
ately after the HS (Fig. 4.9a), while antibodies 2E4, 2E11, 2F3 did display this
increase (Fig. 4.9b). The results of these experiments indicate that the increase of
intracellular HSP70 level in neutrophils immediately after the thermal stress dis-
played by flow cytometry may be connected with HS-caused increase of accessibil-
ity of epitopes within the substrate-binding domain of HSP70 molecule for the
detecting antibodies.

4.1.2.4 Evaluation of HS-Induced Surface Membrane-Associated HSP70
in Human Leukocytes

It is known that stress conditions can induce translocation of intracellular HSP70 to
the cell surface (Multhoff 2007). To evaluate a possible effect of HS (43°C, 10 min)
on cell surface HSP70 expression in our model we used flow cytometry and all
types of the antibodies applied to the study. As a result, all types of monoclonal
antibodies used in our study failed to detect HS-induced surface localization of
HSP70 in neutrophils. However, a significant effect of HS on surface expression of
HSP70 on neutrophils was demonstrated in our model using anti-HSP70 polyclonal
antibodies (Fig. 4.10a). In contrast to neutrophils, the most types of monoclonal
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Fig.4.10 HS-induced (43°C, 10 min) cell-surface expression of HSP70 on neutrophils and mono-
cytes detected by flow cytometry using different antibodies. (a) staining of neutrophils with poly-
clonal antibodies to HSP70 (anti-Hsp70/Hsc70, Santa-Cruz Biotechnology). (b) staining of
monocytes with different monoclonal antibodies to HSP70

antibodies applied in our study allowed to detect HS-induced cell surface HSP70
expression in population of monocytes (Fig. 4.10b). No effect of HS on surface
expression of HSP70 was observed in population of lymphocytes.

4.1.3 Discussion

Intracellular HSP70 proteins are involved in the normal functioning of the cell and
assist its survival in adverse conditions, performing some protective functions. The
amount of HSP70 in the cell reflects the effectiveness of cell protection, and is
increased with accumulation of intracellular damaged proteins. On the other hand,
in some pathological conditions associated with stress, accumulation of damaged,
improperly folded and aggregated proteins can occur due to impaired cell reparation
system. It indicates a possibility that analysis of stress-induced HSP70 expression
in cell samples, including immunocompetent cells, from patients may give some
considerable diagnostic information. In the present study we investigate the features
of stress-induced changes in the expression of HSP70 in populations of mononu-
clear and granulocytic cells from human peripheral blood using PCR, Western-blot
and flow-cytometric analysis.

It is known that in the site of inflammation, where immunocompetent cells
migrate, these cells exposed to oxidative stress and hyperthermia. To analyze effects
of hyperthermia on the expression of HSP70 in mononuclear cells and granulocytes,
we subjected the samples of these cells isolated from peripheral human blood to
heat shock (HS). An increase in the transcriptional activity of the HSPA genes was
observed upon exposure the cells to short-term HS (43 °C, 10 min). In these experi-
ments the mRINA level was increased after HS not only for the induced (Hsp70), but
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also for the constitutive (Hsc70) form of HSP70 (Figs. 4.3, 4.4). The ability of neu-
trophils to rapidly change the expression of the protein genes of both Hsp70 and
Hsc70 in response to inflammatory stimuli was previously shown (Zhang et al.
2004). Our results demonstrated similar ability for HS response of neutrophils. At
the same time, despite an essential increase of transcriptional activity of the
HSPA genes in response to cell heating we could not detect significant induction of
HSP70 synthesis in our model. It is possible that for such short-lived cell population
as neutrophils, a significant accumulation of HSP70 proteins is not typical. It is
known that the post-transcriptional activity of Hsp70 expression in response to HS
is regulated by the stability of mRNA (Theodorakis and Morimoto 1987). A phe-
nomenon has also been described where HS-induced activation of Hsp70 transcrip-
tion factor HSF1 did not initiate the expression of this protein (Mathur et al. 1994).

In our model of HS-induced cell stress a two-phase dynamics of intracellular
level of HSP70 was observed. The dynamics was detected using flow cytometry and
was characterized by an increase in the HSP70 level immediately after HS and a
subsequent decrease in this level within 15-30 min after the completion of the
thermal stress (Fig. 4.6). It was also shown that both constitutive and inducible
forms of the protein contributed to the two-phase dynamics of HSP70 (Fig. 4.7).
Using cycloheximide as inhibitor of protein synthesis we demonstrated that regis-
tered by flow cytometry HS-induced rapid increase of intracellular HSP70 level
was not associated with a real intracellular accumulation of these proteins due to
protein synthesis de novo (Fig. 4.8).

Additionally, using antibodies that recognize either the N-terminal or the
C-terminal domain of the HSP70 molecule, we have displayed different profiles of
the stress-induced dynamics of intracellular HSP70 detected with these antibodies.
In particular, the two-phase dynamics was registered by antibodies specific to
C-terminal domain of the HSP70, which was not observed in the case of the anti-
bodies to N-terminal domain (Fig. 4.9). The data demonstrated a connection of the
registered two-phase dynamics with C-terminal region of HSP70 molecule indicate
HS-induced conformational changes of intracellular HSP70, which lead to an
increase in the accessibility of certain epitopes of the substrate-binding domain of
this protein for the detecting antibodies. The conformational changes observed in
HSP70 molecule during its interaction with other proteins have been described
(Zhuravleva et al. 2012). HSP70 proteins practically do not exist in vivo in the
substrate-free state; they are in interaction with proteins, nucleotides, membranes,
and also form auto-aggregates (dimers, trimers, oligomers). All types of interactions
mentioned above are realized mainly by substrate-binding domain localized in
C-terminal region of HSP70. Auto-aggregates of HSP70 do not possess chaperone
activity, but with the transition of the proteins to the non-aggregated state, this activity
is restored. The ratio of HSP70 oligomers/monomers in the cell depends on the
temperature and is determined by the presence of denatured proteins (Angelidis
et al. 1999). Concerning the results of our study, it can be assumed that the increase
in the level of intracellular HSP70 detected immediately after HS (Figs. 4.6, 4.7) is
due to dissociation of auto-aggregates of these proteins, or is related to amount of
monomers of HSP70 released from the complexes with other proteins.
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4.2 Conclusions

Thus, the results of this study indicate the importance of application a set of meth-
ods for the analysis of stress-induced changes in the intracellular content of heat
shock proteins. In particular, the data obtained in our work with this approach show
that the heat shock induced short-term increase in the intracellular level of HSP70 in
neutrophils measured by flow cytometry is not associated with de novo protein syn-
thesis, but is due probably to temporal conformational changes in the molecule,
accompanied by augmentation accessibility epitopes of the HSP70 substrate-
binding domain to specific antibodies. Our results also demonstrated that the use of
monoclonal antibodies directed to different domains of HSP70 for flow-cytometric
analysis of the dynamics of intracellular level of this protein might allow evaluation
of the features of stress-induced modification of intermolecular interactions of
HSP70 molecular chaperones.
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Chapter 5
Relationship between Oxidative Stress-
Induced Effects and Physical Exercise
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Hyunseok Jee

Abstract This chapter focuses on various agents that induce intracellular oxidative
stress within the cell environment, the roles of heat shock proteins (HSP) within
such harsh cellular environments, and the relationship between HSP and the exer-
cises used to alleviate the negative effects of oxidative stress in the living body. The
keywords used in this study, such as the origin of oxidative stress, HSP, and exer-
cise, will provide scientists insights into the optimized exercise-induced adaptation
for minimizing the pathological effects of oxidative stress. This study can provide
important clues to design optimized exercise programs, which can produce maximal
effects against the cellular damages caused by oxidative stress.

Keywords Antioxidants - Exercise - Heat shock protein - Oxidative stress - Stress

Abbreviations

AMPK AMP-activated protein kinase

ARE Antioxidant response elements

CAT Catalase

CSF Cerebrospinal fluid

GSH GSH-reductase

GSTr Glutathione-s-transferase

HO1 Heme oxygenase —1

HSE Heat shock element

HSF Heat shock factor

HSP Heat shock protein

LDH Lactate dehydrogenase

mTORC 1 Mammalian target, the rapamycin complex 1
NFkB Nuclear transcriptional factor kappa B
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NO Nitric oxide

Nrf2 Nuclear factor-erythroid 2-related factor 2
PRXs Peroxiredoxins

RNS Reactive nitrogen species

ROS Reactive oxygen species

Sesns Sestrins

uv Ultraviolet

5.1 Introduction

According to Sies H’s study in 1985, oxidative stress is indicated by the transforma-
tion of the stable intracellular components into their oxidative forms by the intracel-
lular redox system (Sies 1991). Many oxidative components showing the ‘redox
state’, such as (high levels of glutathione converted to) glutathione disulfide, vitamin
E, etc., in the cellular environment are considered markers of the level of oxidation.
Oxidative stress is the result of numerous sequential events involving intra- and
extra-cellular chemicals, with the subsequent metabolites derived from various toxic
drugs, excessive energy consumption by excessive physical activity, lactate dehydro-
genase (LDH) secreted by cells into the extracellular environment, etc. (Brune 1991).

Many studies attempted to find artificial ways of inducing oxidative stress from
the aforementioned sequential events. These ways included irradiation with ultra-
violet (UV) rays, and application of hydroperoxide, 8-hydroxydeoxyguanosine,
hydrogen peroxide & reactive oxygen radicals, and mitochondria-derived superox-
ide. Antioxidants such as glutathione and glutathione transferase not only counter
the effects of oxidative stress, but are also derived from agents that cause oxidative
stress; antioxidants have also been used to study the effects of oxidative stress.

Heat shock proteins (HSP) have two release mechanisms: passive and active;
these mechanisms seem to rely on the intensity of stimulation of the HSP. A related
report by Alexzander AA Asea stated that trauma, or an infected state, such as
necrosis or infection, is relevant to the passive release mechanism of HSP, and con-
ditions such as inflammation, exercise, psychological stress, UV radiation, and the
state of the brain and cerebrospinal fluid (CSF) are associated with the active release
mechanism of HSP (Asea 2007). This study also indicates that free HSP are released
into the exosome (the passive mechanism of HSP), and the heat shock factor (HSF)
binds to the cyto-nucleus of the heat shock element (HSE) to synthesize and release
HSP (as a danger signal messenger) via inflammatory mediators (e.g., IL-10, IL-12)
and receptors (e.g., Toll-like receptors), as intermediating agents (Fig. 5.1).

There is a controversy about whether the intracellular expression of HSP should
be considered as favorable or not (Bonorino and Souza 2007). Bonorino et al.
claimed that there is a dilemma regarding the general role of HSP in tumors, owing
to their role in increasing the survival rate of tumors, subsequently inducing their
proliferation. Additionally, there are two possible outcomes of the oncogenic Ras
pathway: one, the carcinocyte progresses towards cancer proliferation, and two, the
carcinocyte progresses towards senescence and not towards cancer metastasis via
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p53 to p21 Chang et al. 1999a,b; Chang et al. 1999a,b; Sherman and Yaglom 2007).
There is also an unexpected case wherein an elevated level of HSP is involved in the
first case (promoting cancer metastasis), inhibiting the pathway to p53.

Studies regarding HSP in cancer make readers unsure about whether the role of
HSP is negative or positive. The following study provides information on this query,
and suggests that the expression of HSP increases due to various intracellular stress-
ors. This increased expression is associated with a protective role, i.e. reinforcing
the resistance against cellular damage, consequently acting as a regulating mecha-
nism, and interfering with cellular apoptosis. Furthermore, there is a paucity of
evidence about the fact that increased HSP accumulation by oxidative stress-
inducing agents such as reactive oxygen species (ROS) leads to destined cell death
(Samali and Orrenius 1998).

Based on the aforementioned studies about HSP, this review aims to provide
updated information about the role of HSP levels in oxidative stress environments
in cells and the relationship between these levels and physical activities.

5.1.1 8-Hydroxydeoxyguanosine, HSP and Exercise

ROS are controlled by scavenging systems such as superoxide dismutase, peroxire-
doxins (PRXs), and glutathione-related antioxidant defenses. However, ROS attain
an imbalanced redox state; they produce oxidative stress, which increases the
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damage to DNA, which in turn leads to the production of 8-hydroxydeoxyguanosine
when the ROS exceed the capacity of the scavenging systems (Sova et al. 2010).
8-hydroxydeoxyguanosine is used as a biomarker for genetic instability or alter-
ation (DNA damages) by oxidative stress. However, it also prevents colitis-
associated carcinogenesis via inhibiting allergy-induced inflammation & TNF-alpha,
regulating oxidative stress-induced gastritis, and boosting the anti-inflammatory
action; thus, its role is controversial (Ock et al. 2012). Markedly higher
8-hydroxydeoxyguanosine levels were also shown in aged, sedentary mice and ad
libitum-fed sedentary mice when compared to that in normal, young mice and mice
from the exercise group, respectively. Another related study conducted in humans
showed that DNA damages occurred not only in aged, but also in obese people.
However, it was less damaged in lean runners whose running intensities were mild-
to-moderate. In high-intensity exercises, induced oxidative stress provoked cellular
protection and subsequently needed a protein turnover, which induced a high HSP
expression (HSP25 in the liver), as a defense mechanism (Huffman et al. 2008).

5.1.2 Radicals, HSP and Exercise

Muscle contraction, a functional property of the living body, produces free radicals
that can cause various diseases. Severe exercise causes hyperthermic conditions in
molecular environments, which induces oxidative damages by the increased pro-
duction of free radicals on a cellular level. A specific elevation in HSP72 expression
is suggested to attenuate heat-induced protein degradations in these situations
(Chang et al. 2007). Hamilton KL et al. also showed consistent results that exercise-
induced oxidant production may stimulate the expression of HSP72, and that subse-
quent antioxidants attenuate exercise-induced HSP72 (Hamilton et al. 2003). This
suggests that an increased expression of HSP may protect molecular substrate pro-
teins that are degraded because of oxidative stress-derived radicals. Once this phe-
nomenon continues, intracellular homeostasis would be sustainable, owing to
increased HSP expression and the functions of antioxidants. Then, the expression of
HSP would subsequently decrease. The expression of HSP seems to function
according to the mechanism described above. Free radicals appear to act as activa-
tors of the adaptive response in contracting muscles, which are responsible for phys-
ical activities. This results in the increased production of antioxidants, such as heat
shock proteins.

5.1.3 Hydrogen Peroxide (H,0,), HSP and Exercise

Physical activity-derived muscle contraction induces the production of free radicals,
including reactive oxygen species (ROS) or reactive nitrogen species (RNS), which
also generate superoxide and nitric oxide (NO). These primary radical species in the
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muscle fibers induce H,0O, production into the interstitial space (McArdle et al.
2001; Patwell et al. 2004; Vasilaki et al. 2006a,b; Jackson 2011). Hydrogen perox-
ide (which is also caused by muscle contraction) increases the pattern of oxidative
damage, which causes cataract in vivo (Garner et al. 1982; Giblin et al. 1987,
Spector 1991); it may also stimulate HSP synthesis (Ziemann et al. 2013). This
H,O, produced by exercise is also considered as a key regulator of muscle adapta-
tion, involving antioxidants, and the chaperone defense systems of HSP70 and
HSP27 (Powers et al. 2010; Ziemann et al. 2013).H,0,-derived changes due to
physical activities on gene expression induce muscle contraction, and stimulate
redox-related adaptive signaling factors such as NF-kB and Heat Shock Factor 1
(HSF1) (Cotto and Morimoto 1999), which are associated with the activities of
cytoprotective proteins (e.g., possibly HSP) such as antioxidants (Vasilaki et al.
2006a,b). Activation of the redox signaling pathway by H,O, is possibly a key regu-
lator of muscle contraction-derived oxidative stress. The pathway is alleviated via
the action of HSP (expressed by HSFI1-related pathway stimulation by H,0,), as
cellular homeostatic episodes.

5.1.4 UV Radiation-Derived Oxidative Stress, HSP, Exercise
and Emerging Antioxidants

UV radiation is usually divided into the low-energy UVA radiation (320—400 nm)
and the high-energy UVB radiation (290-320 nm). UVA causes oxidative stress,
inducing the production of ROS, which damage the cell membrane, organelles, and
DNA (Semenkov et al. 2015), consequently inducing photocarcinogenesis. UVB
causes DNA-damaging sunburn that accelerates the aging process, finally causing
skin cancer (Battie et al. 2014; Nishisgori 2015). AMP-activated protein kinase
(AMPK)-regulating proteins called Sestrins (Sesns) have been recently discovered.;
these proteins play a role in maintaining the cellular environment by reducing dam-
ages from free radical-induced oxidative stress via peroxiredoxins (PRXs). Physical
activities behave like double-edged swords. On one hand, they have been shown to
trigger oxidative stress, thereby inducing tissue damage, but on the other, they mod-
ulate a series of chemical reactions on a molecular level (e.g., Sesns are involved in
the PRX-regenerating signal pathway), thereby reducing the damage from oxidative
stress (Sanchis-Gomar 2013). Mlitz et al. reported that Sesn (type 2) is UVA or
UVB specifically involved in its mammalian target, the rapamycin complex 1
(mTORC 1) (one of upstreaming activation cascade)-related pathway, and its
expression is regulated via p53 suppression (Mlitz et al. 2016). The role of HSP70 in
intracellular protection, such as neutralizing the negative effect of UV radiation-
derived ROS from oxidative stress mechanisms (Njemini et al. 2007; Semenkov
et al. 2015), has been known. However, only a few studies (as far as we know) have
been performed about the relationship between HSP and the influence of Sesns on
the oxidative stress caused by UV radiation. Considering their common role as
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antioxidants against UV radiation, an inter-modulating interaction between HSP
and Sesns, both of which are involved as mTOR-Akt-regulated factors in the signal-
ing pathway, can be suggested.

5.1.5 HSP and Exercise as Antioxidants

As mentioned previously, the extent of oxidative stress has an ambilateral depen-
dence on the extent of exercise. Exercise seems to play completely opposite roles
against oxidative stress: both an oxidant stress- causing and a protective effect-
driving role. Fehrenbach and Northoff reported that regular exercise may have a
protective effect on excessive exercise-induced DNA damage. HSP70, HSP27, or
heme oxygenase —1 (HO1) are the repairing defense systems used in response to
the excessive exercise-derived negative effect (Fehrenbach and Northoff 2001).
Atalay et al. emphasized not only the exercise-induced upregulation of HSP as an
antioxidant defense system during intensive exercise, which easily causes oxidative
stress-induced micro-biological (endogenous) damages, but also the modality of
exercise for ameliorating exercise induced-negative effects (endurance exercise
induces HSP upregulation to offset the adverse effect of the diabetes-derived oxida-
tive stress) (Atalay et al. 2004).

5.2 Conclusions

The HSP family has a common structural subset related to a chaperoning function
that helps maintain the homeostasis of proteins under a stressful intracellular envi-
ronment (Dimauro et al. 2016). We have thus provided the commonly overlapped
amino acid sequences and 3D morphological figures of 3 randomly selected HSP
(crystalline, HSP70, and HSP90) (Table 5.1, Fig. 5.2) because one of the commonly
overlapped subsets can be a considerably indispensable chaperoning function-
related part. This suggests that these sequences are possibly indispensable for the
chaperoning function against the aforementioned oxidant stress-derived agents
(e.g., 8-hydroxydeoxyguanosine). It also suggests that these common subset
sequences are associated with the induction of activated HSP. For maintaining the
optimal homeostatic state of the living body by inducing the activated HSP against
oxidative stressors such as 8-hydroxydeoxyguanosine, it is necessary that physical
activities are optimized for maximum stress-countering effects, by designing suit-
able exercise programs. Hence, to alleviate the negative effects of oxidative stress
due to unfavorable, excessive physical activities, an appropriate exercise program
with an optimized intensity, duration, and frequency should be designed on the basis
of the knowledge about HSP.
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Table 5.1 Sequential HSP70 vs HSP90

identity between human 40.7% identity in 27 residues overlap

crystallin, HSP 70, and HSP 70 Seq 503 SEENEEPMETDQNAKEEEKMQ-VOGEE

Hsp 90 proteins HSP 90 Seq 169 SDEEEEKKDGDKKKKKK IKEKY |DQEE
* k k% * * * *kkk

Crystalline vs HSP70

45.5% identity in 11 residues overlap

Crystallin Seq 75 LDVKHFSPEDL
HSP 70 Seq 442 |EAYYSSPQDL
* **k k*x

42 .9% identity in 14 residues overlap
Crystallin Seq 64 VRSDRDKFVIFLDV
HSP 70 Seq 826 VPSDSDKKLPEMD|

* kk k% *

71.4% identity in 7 residues overlap
Crystallin Seq 40 LSSTISP
HSP 70 Seq 775 LTSTCSP

* kk Kk
40.0% identity in 10 residues overlap
Crystallin Seq 67 DRDKFVIFLD
HSP 70 Seq 644 DRNSFTLKLE

* % * *
57.1% identity in 7 residues overlap
Crystallin Seq 25 QFFGEGL
HSP 70 Seq 356 KFFGKEL

*kk *

60.0% identity in 5 residues overlap
Crystallin Seq 94 VEIHG
HSP 70 Seq 484 VNVHG

* * %
57.1% identity in 7 residues overlap
Crystallin Seq 77 VKHFSPE
HSP 70 Seq 241 VNHFCEE

* k% *
42 .9% identity in 7 residues overlap
Crystallin Seq 30 GLFEYDL
HSP 70 Seq 182 GIYKQDL

* *kx
75.0% identity in 4 residues overlap
Crystallin Seq 94 VEIH
HSP 70 Seq 498 VEVH

**k *
50.0% identity in 6 residues overlap
Crystallin Seq 86 TVKVQD
HSP 70 Seq 649 TLKLED

* % *
44 4% identity in 9 residues overlap
Crystallin Seq 18 YPSRLFDQF
HSP 70 Seq 454 YPDPAIAQF

** * %
80.0% identity in 5 residues overlap
Crystallin Seq 91 DDFVE
HSP 70 Seq 77 DPFVE

* kkk
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Table 5.1
(continued)

Crystalline vs HSP90

77.8% identity
Crystallin Seq
HSP 90 Seq

40.0% identity
Crystallin Seq
HSP 90 Seq

55.6% identity
Crystallin Seq
HSP 90 Seq

44 4% identity
Crystallin Seq
HSP 90 Seq

40.0% identity
Crystallin Seq
HSP 90 Seq

66.7% identity
Crystallin Seq
HSP 90 Seq

66.7% identity
Crystallin Seq
HSP 90 Seq

50.0% identity
Crystallin Seq
HSP 90 Seq

50.0% identity
Crystallin Seq
HSP 90 Seq

40.0% identity
Crystallin Seq
HSP 90 Seq

62.5% identity
Crystallin Seq
HSP 90 Seq

in 9 residues over lap
75 LDVKHFSPE
230 LAVKHFSVE
* kkkkk *x
in 15 residues overlap
26 FFGEGLFEYDLLPFL
235 FSVEGQLEFRALLFV
* *% * * *
in 9 residues over lap
64 VRSDRDKFV
128 VEKERDKEV
* *kk *
in 9 residues over lap
94 VEHGKHNE
54 VTVITKHND
* *kk
in 10 residues over lap
61 |SEVRSDRDK
164 |EDVGSDEEE
* * k%
in 6 residues over lap
18 YPSRLF
122 YPITLF
* % * %
in 6 residues overlap
15 GPFYPS
216 GEFYKS
* Kk ok
in 8 residues overlap
95 EIHGKHNE
111 EIVKKHSQ
* % * %
in 8 residues over lap
63 EVRSDRDK
173 EEKKDGDK
* * k%
in 10 residues overlap
28 GEGLFEYDLL
1 GIGMTKAOL |

*  * * %
in 8 residues over lap

93 FVEIHGKH

413 FVERLRKH

*kk * K

H. Jee

Evaluate the significance of the protein (crystalline vs HSP70 vs
HSP90) sequence similarity score using PRSS
(http://www.ch.embnet.org/software/PRSS_form.html). More than
40% homological identity is selected between compared HSPs.
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Front

Crystallin
[Homo sapiens]

Heat shock 70
[Homo sapiens]

Heat shock 90
[Homo sapiens]

Fig. 5.2 The 3D morphologic view of crystallin, heat shock 70 and heat shock 90. The front, left,
and right shape of human crystallin, heat shock 70, and heat shock 90 are shown. The source of
human crystallin, heat shock 70, and heat shock 90 is from http://www.rcsb.org/pdb/explore/jmol.
do?structureld=3L1G&opt=3&jmolMode=HTMLS, http://www.rcsb.org/pdb/explore/jmol.do?str
uctureld=4FSV &bionumber=1&view=symmetry and http://www.rcsb.org/pdb/explore/jmol.do?st
ructureld=3Q6M&bionumber=1&view=symmetry respectively
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Chapter 6
Role of Heat Shock Proteins in Oxidative
Stress and Stress Tolerance

Check for
updates

Sumit Ghosh, Poulami Sarkar, Priyanka Basak, Sushweta Mahalanobish,
and Parames C. Sil

Abstract Heat shock proteins (HSP) also referred to as stress proteins are a family
of proteins produced by cells in response to exposure to stressful conditions like
heat, cold, different kinds of environmental stress, such as infection, inflammation,
exercise, exposure of the cell to toxins (ethanol, arsenic, trace metals, and UV light,
among many others), starvation, hypoxia (oxygen deprivation), nitrogen deficiency
(in plants), water deprivation and during wound healing or tissue remodeling. In this
review, the authors have elucidated the role of heat shock proteins in stress tolerance
both in eukaryotes and prokaryotes. Here, the role of heat shock proteins in survival
during more extreme conditions and maintenance of normal cellular homeostasis
have also been briefly discussed.

Keywords Heat shock element - Heat shock factor - Heat shock proteins -
Oxidative stress - Stress tolerance
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ER Endoplasmic reticulum
GolS Galactinol synthase
GPx Glutathione peroxidise
H,0, Hydrogen peroxide
HD Huntington’s disease
HSC Heat shock cognate
HSE Heat shock elements
HSF Heat shock factors
HSP Heat shock proteins

HspA Heat shock protein family A
HspB Heat shock protein family B
MG Methylglyoxal

miRNA  MicroRNA

MPK3 Mitogen-activated protein kinase
mRNA Messenger RNA

NLHS Non-lethal heat shock

NO Nitric oxide

Nrf2 Nuclear factor (erythroid-derived 2)-like 2
PARK7  Parkinson disease protein 7
PD Parkinson’s disease

PEG Polyethylene glycol

PSII Photosystem II

RCS Reactive carbonyl species
RNS Reactive nitrogen species
ROS Reactive oxygen species
Se Selenium

sHsp Small heat shock proteins
SOD Superoxide dismutase
T2DM Type 2 diabetes mellitus
UPR Unfolded protein response

6.1 Introduction

Since the dawn of cellular life, all living organism in this world is constantly chal-
lenged by ever changing variables of the environment. The ability of the organism
to successfully adapt to its changing environment is critical to its survival and likely
represents an integral driving force in evolution. To cope up with different condi-
tions of stress, organisms have been found to exhibit selective upregulation in the
expression of a group of proteins called the heat shock proteins (Hsp). Hsp consti-
tutes a large family of proteins that are usually classified based on their molecular
weight: Hsp10, Hsp40, Hsp60, Hsp70, Hsp90, etc. Hsp have been reported to be
involved in antigen presentation as chaperones in course of transfer of antigenic
peptides to the class I and class II molecules of the major histocompatibility
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complexes (Arrigo 1994; Li et al. 2002). A link between heat shock proteins and
oxidative stress has been established in a wide array of research (Sgrensen 2010).
Though the exact mechanisms are yet to be elucidated, it is suggested that oxidative
stress can be a principal determinant of thermal tolerance (Abele et al. 2001; Portner
2001). The following chapter will inspect the role of heat shock proteins in oxida-
tive stress and stress tolerance (especially thermal tolerance).

6.1.1 Heat Shock Proteins: An Overview

Heat shock proteins are ubiquitous proteins which render universal protective
mechanisms from prokaryotes to eukaryotes to sustain cellular function and homeo-
stasis (Table 6.1) (Lindquist and Craig 1988). These proteins were first discovered
in Drosophila (Ritossa 1964) where it was found that increase in temperature of a
few degrees above the physiological range induced the synthesis of these proteins
from their salivary glands. The term “heat shock protein” is a misnomer. This family
of proteins was originally named due to their expression after heat exposure. But
now it is evident that Hsp synthesis is not only due to hyperthermia but also trig-
gered by a wide range of environmental as well as metabolic stress conditions like
heavy metal ions, ethanol, nicotine, anoxia, ischemia, glucose deprivation, surgical
stress and viral agents (Feige et al. 2013; Santoro 2000). Consequently, the term

Table 6.1 Cellular location and function of mammalian heat shock proteins

Molecular Cellular

HSP family Size (kDa) location Proposed function

Ubiquitin 8 Cytosol/ Facilitates targeting and removal of proteins
nucleus denatured by stress

HSP10 10 Mitochondria | Cofactor for Hsp60

Small HSP 20 to 30 Cytosol/ Some may be responsible for regulating the
nucleus cellular cytoskeleton, and others regulate

vascular tone and vesselwall remodeling
HSP56 56 Cytosol Binds and stabilizes the steroid hormone
receptor complex

HSP60 60 Mitochondria | Molecular chaperone

HSP70 family:

HSP 72 72 Cytosol/ Protein folding, cytoprotection (stress
nucleus inducible)

HSP 73 73 Cytosol/ Molecular chaperone (constitutively
nucleus expressed)

HSP75(mHSP70) 75 Mitochondria | Molecular chaperone

HSP78(GRP78) |78 ER Molecular chaperone, cytoprotection

HSP90 90 Cytosol/ER/ Regulation of steroid hormone receptors,
nucleus protein translocation

HSP110 110 Cytosol Protein folding
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Fig. 6.1 Role of heat shock proteins in various conditions of stress

‘stress protein’ is preferably used (Whitley et al. 1999). Stress proteins belong to a
multigene family and their nomenclature is given based on their molecular size
(8-150 kDa). For example, Hsp 60, Hsp 70, Hsp 90 refers the family of heat shock
proteins on the order of molecular size 60, 70 and 90 kDa respectively. Hsp are
highly conserved and abundant in nearly all subcellular compartments. Many of
these proteins show constitutive expression whereas expression level of others get
increased under stressed condition (Fig. 6.1). In eukaryotic cells, heat shock factors
(HSF) act as transcriptional activators for heat shock genes. There are different fam-
ilies of HSF that get activated under several stressed conditions. Among them, HSFs
1 and 3 function as stress responsive activators and show maximal heat shock
responsiveness (Tanabe et al. 1998), whereas HSF 2 is activated during embryonic
development and differentiation (Schuetz et al. 1991; Sistonen et al. 1992). HSF 4
seems to be preferentially expressed in the human heart, brain, skeletal muscle and
pancreas (Nakai et al. 1997). HSF recognizes modular sequence elements referred
to as HSE (a series of pentameric units arranged as inverted adjacent arrays of the
sequence 5'-nGAAn-3’) located within the promoter region of heat shock gene
(Amin et al. 1988; Perisic et al. 1989). In inactive stage, heat shock factors exist in
monomeric form. But when activated, they trimerize into an active form that is
capable of binding to the heat shock element (HSE) site of the stress protein gene
and initiating transcription and translation of heat shock protein.

Stress proteins function as intracellular chaperones that permit the maturation
and correct folding of most of the proteome. They play a crucial role in three dimen-
sional folding of the newly translated polypeptide chain and assist to form proper
protein conformation. In fact, they ensure that the newly synthesized polypeptide
chain proceed correctly through successive folding and unfolding mechanism to
achieve their functional conformation. They can recognize non-native conformation
of the polypeptide and prevent their aggregation by binding to hydrophobic residues
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that have been exposed during translocation or stress induced damage (Pirkkala and
Sistonen 2001). Upon exposure of extreme stress condition, the damaged protein
loses its ability to be successfully refolded. Hsp promote ubiquitin mediated protea-
somal degradation of these abnormal, unstable proteins. Furthermore, they mediate
protein translocation across organellar membranes. It has been found that synthesis
of these stress proteins under non-lethal temperature appears to protect the organ-
ism from upcoming high temperature or other stress that would be otherwise lethal.
In the case of exposure to heat, this phenomenon has been called ‘thermotolerance’.
Clinical evidences suggest that stress protein synthesis under hyperthermic condi-
tion may provide potential safeguard against cardiac ischemia, arterial injury, endo-
toxic shock, renal and hepatic ischemia, ethanol-induced gastric ulcerations and
skeletal muscle ischemia-reperfusion (Morimoto and Santoro 1998; Suzuki et al.
1997). Stress proteins play a pivotal role in the maintenance of cellular homeostasis
by regulating immunity, cell cycle progression and apoptosis during development
and differentiation. HSP have a significant role on adaptive immunity. During the
time of antigen presentation, these molecular chaperons (HSP) associate with a
wide range of antigenic peptides and facilitate the delivery of antigenic peptides to
the class I and class II molecules of the major histocompatibility complexes. In
addition, extracellular HSP can stimulate professional antigen presenting cells
(macrophages, dendritic cells) to onset immune response (Li et al. 2002). Members
of Hsp family especially Hsp 27 and Hsp 70 function as potent antiapoptotic mol-
ecules. Upon exposure to oxidative stress, Hsp 27 inhibits cytochrome c release
where inducible Hsp70 prevents apoptosis by interfering with the signaling cas-
cades and by impairing the activation of effector caspases (Pirkkala and Sistonen
2001).

6.1.2 Role of Heat Shock Proteins in Oxidative Stress

Heat stress activates HSFs and also lead to accumulation of reactive oxygen species
(ROS), thereby inducing oxidative damage. The HSFs bind to the HSE of the pro-
moter region of HSF, Hsp, ROS scavenging genes and miRNA 398. miRNA 398
downregulates SOD scavengers, thereby leading to rapid accumulation of ROS. This
activates Hsp which in turn, activates the ROS scavengers to avoid cellular damage
(Fig. 6.2) (Driedonks et al. 2015). A range of physiological stimuli (oxidative stress,
hypothermia, hyperthermia, ischemia-reperfusion, hypoxia, acidosis etc.) activate
HSFs, which then get separated from HSP. On phosphorylation by protein kinases,
HSFs form trimers in the cytosol. The trimer complexes then enter the nucleus and
bind to the HSE in the promoter region of the corresponding Hsp gene. Hsp mRNA
gets transcribed and leaves the nucleus for the cytosol. Hsp usually function as
molecular chaperones and assist in the assembly and translocation of newly synthe-
sized proteins within the cell along with the repair and refolding of damaged pro-
teins (Kregel 2002). Constitutively expressed housekeeping molecular chaperones
maintain cellular redox status and integrity of mitochondria (cytosolic Hsp), protect
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Fig. 6.2 Mechanism of action of heat sock proteins

and facilitate the assembly of respiratory complexes and facilitate their assembly
(mitochondrial Hsp) (Kuzmin et al. 2004).

Selenium (Se), a dietary trace element exhibits antioxidant properties. Recent
experiments on chicken liver have shown that Hsp play an important role in the
oxidative stress induced damage during Se deficiency. It has been reported that
expression of Hsp 27, 40, 60, 70, and 90 increase with increment in oxidative stress
during Se deficiency. Hsp have been found to exert protective effects during the
generation of oxidative stress due to Se deficiency (Liu et al. 2015). Studies have
shown that accumulation of ROS in yeast (Saccharomyces cerevisiae) is associated
with the induction of a heat shock reporter gene over a range of heat shock tempera-
tures (33-44°C). ROS-mediated signaling ensures cooperation between heat shock
and antioxidant responses (Moraitis and Curran 2004).

Hsp 70 protects cells from oxidative damage. They bind to stress exposed hydro-
phobic residues of denatured proteins, thereby preventing them from aggregating
and promoting refolding. In the thermophile anaerobe (Thermatoga maritima), Hsp
70 exhibits redox sensitive binding to concerned peptides in response to oxidative
stress. It interacts with an E3 ubiquitin ligase to transfer proteins towards proteoly-
sis (Liiders et al. 2000; Rajkumar et al. 2015).

Most neurons contain high levels of Hsc70 and low levels of Hsp70 (Cruz et al.
1991). In motor neurons, both forms of Hsp are present, but no increase in endog-
enous expression is observed during heat shock. Extracellular Hsp70 inhibits apop-
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tosis. Johnson et al. (Johnson et al. 1990; Johnson et al. 1995) have shown that Hsc/
Hsp70 improves resistance to nutrient-deprivation stress when bound to arterial
smooth muscle cells after being added to the culture medium in vitro. Similar obser-
vations have been found in case of cultured monocytes (Guzhova et al. 1998).
Tidwell et al. have shown that in vivo administration of a mixture of Hsc/Hsp70
inhibits motor and sensory neuronal degeneration after sciatic nerve axotomy
(Tidwell et al. 2004; Yu et al. 2001). Oxidative stress is characteristic of different
protein misfolding associated diseases such as Alzheimer’s disease (AD),
Parkinson’s disease (PD), Huntington’s disease (HD) and Amyotrophic lateral scle-
rosis (ALS) (Andersen 2004; Rauchova et al. 2012; Yu et al. 2001). Oxidative stress
disturbs calcium homeostasis, mitochondrial and cytoskeletal functions and can
induce neuronal cell death. Thus, apoptosis have been reported in different neurode-
generative diseases (Friedlander 2003; Mattson 2000; Wyttenbach and Arrigo
2009). thHsp70 protects motor neurons subjected to oxidative stress, common in
neurodegenerative diseases such as AD, PD, ALS etc. (Robinson et al. 2005). The
levels of different Hsp have been reported to increase in the brain of neurodegenera-
tive disease patients (Brownell et al. 2012; Sun and MacRae 2005; Téth et al. 2015;
Wilhelmus et al. 2006). Several members of the HSPB family have been observed
in the senile plaques and cerebral amyloid angiopathy of AD patients. HSPA1 have
been found to colocalize with AP peptides and a-synuclein. HSPAS has been found
in intracellular inclusions in ALS (Muchowski and Wacker 2005). Overexpression
of members of DNAJ protein family suppress the nuclear aggregation of mutant
ataxin-1 and ataxin-3 thereby decreasing their toxicity in vitro model (Chai et al.
1999; Cummings et al. 2001). Overexpression of HSPA has been found to decrease
polyglutamine induced neurodegeneration in Drosophila model of polyglutamine
disease (Warrick et al. 1999).

ROS generation in the brain of AD patients lead to the increased expression of
HSC 71, Hsp 27, HDJ 1 etc. (Najarzadegan et al. 2016). Poly(Q) mutation can gen-
erate ROS and is therefore prevented by Hsp 27 (Wyttenbach et al. 2002). HDJ-1
preserves mitochondrial function and proteasomal activity following oxidative
injury (Ding and Keller 2001). Increased level of oxidation in AD brain is induced
by HSC 71 (Castegna et al. 2002). Recent observations of the mechanism of induc-
tion of HSP and the decrease in the levels of Thioredoxin 1 in amnestic mild cogni-
tive impairment (aMCI) brain suggest that alteration in the chaperone systems may
contribute to the pathogenesis and progression of AD (Di Domenico et al. 2010).

Glial cells have been speculated to supply neighboring neurons with Hsp 70 by
means of motor neurons during conditions of stress (Tytell et al. 1986). On the other
hand, the HSPB protect cells from apoptosis and oxidative insult by binding to the
cytoskeletal proteins (Téth et al. 2015). HSPB decrease the level of ROS and regu-
late intracellular redox homeostasis, thereby protecting cytoskeleton, an important
target for oxidative stress (Golenhofen et al. 2006; Mymrikov et al. 2011). HSPB 5/
HSPB 2 deficiency affects cardiac function pointing towards their possible role in
maintaining normal cardiac functions (Golenhofen et al. 2006; Morrison et al. 2004;
Ray et al. 2001).
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Ethanol consumption results in increased generation of ROS (Wu and Cederbaum
2003). The protective effects of HSP against ethanol induced toxicity have been
reported in case of brain and hepatic cells (Russo et al. 2001). Vogt and coworkers
(2001) have reported that metabolic stress caused by the high intensity activity,
rather than stimulated hypoxia, is the primary cause of activation of Hsp 70. The
accumulation of lactate and alterations of pH during intensive exercise act as the
primary stimuli for Hsp expression (Mc Naughton et al. 2006). The heat shock pro-
tein 70-2 (HSPAIB) and 70-hom (HSPAIL) genes and their functional polymor-
phisms have been reported to play a role in the pathogenesis of type 2 diabetes
mellitus (T2DM) (Umapathy et al. 2012). Toxic metals are associated with induction
of oxidative stress. Accumulation of Cu?* is associated with genetic disorders such
as Wilson’s and Menke’s disease. Small Hsp (sHsp) such as Hsp27 and aB-crystallin
bind to Cu?* and inhibit Cu®* mediated generation of ROS (Bakthisaran et al. 2015).

6.1.3 Role of Heat Shock Proteins in Stress Tolerance
in Prokaryotes

Study of Sakthivel et al. have shown that HSPA and small heat shock proteins in
general, play an important role in oxidative stress tolerance and help to stabilize
membrane proteins like the photosystems and phycobilisomes in the cyanobacte-
rium. In this study, both wild type and an hspA deleted strain from Synechocystis sp.
PCC 6803 were being compared in the presence of methyl viologen or peroxide
stress. The results showed that the cell growth, viability and pigment contents in
thylakoid membranes were markedly reduced in the mutant even after enhancing
the expression of other molecular chaperones. But Synechococcus elongatus strain
ECT16-1, which constitutively expresses HSPA showed a much better cell growth
and viability. The reduction of pigment contents was also arrested after 24 h in this
strain (Sakthivel et al. 2009). It has been reported that Salmonella typhimurium gets
adapted to oxidative stress when pre-treated with non-lethal dose of hydrogen per-
oxide by virtue of the induction of 30 proteins. Of these, 9 are constitutively over-
expressed in hydrogen peroxide resistant oxyR mutants. Mutant oxyR/ is resistant to
oxidizing agents and overexpresses 3 Hsp (D 64a, E 89, F 52a). The oxyR regulatory
network is a previously uncharacterized global regulatory network in enteric bacte-
ria (Christman et al. 1985).

6.1.4 Role of Heat Shock Proteins in Stress Tolerance
in Plants

Heat stress induces protein denaturation which in turn, phosphorylates and activates
Hsp 60, 70, 90, 100. Hsp 70 can be obtained from tomato rice etc., Hsp 90 from
maize, wheat etc., Hsp 70 from Soyabean, Hsp 60 from barley, rye and sHsp from
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millet, sorghum etc. 7Hsp 70, Hsp 60 (Chaperonin), Hsp 90, Hsp 100/Clp and small
Hsp act as molecular chaperones and impart plant tolerance to various modes of
stress. The various subfamilies (DnaK, Hsp 110) of Hsp 70 are distributed in the
cytosol, chloroplast, mitochondria and endoplasmic reticulum. They are associated
with the prevention of protein aggregation and assistance in refolding, translocation,
transcriptional activation and signal transduction. The various subfamilies (Cpn 60
etc.) of Hsp 60 are distributed in the cytosol and mitochondria and assist in protein
folding. The various subfamilies (AtHsp 90-1, 5, 6, 7) of Hsp 90 are found in the
cytosol, chloroplast, mitochondria and endoplasmic reticulum. They facilitate
genetic buffering and signal transduction. The various subfamilies (Clp B, Clp D
etc.) of Hsp 100 are found in the cytosol, chloroplast and mitochondria and assist in
protein unfolding. The various subfamilies (Hsp 17.6, 17.9 etc.) of sHsp are found
in the cytosol, chloroplast, mitochondria and endoplasmic reticulum. They prevent
protein aggregation and stabilize non-native proteins (Usman et al. 2014).

Hsp104, Hsp70, and Hsp40 are predominant during replication. On the other
hand, Hsp90 is associated with transcriptional and post-transcriptional processes.
Hsp70 and Hsp90, in combination, plays a major role in morphogenesis. Heat stress
in fungi lead to increased expression of Hsp10, Hsp30, Hsp60, Hsp90, and Hsp104
proteins, while expression of Hsp12 increases in response to cold stress. Osmotic
stress is controlled by small heat shock proteins and Hsp60. Expression of Hsp30,
Hsp70, and Hsp90 increases in response to pH stress. Hsp104 is also associated
with conditions of high pressure. Recent experimentations suggest that Hsp90 can
be a potential antifungal target due to its role in morphogenesis (Tiwari et al. 2015).

In another study, the expression level of a small heat shock protein EsHsp16.9,
isolated from Siberian wild rye (Elymus sibiricus) increases when exposed to stress-
ors like heat, drought, arsenic, methyl viologen and H202 treatment. In vitro study,
this protein has reduced thermal aggregation of malate dehydrogenase. When this
EsHspl6.9 is expressed in E. coli, it shows better cell growth under salt, arsenic,
polyethylene glycol and heat (Lee et al. 2015). The yeast metallothionein gene
CUPI is transcriptionally activated during oxidative stress by means of a functional
HSE and HSF. CUPI imparts metal detoxification and protects against oxidative
insult (Liu and Thiele 1996).

Heat stress is a primary factor of deterioration in summer creeping bentgrass
(Agrostis stolonifera) (Heat Shock Proteins in Relation to Heat Stress Tolerance of
Creeping Bentgrass at different nitrogen levels). Nitrogen medium helped the grass
to better survive during long term heat stress. Fv/Fm, a correlation between
chloroplast-sHsp production and PSII efficiency indicates that this chloroplast-sHsp
plays a direct role in the protection of PSII (Heckathorn et al. 1998). 38It is also
reported that heterologous expression of MsHsp 23in creeping bentgrass protects
against thermal stress by chaperone activity, associated with the induction of ascor-
bate peroxidase.

Now-a-days, cross-stress tolerance possesses an important role in producing
stress-resistant crops. Heat or cold priming-induced cross-tolerance is very com-
mon in plants. Multiple stress signaling pathways involving ROS, RNS, reactive
carbonyl species (RCS), most particularly H,O,, nitric oxide (NO) and methylgly-
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oxal (MG) provide resistance to abiotic stresses via modulating the expression of
genes as well as modifying proteins post-translationally (Hossain et al. 2017). ROS
influences the stress tolerance in the yeast. H,O, promotes accumulation of Hsp 70
and Hsp 90 mRNA (Moraitis and Curran 2004). ROS, H,0,, and 2, 5-dibromo-3-
methyl-6-isopropyl-p-benzoquinone (DBMIB), an endogenous H,O, propagator
induces HsfA3 transcription in seedlings leading to oxidative stress tolerance. The
overexpression of several genes encoding galactinol synthase (GolS) increase galac-
tinol levels (Song et al. 2016).

Studies in Arabidopsis (Arabidopsis thaliana) have shown that induction of
HSFA4A enhances tolerance to salt and oxidative agents via altering transcription
of a large set of genes. Its inactivation results in hypersensitivity to salt stress. hsfa4a
mutants elevate H,O, accumulation and lipid peroxidation (Pérez-Salamé et al.
2014). Chaperone production and improvement of stress resistance in arabidopsis
can be elevated by overexpressing AtHSFA 1b, AtHSFA2, AtHSFA3, AtHsfA4a and
AtHSFAG6a (Jacob et al. 2016) but this may lead to moderate to severe dwarfism
(Yoshida et al. 2011). Alfalfa, (Medicago sativa) overexpressing Hsp gene
(MsHSP70) is less sensitive to polyethylene glycol (PEG) than control group (Li
et al. 2017). Arabidopsis Hsp 21 is a crucial component of thermomemory. It is a
plastidial small heat shock protein that rapidly accumulates after heat stress
(Sedaghatmehr et al. 2016). Lack of functional FtsH6, a plastid-localized metallo-
protease promotes Hsp 21 accumulation during the later stages of thermomemory
and increases thermomemory capacity.

In yeast (Saccharomyces cerevisiae) two-hybrid and bimolecular fluorescence
complementation assays, homomeric interaction of HSFA4A is reduced by alanine
replacement of three conserved cysteine residues. MPK3 and MPK6 phosphorylate
HSFAA4A in vitro on three distinct sites, among them serine-309 is the major phos-
phorylation site. They can form in vivo complexes with ZAT10/salt tolerance zinc
finger and thus regulate plant defense responses (Mittler et al. 2006; Nguyen et al.
2012).

CsHSP17.2, a molecular chaperone present in the cytosol and the nucleus is
essential for thermotolerance by maintaining maximum photochemical efficiency
and protein synthesis, enhancing the scavenging ROS and inducing the expression
of HS-responsive genes in tea plants (Camellia sinensis) (Wang et al. 2017). Its
expression is significantly upregulated by heat stress. Transgenic E. coli and Pichia
pastoris expressing CsHSP17.2 exhibit enhanced thermotolerance.

DcHspl7.7, another cytosolic Class I heat shock protein accumulates in carrot
(Daucus carota) leaf tissue under oxidative and osmotic (PEG) stress conditions
(Ahn and Song 2012). Heterologously expressed DcHsp17.7 enhanced E. coli cell
viability under various abiotic stress conditions such as salinity (Song and Ahn
2011), heat (Kim and Ahn 2009), cold (Song and Ahn 2010), oxidation and osmotic
stress. Transgenic carrot plants overexpressing DcHsp17.7 showed higher thermo-
tolerance (Malik et al. 1999) and transgenic potato plants showed enhanced cellular
membrane stability and tuberization under heat stress (Ahn et al. 2004).
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Genetic engineering develops crop plants possessing enhanced stress tolerance
(Bhatnagar-Mathur et al. 2008). During abiotic stress, methylglyoxal accumulates
to toxic levels in affected cells. In stress affected cells it is routinely detoxified
through the action of DJ1/PARK7/Hsp31 proteins via targeting mitochondria and
inducing expression of key stress-related genes. Hsp31 confers dual biotic and abi-
otic stress tolerance inNicotiana tabacum as well as stress tolerance against diverse
biotic stress inducers such as viruses, bacteria and fungi in tobacco plants (Melvin
etal. 2017). 390n the other hand, the Hsp 90 and isocitrate lyase genes of Nicotiana
tobacum plants have been reported to be associated with the development and repro-
duction of a root knot nematode Meloidogyne incognita.

HSFAG6b plays a pivotal role in the response to ABA and in thermotolerance
(Huang et al. 2016). ABA-responsive element-binding proteinl activates the
HSFAG6B promoter, as a result increased HSFA6B directly binds to the promoter of
dehydration-responsive element-binding protein2A and enhances its expression.
Under salt stress conditions, ER-sHsp transgenic plants have more vigorous roots,
maintain a higher relative water content, absorb less sodium, accumulate more
osmolytes, and sustain less damage to the photosystem, compared to wild-type non-
transgenic plants. This study proves that UPR signaling pathway affects plant abi-
otic tolerance (Fu et al. 2016).

The tomato (Lycopersicon esculentum) chloroplast small heat shock protein
(sHsp), Hsp 21 is induced by thermal stress in leaves and in developing fruits in
course of transition of chloroplasts to chromoplasts. Hsp 21 protects PSII from tem-
perature dependent oxidative stress. Analysis of leaf phenotype, chlorophyll con-
tent, and photosynthetic efficiency reveals that silencing of heat-shock factor Ala
(HsfAla) gene decreases melatonin levels and cadmium (Cd) tolerance, whereas its
overexpression enhances the expression of the melatonin biosynthetic gene caffeic
acid O-methyltransferasel (COMT1) and melatonin accumulation leading to Cd
tolerance in tomato plants (Cai et al. 2017; Neta-Sharir et al. 2005).

6.1.5 Role of Heat Shock Proteins in Stress Tolerance
in Animals

A study by Dwivedi and Lakhotia have shown that Amalaki Rasayana (AR), an
ayurvedic herbal formulation, improves tolerance in Drosophila melanogaster
against crowding, thermal (Dwivedi et al. 2012; Wang et al. 2004) or oxidative
stress. The expression of Hsp 27 which is important in stress tolerance like starva-
tion, oxidative stress and in life span determination (Hao et al. 2007; Pandey et al.
2016; Shi et al. 2011; Wang et al. 2004) is elevated in both AR-fed wild type control
and AR-treated heat shocked larvae (Dwivedi and Lakhotia 2016).

Antarctic sea urchin (Sterechinus neumayeri) are reported to be capable of over-
expressing stress proteins (Hsp 90, Hsc 70, Hyou letc.) as a result of thermal stress
(Gonzalez et al. 2016).



120 S. Ghosh et al.

It is reported that Hsp 70 family of proteins are essential for the cellular survival
from heat stress and other types of physiological challenges in fish. Although pro-
grams of gene therapy have made impressive advances in recent years, the over
expression of Hsp70 has proven to be problematic. Thus, its therapeutic role needs
further investigation (Basu et al. 2002).

However, it has been shown that oxidative stress mediates upregulation of Hsp
90a in the hepatocytes of Mugil cephalus living in a polluted estuary. The stress
resistance imparted by Hsp 90a involves proteins such as apoptosis signal-regulating
kinase 1 (ASK 1), c-Jun NH2-terminal protein kinase 1/2, signal transducers and
activators of transcription (STAT), extracellular signal-regulated kinase 1/2 (ERK
1/2), protein kinase B, nuclear factor-kappa B (NF kB), Ets-like protein 1, and B
cell lymphoma-2 (Padmini and Rani 2011).

According to one study, both acute and chronic non-lethal heat shock (NLHS)
treatment enhances the survival rate of shrimps Peneaus vannamei against acute
hepatopancreatic necrosis disease (AHPND) caused by Vibrio parahaemolyticus
than non-treated shrimps (Junprung et al. 2017). The authors have shown that the
expression levels of heat shock proteins like LvHSP70, LvHSP90 and immune-
related genes like LvproPO and LvCrustin are upregulated in chronic NLHS treated
shrimps. But in shrimps with LvHSP70 and LvHSP90 gene knockdown, tolerance
against chronic NLHS was absent, suggesting a vital role of heat shock proteins like
Hsp70 and Hsp90 in bacterial defence in shrimp. Not only that, knockdown of Hsp
70 also influences the heat and bacterial infection tolerance in Artemia franciscana
nauplii (Iryani et al. 2017). Fishes of hot spring run-off areas (Puntius sophore) have
shown high expression level of Hsp 90 and Hsp 47 to tolerate heat shock (Mahanty
et al. 2017).

Nrf2 (Nuclear factor (erythroid-derived 2)-like 2) helps in stress tolerance. A
study by Mohanty et al. have shown that dietary curcumin supplementation in
Puntius sophore enhances the expression levels of Nrf-2, SOD, catalase, gpx, Hsp
60, Hsp 70, Hsp 90 and Hsp 110 in gill and liver compared to control group. The
result suggests that curcumin supplemented group exerts better stress tolerance via
Nr1f2 induced upregulation of various antioxidative enzymes and heat shock pro-
teins (Mahanty et al. 2017). According to another study, in thermal tolerance, the
expression mode of Hsp 70 is much more crucial than Hsp 70 itself. When P. oliva-
ceus and the hybrids (P.olivaceus @ x P. dentatus 3) are subjected to both acute and
chronic heat stress, the hybrids shows better thermotolerence via increased tempera-
ture thresholds, shorter durations, stronger magnitudes and increased delays of Hsp
70expression (Liu et al. 2017).

Kurino et al. have shown in their study that Caenorhabditis elegans exertsmore
longevity and thermotolerance when treated with isoamyl alcohol and acetic acid as
odor stimuli. In presence of isomethyl alcohol, the expression levels of SOD 3 and
Hsp 12.6 are increased and heat stress tolerance is mediated through DAF-16 activa-
tion whereas acetic acid odor stimulus increases the expression level of Hsp 16.2
and the stress tolerance is mediated through HSF-1 activation (Kurino et al. 2017).
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6.2 Conclusions

Owing to their evolutionary significance, heat shock proteins have been extensively
studied. Their link with oxidative stress has been reported in a wide range of studies.
However, their detailed molecular mechanisms are yet to be investigated. Oxidative
stress has also been reported to be a principal component of thermal tolerance. This
chapter has ventured into the ocean of information put forward by a wide range of
research articles related to the role of heat shock proteins in oxidative stress. The
related studies have imparted valuable knowledge of the interplay of heat shock
proteins and oxidative insult in a wide range of diseases like Alzheimer’s, Parkinson,
diabetes etc. The various mechanisms of stress tolerance associated with heat shock
proteins have also been provided with respect to prokaryotes, plants and animals.
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Chapter 7
Heat Shock Proteins in Oxidative
and Nitrosative Stress

Asmaa A. A. A. Kattaia, Samia A. Abd El-Baset, and Eman M. Mohamed

Abstract Multiple human pathologies have been attributed to oxidative/nitrosative
stress. Stress occurs when the production of reactive oxygen species (ROS) and/or
reactive nitrogen species (RNS) exceeds the antioxidant capacity. Heat shock pro-
teins (HSP) are closely related families of constitutively expressed and stress-
induced cellular proteins that protect cellular homeostasis against heat and other
stress stimuli. Oxidative stress is considered a key mediator of HSP induction. This
chapter reviews the role of Hsp70 in different disorders associated with oxidative/
nitrosative stress with reference to factors affecting Hsp70 gene expression, the role
of proteasomes, the anti-apoptotic and anti-inflammatory effects and the relation
between heat stress and oxidative stress. Moreover, we address the overexpression
of other HSP such as Hsp32, 27, 40 and 60 following oxidative/nitrosative stress.
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RNS Reactive nitrogen species

ROS Reactive oxygen species
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TNF Tumor necrosis factor

7.1 Introduction

Stress occurs when the net flux of reactive oxygen species (ROS) and/or reactive
nitrogen species (RNS) production exceeds the capacity of antioxidant defences
(Wellen and Thompson 2010). Under oxidative stress, excessive ROS/RNS com-
promise the intracellular environment and can lead to damage of DNA and degrada-
tion of lipid and protein (Guo et al. 2013). Moreover, changes in the cellular redox
state can also be a signal for the activation of the inflammatory and apoptotic path-
ways (Mattson 2006; Varga et al. 2015).

Oxidative stress is considered as a risk factor for the development and progres-
sion of human pathologies such as cardiovascular diseases, aging, neurodegenera-
tion, and cancer (Acharya et al. 2010; Salmon et al. 2010).

Nitrosative stress is the reaction of body tissues to nitric oxide (NO) (Eu et al.
2000). The direct effect or the primary mode of NO action results from reactions
between NO itself and other biological molecules and results in most of the physi-
ological effects of NO (Pacher et al. 2007). Whereas, the indirect or the secondary
mode of NO action results from reactions of NO-derived RNS with other molecules
producing marked cellular injury. It has been shown that the direct effects are medi-
ated at low concentrations of NO for short periods; meanwhile the indirect effects
are sustained by high local NO concentrations over prolonged periods (Kiang et al.
2004). The reaction of NO with superoxide produces the highly reactive peroxyni-
trite which generates massive ROS and massive S-nitrosylation causing cellular
damage (Calabrese et al. 2000a; Wen et al. 2015)

Heat shock proteins (HSP) are closely related families of constitutively expressed
and stress-induced cellular proteins. They function as molecular chaperones, facili-
tating protein synthesis, protein folding and transport processes (Beckmann et al.
1990). They protect cellular homeostasis against heat and other stress stimuli
including reactive oxygen species (ROS), ischemia and reperfusion, sepsis, and
acute inflammation (Plumier et al. 1995). Oxidative stress is considered a key medi-
ator of HSP induction. Cells exposed to oxidative/nitrosative stress at normal tem-
peratures respond by increasing the expression of HSP (Omar and Pappolla 1993;
Wen et al. 2015).
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7.1.1 Heat Shock Protein 70 (Hsp70)

Hsp70 represents the major protective stress protein. Hsp70 family includes the
cytosolic constitutive form Hsc70 (cognate Hsp70; 73 kDa), the stress inducible
form (Hsp72; 72 kDa), GRP78 (glucose-regulated protein in the endoplasmic retic-
ulum; 78 kDa) and the mitochondrial Hsp70 (Hsp75; 75 kDa) (Calabrese et al.
2003). Hsp70-mediated chaperoning may be exerted at the mitochondrial mem-
brane and/or within the mitochondria as well as within the cytoplasm (Stuart et al.
1994). Polla et al. (1996) suggested that HSP protect cells from oxidative damage
by targeting mitochondria. The protection by Hsp70 may be stronger than the
mitochondria-specific Hsp65. Hsp70 acts as a sensor of cellular redox changes and
play a role in cellular processes that occur during and after exposure to oxidative
stress (Kalmar and Greensmith 2009). These chaperones may suppress the toxicity
of oxidative stress (Liu et al. 1997). They enable the cell to cope with excess mis-
folded or denatured proteins (Asea 2005). Hsp70 correct misfolded proteins by
refolding or directing damaged proteins to the degenerative pathways (Mayer and
Bukau 2005). Hsp70 also has anti-apoptotic and anti-inflammatory actions and thus
can actively prevent protein damage following oxidative stress (Kalmar and
Greensmith 2009).

7.1.1.1 Activation of Heat Shock Factor 1 (HSF1)

Two HSFs can be recognised in humans, HSF1 and HSF2. HSF1 is activated by heat
shock and other stresses. HSF2 activation is dependent on non-stressful conditions,
including cell-cycle events during embryonic development, growth factors, or onco-
gene expression (Morimoto et al. 1994). Following stress, denatured proteins serve
as a stimulus for induction of HSF1 and cause dissociation of HSF1 and Hsp90
(Zou et al. 1998). Freed HSF1 is phosphorylated and forms trimers. The trimers
enter the nucleus and bind to heat shock elements within the promoter of the Hsp70
gene to stimulate transcription of heat shock proteins (Morimoto et al. 1994; Wu
et al. 1994). It has been demonstrated that NO may lead to trimerization and activa-
tion of HSF-1 by interacting with its SH-groups to form the intermediate
S-nitrosothiol that degrades to highly reactive thiol radicals which in turn accelerate
the formation of disulphide links between HSF-1 molecules (Malyshev et al. 1996).
Indirect activation of (HSF-1) occurs when ROS/RNS oxidize critical amino acids,
such as cysteine thiols, resulting in activation of Keapl/Nrf2 and Hsp90/HSF-1
transcriptional pathways and production of Hsp70 (Um et al. 2011; Zhang et al.
2011). Many inducers of Nrf 2-dependent genes have been shown to increase the
protein levels of Hsp70 (Zhang et al. 2004).
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7.1.1.2 Hsp70 Gene Expression
Nature of the Oxidative Challenge

External oxidants such as hydrogen peroxide and menadione exhibited activation of
HSF-1 and accumulation of Hsp70 mRNA and protein in most systems tested
(Jornot et al. 1991; McDuffee et al. 1997), with a few exceptions (Bruce et al. 1993)
who evidenced that external oxidants activate the HSF but fail to cause transcription
of the heat shock genes or synthesis of Hsp70 protein in NIH-3 T3 cells. On the
other hand, when NIH-3 T3 cells were exposed to hypoxia/reperfusion, Hsp70 pro-
tein increased (Donati et al. 1990). A possible explanation is that oxidants cause
only the initial oligomerization step during the activation of the HSF but not the
subsequent phosphorylation which is required before transcription (Bruce et al.
1993). In Bovine coronary venular endothelial cells incubated with xanthine oxi-
dase and hypoxanthine, oxidative injury increased Hsp70 mRNA synthesis, but no
changes in Hsp70 protein levels were detected (Aucoin et al. 1995). This was attrib-
uted to inhibition of protein synthesis by oxidative stress at the translational level,
specifically at the level of chain initiation (Jornot et al. 1991).

Interaction between NO and Hsp70 Genes

Several studies have shown that NO and Hsp70 affect the gene expression of each
other (Adrie et al. 2000). Hsp70 themselves can inhibit inducible nitric-oxide syn-
thase (iNOS or NOS II) gene expression. For example, in rostral ventrolateral
medulla (RVLM), Hsp70 protects macrophages against peroxynitrite cytotoxicity
by enhancing the nitric-oxide synthase I/ protein kinase G (NOS I/PKG) signaling
pathway and inhibiting the NOS II/peroxynitrite cascade (Li et al. 2005).

7.1.1.3 Proteasomes and Hsp70

Hsp70 is important in sorting out proteins for both the proteasome and lysosome-
mediated protein degradation systems (Kalmar and Greensmith 2009). When the
proteasome becomes overloaded following exposure to prolonged oxidative stress,
the lysosome may be utilized to free the cell from damaged proteins in a process
called “chaperone mediated autophagy” (Kaushik and Cuervo 2008).

Following oxidative injury, proteasome activity is inhibited which may result in
accumulation of damaged proteins (Okada et al. 1999). Application of proteasome
inhibitors was found to induce Hsp70 expression (Lee and Goldberg 1998). Other
HSP also attenuate oxidative injury by preserving proteasome activity (Ciechanover
et al. 2000; Ding and Keller 2001).
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7.1.1.4 Hsp70 Inhibits Inflammation and Apoptosis Following Oxidative/
Nitrosative Stress

Oxidative/nitrosative stress is followed by activation of inflammatory and apoptotic
cell death pathways (Varga et al. 2015; Wen et al. 2015). The anti-inflammatory
actions of Hsp70 are mediated by binding to inflammatory mediators such cyclo-
oxygenase- 2 and the nuclear factor kappa beta (NF-kB) and the subsequent inhibi-
tion of them (Ialenti et al. 2005; Jo et al. 2006). Hsp70 plays an important role as
anti-apoptotic by binding proteins activated via the mitochondrial pathway of apop-
tosis or preventing caspase independent cell death (Li et al. 2000; Matsumori et al.
20006).

In hematopoietic cells, Hsp70 is able to protect against TNF-induced apoptosis
(Wen et al. 2015). It is possible that the complex formed between Hsp70 and iNOS
might decrease the enzymatic activity of iNOS and subsequently decrease NO pro-
duction resulting in turn in decreasing TNF-a level and consequently inhibit apop-
tosis (Kiang et al. 2004). On the other hand, Nitration of Hsp90 over a certain
threshold is sufficient to convert this pro-survival chaperone into a pro-apoptotic
protein and mediate the activation of death pathways to remove damaged and sub-
functional cells. Nitrated Hsp90 induces apoptosis by activation of Fas pathway of
cell death (Franco et al. 2013).

7.1.1.5 Relation between Heat Stress and Oxidative Stress
Heat Stress Induces Oxidative Stress

Heat stress is a major source of oxidative stress via generation of oxygen free radi-
cals and lipid peroxidation, creating a redox imbalance (Altan et al. 2003). The use
of free radical scavengers inhibited lipid peroxidation and HSP induction by heat
(Burdon et al. 1987). Hsp70 significantly elevated antioxidant enzyme activities and
inhibited lipid peroxidation to protect the intestinal mucosa from heat-stress injury
in broilers (Gu et al. 2012).

Oxidative Stress Affects Heat Tolerance

Several studies suggest a synergistic relationship between heat stress and oxidative
stress that enhances cell death (McAnulty et al. 2005). After heat exposure, the
refolding activity of proteins was inhibited in H,O,-pretreated cells (human malig-
nant glioma T98G and A172 cells) and almost recovered by pre-treatment with
L-N-acetylcystein. Under heat stress, oxidative stress attenuated the HSR and
induced ER stress. The multiple stress signals that develop in cells augment cell
death. (Adachi et al. 2009)
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7.1.1.6 Role of Hsp70 in Disorders Associated with Oxidative/Nitrosative
Stress

Calabrese et al. (2000b) reported that Hsp70 has been involved in the protection
against oxidative/nitrosative stress. Treatment with the heat shock protein 90-binding
agent (HBA) geldanamycin and its analogues (17-AAG and 17-DMAG) mediated
up-regulation of Hsp70 and Hsp27 expressions in a mouse model of kidney isch-
emia/reperfusion (I/R) injury and in renal adenocarcinoma (ACHN) cells exposed
to H,O, in vitro. Harrison et al. (2008) suggested that renal cells were protected
from oxidative injury through a stress protein-mediated mechanism independent of
heme oxygenase-1 (HO-1). During oxidative stress induced by varying selenium
concentrations, the testicular cells synthesized high levels of Hsp70, which pro-
tected against the oxidative injury in mice (Kaushal and Bansal 2009).

Selenium protected liver cells from oxidative damage caused by chronic arsenic
poisoning in rats by increasing the expression of Hsp70 to improve the activities of
antioxidant enzymes (Xu et al. 2013). In another study, the hepatic cells counter-
acted the depletion of glutathione induced by selenium deficiency by the up-
regulation of Hsp70, 40, 60, 27, and 90 genes in chicken (Liu et al. 2015). Increased
expression of Hsp70 protected cultured human respiratory epithelium against oxi-
dant injury secondary to hyperoxia by decreasing the production of 8-iso-PGF2a, a
sensitive marker of cellular oxidant stress (Wong et al. 1998). In contrast, Strand
et al. (1994) found that HSP induction did not protect whole rat lungs or cultured rat
fibroblasts against hyperoxia. This was explained by the methodological differences
between the two studies (Wong et al. 1998). Also induced Hsp70 level in the brain
tissue of rats in response to decrease in the glutathione/glutathione disulfide ratio
and oxidative stress was reported (Calabrese et al. 2000b).

NO could initiate the synthesis of the stress protein, Hsp70. Injection of NO
donors such as dinitrosyl iron complex resulted in accumulation of Hsp70 in the rat
heart (Malyshev et al. 1996). Pretreatment of hepatocytes with NO altered the redox
state and was accompanied by oxidation of glutathione and formation of
S-nitrosoglutathione which induced Hsp70 mRNA (Kim et al. 1997). Calabrese
et al. (2000a) added that NO-induced activation of the heat shock response is
thought to be mediated by the cellular oxidant/antioxidant balance, primarily by the
glutathione status and the antioxidant enzymes. Further, stress caused by peroxyni-
trite exposure up-regulated Hsp70 expression that participated in elimination and
transportation of misfolded proteins to afford neuroprotection (Wen et al. 2015).

Our data revealed significant enhancement of immune-histochemical expression
of Hsp70 following oxidative/nitrosative stress induced by nitrate exposure in rat
liver. The co-administration of the anti-oxidant s-allylcysteine decreased Hsp70
level to normal. We attributed that to the ability of s-allylcysteine to improve oxida-
tive stress resistance of tissues by inhibiting iNOS gene expression and restoring
hepatic glutathione level (Kattaia et al. 2017). Chan et al. (2004) indicated that
Hsp70 produce protection against sepsis via inhibition of iNOS gene expression in
the RVLM.
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7.1.2 Other HSP Linked to Oxidative/Nitrosative Stress

Heme oxygenase-1 (HO-1; Hsp32; 32 kD) is a redox sensor protein with enzymatic
activity involved in the degradation of pro-oxidant heme into potent antioxidant CO
and bilirubin. HO-1 is inducible and synthesized in response to oxidative stress,
whereas HO-2 is constitutively expressed (Gozzelino et al. 2010). Hsp32 expression
is also induced by oxidative/nitrosative stress and regulated by activation of the
common transcription factor for HSP, HSF1. The Hsp32 gene contains the antioxi-
dant responsive element (ARE) in its promoter region, similar to other antioxidant
enzymes (Calabrese et al. 2003; Kalmar and Greensmith 2009). In human lung
carcinoma (A549) cells and HepG2 cells, Hsp70 and HO-1 played an important role
in the protection against silver nanoparticles (Ag NP)-induced oxidative injury (Xin
et al. 2015).

The small HSP such as Hsp27 have been also reported to act as antioxidants and
protect against protein misfolding following oxidative stress (Arrigo 2007). This
protective effect of Hsp27 is mediated by the ability to keep glutathione in its
reduced form under oxidative stress (Arrigo et al. 2005). In cultured human optic
nerve heads (ONHs) astrocytes, H,O, induced Hsp27 mRNA expression (Alice
et al. 2008). Hsp27 is synthesized mainly in astrocytes in response to ischemic situ-
ations (Calabrese et al. 2005). Hsp27 has been implicated as a therapeutic target in
ischemic stroke and neurodegenerative disorders (Shimura et al. 2017). Hsp27 was
also induced by oxidative stress in different cellular systems such as vascular endo-
thelial cells (Nguyen et al. 2004), ventricular myocytes (Blunt et al. 2007) and lym-
phomonocytes from patients with liver disease (Federico et al. 2005). The
up-regulation of Hsp27 expression correlated strongly with protection of retinal
cells and corneal epithelial cells from stress injury (Li et al. 2003; Shi et al. 2006).

Neural cells transfected with human HDJ-1, 1, a member of the Hsp40 family,
were more resistant to oxidative damage. Cells expressing increased levels of HDJ-1
showed a greater preservation of proteasomal activity and mitochondrial function
following exposure to oxidative stressors (Ding and Keller 2001). Further, cold
stress resulted in oxidative damage in the chicken heart and increased Hsp40 and
Hsp70 levels (Zhao et al. 2013). Oxidative stress and hyperglycaemia can also lead
to up-regulation of Hsp60 and Hsp70 in HeLa cells (Hall and Martinus 2013).
Hsp60 may act as a barrier to mitochondrial oxidative stress mediated apoptosis
(Sarangi et al. 2013).

7.2 Conclusions

Hsp70 acts as a sensor of cellular redox changes and has been implicated in the
protection against oxidative/nitrosative stress. Indirect activation of HSF-1 occurs
when ROS/RNS oxidize critical amino acids, such as cysteine thiols, resulting in
activation of transcriptional pathways and production of Hsp70. The nature of the
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oxidative challenge affects Hsp70 gene expression. Moreover, nitric oxide (NO)
and Hsp70 affect the gene expression of each other. Hsp70 is important in sorting
out proteins for both the proteasome and lysosome-mediated protein degradation
systems. Application of proteasome inhibitors was found to induce Hsp70 expres-
sion. Hsp70 also has anti-apoptotic and anti-inflammatory actions and thus can
actively prevent protein damage following oxidative/nitrosative stress. Heat stress is
a major source of oxidative stress. Several studies suggest a synergistic relationship
between heat stress and oxidative stress that enhances cell death. We highlighted the
overexpression of Hsp70 in different organs and the underlying mechanisms follow-
ing oxidative/nitrosative stress. Other HSP such as Hsp32, 27, 40 and 60 have also
been linked to oxidative/nitrosative stress.
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Chapter 8

High Content Screening of Small
Molecule Modulators Targeting
Heat Shock Response Pathway

Daniel Zhang and Bin Zhang

Abstract Phenotypic high content screening (HCS) has resurged in recent years as
an important platform in the drug discovery paradigm, particularly to address the
serious challenges in the current target based approaches. Using the highly con-
served heat shock response (HSR) pathway as a therapeutic intervention point, we
established a cell based, high throughput, multiplexing, and disease relevant pheno-
typic screening platform for small molecule HSF1 modulators in cancer and neuro-
degenerative diseases. In this chapter, the authors reviewed their systematic design
of methodology and workflow in detail, including the characterization of cellular
phenotypic changes, image analysis and quantification, assay development and
automation, screening operation and quality control, counter-screen and lead opti-
mization, target identification and mechanism of action study. Selected compounds
from the phenotypic screening, including novel HSF1 activators and HSF1 inhibi-
tors, were discussed in regard to their chemical structures, therapeutic effects, and
cytotoxicity for potential drug development. The authors also addressed the uncer-
tainties and risks in target deconvolution, which still remains to be the most difficult
hurdle in phenotypic screening. Recent HCS advances in tissues, organs and whole
organisms, such as 3D tissue imaging, organ-on-a chip, IPS derived cell models,
relevant animal models, etc., may bring an effective solution for delivering target-
specific, first-in-class drugs in the future.
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Abbreviations

Cv Coefficient of variation

EC50 Half maximal effective concentration
FDA Food and drug administration

GFP Green fluorescent protein

HCS High content screening

HSF1 Heat shock factor 1

HSP Heat shock protein

HSR Heat shock response

HTS High throughput screening

IC50 Half maximal inhibitory concentration

iPScell  Induced pluripotent stem cell
MOA Mechanism of action

PD Pharmacodynamics
PK Pharmacokinetics
SAR Structure activity relationship

shRNA Small hairpin RNA
siRNA Small interfering RNA
target ID  Target identification

8.1 Introduction

Target based drug discovery has been very successful in the past three decades, with
delivery of several highly effective molecular therapeutics in the clinical applica-
tions (Workman 2005; Sawyers 2005), including small molecule drugs (Gleevec,
Iressa, and Tarceva) and therapeutic antibodies (Herceptin, Erbutix, and Avastin).
However, in recent years, “low-hanging fruit” in terms of validated and druggable
targets have become depleted, particularly in the less understood disease areas such
as neurodegeneration, metabolic syndromes and certain types of cancer. The discov-
ery of first-in-class compounds or biologicals has become a significant challenge,
with high attrition rate and low production observed in the process. As a result, only
40% of FDA approved first-in-class drugs (small molecule and biologicals com-
bined) from 1999-2008 are through target based approaches (Swinney and Anthony
2011; Eder et al. 2014). Interestingly, the majority of the approved drugs with novel
mechanisms of action (MOA) are the result of phenotypic screening. Thus, the phe-
notypic based approach has regained broad interests both in the academic institu-
tions and pharmaceutical companies, with the hope of addressing the poor
productivity of new drugs in the current target centric era (Scannell et al. 2016;
Wagner 2016; Wagner and Schreiber 2016; Moffat et al. 2017).

Phenotypic screening features the disease relevant phenotype at the cellular level
or more complex biological systems, in which a small molecule or antibody can be
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Table 8.1 Phenotypic screening vs target based screening in drug discovery

Phenotypic Screen

Target-based Screen

Prior knowledge of
target or pathway

Unknown or limited information

Essential or well studied

Good for novel target exploration

Conventional, relatively low risk

Methodology

Unbiased image based assays with cell
lines, primary cells, iPS cells, 3D
tissues or whole organisms

Target focused biochemical
assays with recombinant
proteins

Primary screen
assay

Disease relevant phenotypes are
essential

Relatively less expensive in vitro
assays

Complex setups with advanced
instrumentations

High or ultra-high throughput

Data analysis can
be straightforward

Medium or high throughput with large
data set

Potential hits for different targets or
MOAs

Hit ID and ranking for single
target

Counter screen

Usually an extensive multi-assay
screen

In vivo cellular data can be very
different

Removing hits with irrelevant
phenotypes/MOAs

Removing false positive or
cytotoxic hits

Target ID and hit validation can be
challenging

Cell permeability can be another
issue

Lead selection/
optimization

Compound profiling & subcategory are
essential for maintaining the same
MOA

Relatively standard and
predicable SAR and lead triage
efforts

Lead selection based on potency with
minimum cytotoxicity and off-target
effects.

Different pharmacophores can
be combined for lead
optimization

Targets/MOAs are not essential for Go/
No-Go decision

Target ID is essential with
defined MOA and minimal
off-target effects

screened to induce or reverse the phenotypic changes to identify and validate new
lead compounds or new drug targets (Boutros et al. 2015; Fetz et al. 2016; Pegoraro
and Misteli 2017). Comparing to the target based drug discovery, phenotypic screen-
ing offers many advantages (Table 8.1): First, a particular phenotypic change is
usually tightly linked to the relevant disease, providing an excellent starting point
for small molecule/biologicals screening and intervention. With ever improving
imaging tools, complicate phenotypic changes can be accurately captured and
quantitatively measured for possible assay development (Mattiazzi et al. 2016).
Second, knowledge of molecular targets is unnecessary at the start of the screen,
making it possible to identify novel molecular targets or novel MOAs in an unbiased
fashion. This feature is extremely applicable to neurodegenerative diseases, where
distinguished cellular aggregations in the neuronal cells are well known whereas
little is understood in regard to the underlying molecular targets or MOAs (Khurana
et al. 2015). Third, a phenotypic screen is performed with intact cells, enabling
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Compound Management

Immunocytochemical staining or
live cell imaging

Server for data storage
(image/data, 10+TB)

Software/modules
for image processing

Fig. 8.1 Illustration of a typical HCS instrumentation setup and compound screening operation

direct evaluation of screening hits on cell permeability and efficacy. In comparison,
target based drug discovery relies on a purified recombinant protein outside its rel-
evant cellular context, which may cause undesirable downstream consequences.
However, phenotypic screening has considerable challenges, particularly with tar-
get identification and hit validation (Nijman 2015). Subcategory of screening hits
with same phenotypes is the key for maintaining the same MOA, thus producing
predictable responses after compound treatment. In addition to difficult target
deconvolution, expensive imaging instruments and complicated software setups
create a burden in the costly drug discovery programs (Moffat et al. 2017).

High throughput phenotypic screening has become a reality due to recent devel-
opments in high content image based screening (HCS) (Thomas 2010). As shown in
Fig. 8.1, this platform utilizes high density plates (384 wells or 1536 wells), robotic
plate delivery, automatic image acquisition instruments and advanced image data
processing software, thus substantially removing the bottle necks in the large scale
phenotypic screening. As a result, large compound libraries can be screened and
analyzed in a short period of time, sometimes closely matching the throughput level
of a biochemical assay (Chessel 2017). Several disease relevant phenotypic models
have been successfully investigated for small molecule screening with HCS format,
such as anti-infectious disease models (Gao et al. 2010), PCSK9 reduction in lower-
ing LDL cholesterol level (Petersen et al. 2016) and TGFp signaling in rare mono-
genic disease RDEB (Nystrom et al. 2015), etc.
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8.1.1 Heat Shock Response (HSR) and Small Molecule
Intervention

Heat shock factor 1 (HSF1) is a master transcriptional regulator that activates gene
transcription of a family of heterogeneous molecular chaperones called heat shock
proteins (HSP), in response to a wide range of intracellular proteotoxic stress
(Gomez-Pastor et al. 2017). HSP can recognize hydrophobic regions from the inte-
rior of proteins and protect or rescue these client proteins from misfolding and dena-
turation. As a result, HSP can facilitate the majority of intracellular proteins toward
functional conformations and restore homeostasis (Lindquist and Kelly 2011; Saibil
2013). This highly conserved pathway is well controlled at multiple levels. Upon
cellular stress, HSF1 undergoes a stepwise activation process including trimeriza-
tion, nuclear translocation and inducible posttranslational modifications (phosphor-
ylation, sumoylation, and acetylation). The active HSFI trimer recognizes the
promoter binding site, a consensus sequence block called heat shock element for
induction of HSP (Dayalan and Dinkova-Kostova 2017). Beyond the regulation of
HSP genes, HSF1 also targets a large group of other genes for various cytoprotective
functionalities (Anckar and Sistonen 2011). The important role of HSF1 in cellular
adaptation and survival has led to the hypothesis that some diseases, particularly
cancer and neurodegenerative diseases, are the accumulated results from abnormal
regulation of HSF1 and HSR pathway (Calderwood and Murshid 2017).

The impairment of HSF1 activity is a common defect in protein misfolding based
neurodegenerative diseases, as in the case of Alzheimer’s disease, Parkinson’s dis-
ease, Amyotrophic lateral sclerosis, etc. Decreased expression of chaperone pro-
teins can result in protein aggregation, proteotoxicity, neuronal dysfunction and cell
death (Neef et al. 2011). Several therapeutic active compounds were reported
through the activation of HSF1/HSSP stress response, including celastrol, 17-AAG,
arimoclomol, etc. (Dayalan and Dinkova-Kostova 2017). Positive results from ani-
mal and clinical studies suggest this approach is an attractive strategy to reverse the
degenerative process (Phukan 2010; Xu et al. 2011).

In contrast, overexpression of HSF1 with increase of HSP is observed in a broad
range of tumors and tumor cell lines, enabling uncontrolled malignant growth,
metastasis and angiogenesis (Vydra et al. 2014). Several studies were performed
with HSF1 deficiency transgenic mouse models and human cancer cell lines with
shRNA knockdown of HSF1. The results confirmed that tumor growth is signifi-
cantly inhibited in HSF1—/— mice, and tumor cells have a much greater dependence
on HSFI function compared to normal cells (Dai et al. 2007). This “HSF1 addic-
tion” phenomenon suggests an effective anticancer strategy by inhibiting HSF1. A
number of small molecule inhibitors of HSF1 were identified with positive results
in the preclinical setting (De Thonel et al. 2011). In summary, the reciprocal dys-
regulation of HSR in cancer and neurodegenerative diseases enhances our view that
HSF1 plays a central role in proteostasis and pathological conditions, with great
therapeutic potentials for small molecule intervention in these two important dis-
ease areas (Dayalan and Dinkova-Kostova 2017).
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Fig. 8.2 Design of a HCS platform for small molecule modulators of HSR pathway. Bold arrows
indicate the workflow starting from a combined set of libraries (bioactive, diversified or natural
derived compounds) to lead identification and validation

Although efforts have been made to screen for pharmaceutical HSF1 modulators,
trimeric nature of HSF1 active molecule, along with its complicated posttranslational
modification state, make it difficult to develop an in vitro biochemical assay. Instead,
many studies were performed using engineered cell lines, containing luciferase or
GFP (green fluorescent protein) reporter system under the control of a selected HSP
promoter (Yoon et al. 2011; Santagata et al. 2012; Santagata et al. 2013). Several
small molecule inhibitors were discovered, which exhibit potent effects on tumor cell
lines and mouse tumor models (Yoon et al. 2011; Santagata et al. 2012). However,
some intrinsic limitations may lead to biased results. For example, the engineered
cell line may behave differently compared to the native cells, which can generate
artificial effects that are unrelated to the disease’s phenotype. Furthermore, the choice
of heat shock element (HSE) in the promoter region can be biased and makes it
impossible to monitor different HSP simultaneously.

We decided to use a cell based HCS platform as a primary screening tool for
HSF1 modulators. The goals of our research were two-fold. On one hand, we would
like to discover novel HSF1 modulators with high potency and unique chemotypes,
for molecular intervention of cancer and neurodegenerative diseases. On the other
hand, we would also like to develop a set of tool compounds that can functionally
dissect HSR, allowing thorough understanding of MOA with defined targets in this
important pathway. Figure 8.2 demonstrates our overall design for a cell based HCS
of small molecules targeting HSR pathway, with a focus on the therapeutic
intervention of neurodegenerative diseases and cancer. For HCS applications in
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more complex models, such as 3D tissues, organs, whole organisms or iPS derived
cell models (induced pluripotent stem cell), the readers can refer to several recent
reviews (Bhatia and Ingber 2014; Bilgin et al. 2016; Li et al. 2016; Shi et al. 2017).

8.1.2 HSFI Granule: Stress Specific Cellular Phenotype

HSF1 forms distinguished nuclear granules when transcriptionally activated in stress-
stimulated cells (Cotto et al. 1997; Sandqvist and Sistonen 2004). When stained with
HSF1 immunofluorescent antibodies, these nuclear granules are large and bright, but
are not colocalized with other known subnuclear components. Jolly et al. showed these
stress granules are primarily located at the 9q12 region through direct DNA-protein
interaction with satellite III repeats (Jolly et al. 2002; Jolly et al. 2004). In addition,
Denegri et al. reported the same target region and also suggested that the centromeric
regions of chromosomes 12 and 15 could be targets for the HSF1 granules (Denegri
et al. 2002). Although there is no evidence that HSF1 stress granules colocalize with
the transcription sites of the known HSP, the kinetics of HSF1 granule formation cor-
relates well with the transcriptional activity of HSF1. For example, HSF1 can be
detected in granules within 30 s of heat shock (Jolly et al. 1999). During attenuation
and recovery process from heat shock, the HSF1 granules disappear gradually (Cotto
et al. 1997). The similar kinetics of HSF1 granule formation were observed in a num-
ber of human primary and cancer cell lines, including Hela, A431, HOS, primary
fibroblasts and epithelial cells, etc. (Cotto et al. 1997). In summary, all these evidences
strongly suggest that HSF1 granule is a relevant phenotype in the stressed cells.
HSP70 protein is one of the most important and abundant molecular chaperones
(Saibil 2013). The major function of HSP70 is to provide cytoprotection against
stress-induced protein misfolding or denaturation. In addition, constitutively
expressed HSP70 protein also plays important housekeeping roles in nonstressed
cells (Daugaard et al. 2007). Following heat shock, there is a significant increase of
HSF1 induced HSP 70 expression, and the majority of newly synthesized HSP70
rapidly migrate into the nucleus. Zeng et al. reported that GFP-HSP70 exhibits a sig-
nificantly increased signal and becomes highly concentrated in the nucleoli and forms
HSP70 granule (Zeng et al. 2004). The formation of HSP70 granule strictly coincides
with the presence of HSF1 granules and is significantly downregulated in the thermo-
tolerant cells (Alastalo et al. 2003). Therefore, both HSF1 and HSP70 granules are
well documented phenotypic changes in the heat shocked cells, which can be used as
highly relevant cellular markers of HSR for quantitative image based analysis.

8.1.3 HCS Assay Development

The following assay conditions were carefully designed and validated with experi-
mental details published in several previously published articles (Au et al. 2008; Au
et al. 2009; Zhang et al. 2008; Zhang et al. 2009a; Zhang et al. 2016a).



148 D. Zhang and B. Zhang

HCS screening conditions

v N

37°C 41°C * 43°C * 45°C
Normal 2 granules Maximal granule (5) Lethal/cells die
No granule per nucleus per nucleus
HSF1 activator or HSF1 activator HSF1 inhibitor

HSF1 inhibitor

No change Increase of granules  Decrease of granules

Fig. 8.3 Establishment of heat shock conditions for a robust HCS screening. To eliminate edge
effects, customized aluminum plates were used for even heat transduction during heat shock pro-
cess. For activator screening, average granule number per nucleus in HeLa cells is 2.4 + 0.22 at
41°C for 2 h (Au et al. 2008). For inhibitor screening, average granule number nucleus in HeLa
cellsis 5 +0.14 at 43°C for 2 h (Au et al. 2009). The design allows for the screening of either HSF1
activators or inhibitors with quick change of heat shock temperature

1) Heat shock conditions for large scale compound screening:

Since we need to perform image acquisition of the stressed cells, constant and even
heat shock conditions are critical. When regular air heat (from an incubator) was
used for the heat shock experiments, we observed a large intraplate variability (CV
>40%, coefficient of variation) of the HSF1/HSP70 granule count throughout the
96-well or 384-well plates (data not shown). Our solution was to use custom-made
aluminum plates for even heat transduction. The aluminum plates can be preheated
in an incubator at the designated temperature the day before experiment. As a result,
significantly reduced CV (<7.94%) was documented in the 96-well or 384-well
plates with no edge effects.

We then investigated the heat shock temperature and duration time with different
cell lines. HeLa cells demonstrated the most constant phenotypic changes, i.e. HSF1
and HSP70 granule formation corresponding to the heat shock conditions. As illus-
trated in Fig. 8.3, HeLa cells showed an average of 2 granules per nucleus at 41°C
for 2 h, and exhibited maximum granule (average of 5) granules per nucleus at 43°C
at 2 h. At the lethal temperature of 45°C, most of stressed cells died. Our results
were in line with previous studies in other laboratories.
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For HSP70 and other HSPs (such as HSP90), we performed comprehensive
kinetic studies to determine the induction window. Recovery conditions were set to
incubate at 37 °C for 0 h recovery (RO, no recovery time), 2 h (R2), 4 h (R4), 6 h
(R6), and 24 h recovery (R24), respectively. In our experience, HSP70 expression/
granule formation peaked at R2, which was the time point chosen for HCS
screening.

2) Assay controls

Celastrol was selected as a positive control for screening of small molecule activa-
tors (Westerheide et al. 2004). Figure 8.4A shows the granule formation in HeLa
cells of HSF1 (RO, b) and HSP70 (R2, d) induced by 2 pM of celastrol at 41°C for
2 h, as compared to DMSO (negative control, a and c¢). These conditions were used
for HSF1 activator screening (Au et al. 2008).

For inhibitors of HSR pathway, we performed kinetic studies with different con-
centrations of triptolide, a known inhibitor of HSR (Westerheide et al. 2006). As
shown in Fig. 8.4B, our results confirmed this compound can decrease of HSF1/
HSP granule formation at 43°C from 1 to 4 h, with 2 h as an optimal condition for
HSF1 inhibitor screening (Au et al. 2009).

3) Multiplexing immunocytochemical assay

Immunocytochemical staining assays with HeLa cells were performed in 384 well
plates following the previous publications (Zhang et al. 2008; Au et al. 2008; Au
et al. 2009). Multiplexing DAPI/HSF1 (rhodamine)/HSP70 (FITC) tricolor staining
was performed and validated, with automation and liquid handling instruments for
large scale operation. To further understand the dynamics of HSP70 and HSP90
after HSF1 activation or inhibition, we also performed DAPI/HSP70 (rhodamine)/
HSP90 (FITC) multiplexing experiments after heat shock.

4) High throughput image acquisition, processing and quality control

Image acquisition was performed using an INcell 1000 (GE Healthcare, Piscataway,
NIJ) system integrated with a Twister II (Caliper Life Sciences, Hopkinton, MA)
robot for automated plate delivery. This real-time, walk-away assay has a through-
put up to 50-100384 -well plates per day. An online image analysis was carried out
using Multi Target Analysis (MTA) module from Workstation 3.6 (GE Healthcare,
Piscataway, NJ). Algorithms for HSF1/HSP70 total granule count, granule area, and
nuclear intensity coefficient of variation (CV) were established according to assay
conditions and manufacture instructions. It should be noted that multi-channel high
content images need large data storage space (up to tens to hundreds of terabytes),
particularly when initiating a large-scale HCS campaign.

As for data quality control, Z’ factor was adopted for monitoring robustness and
reproducibility of HCS assay over the entire activator or inhibitor screening cam-
paign (Zhang et al. 1999). For example, an average Z' of 0.65 (for an ideal assay,
7’ > 0.5) was obtained for the positive control with a satisfactory signal/noise ratio
of 11.25 and a relatively low CV of 12%, proving that the adaptability of our HCS
assay for automatic operation of HSF1 inhibitor screening (Au et al. 2009).
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HSP70

DMSO Celastrol

(B)
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HSP70

DMSO Triptolide

Fig. 8.4 Small molecule induced nuclear granule number changes of in the heat shocked Hela
cells. (A) Increase of nuclear granule formation of HSF1 (b) and HSP70 (d) by 2 uM celastrol, a
positive control for HSF1 activator screening. DMSO treated cells were shown in (a) and (c) (B)
Inhibition of nuclear granule formation of HSF1 (b) and HSP70 (d) of by 10 uM triptolide, a posi-
tive control for HSF1 functional inhibitor screening. DMSO treated cells were shown in (a) and (c)



8 HCS for Heat Shock Response Modulators 151

5) Compound ranking and subcategory of primary screening hits.

For the primary screen, we screened compounds at 10 pM in duplicate with multi-
plexing HCS assay on the heat shocked cells. As a control, the same compounds
were applied to the unstressed cells (at 37°C instead of at the heat shock tempera-
ture). Compounds that activated the HSR pathway at 37°C were considered unspe-
cific chemical stressors, and were removed from further studies. Selected hits were
tested in a dose-dependent format (5 nM to 100 pM concentration range), with a hit
list ranked by EC50 (half maximal effective concentration) or IC50 (half maximal
inhibitory concentration) of HSF1 granule formation.

Next, screening hits were subcategorized based on their phenotypic behaviors,
such as nuclear HSF1 granules, cellular HSP70 staining intensity, or nuclear fragmen-
tation, etc. Several commercially available software tools were particularly useful for
3D visualization of multi-parameter image data. We integrated a customized Pipeline
Pilot (Accelrys, San Diego, CA) dataflow platform with Spotfire software package
(TIBCO, Somerville, MA), for real-time image data analysis and visualization.

HCS can be also used as a secondary screen, which follows the non-targeted pri-
mary screening with functional assays. The combined set of data, visualized and
subcategorized by Spotfire software, can lead to an informative process during SAR,
lead optimization and MOA study. For example, a set of 4000 bioactive compounds
was screened by MG132 neuronal assay (ER stress cell based model) and MTS
cytotoxicity assay, followed by HSF1/HSP70 testing (Fig. 8.5A). A set of 99 cyto-
protective compounds was selected based on the preset cutoff values of MG-132 and
MTS assays, followed by sorting these compounds into four different phenotypic
groups (Fig. 8.5B). For the subgroup of HSF1+/HSP+, we discovered 11 compounds
which are potential HSF1 activators through the desirable MOA. Other chemical
series may exhibit different or unexpected phenotypes, such as compounds in HSF1-/
HSP+ or HSF1-/HSP- subcategory, indicating a cytoprotection mechanism indepen-
dent of HSF1. In addition, we also discovered several different chemical series with
different kinetics of HSP induction, or inducing different types of HSPs. Efforts have
been made to combine these data sets with the corresponding gene expression profil-
ing results, thus facilitating pathway analysis and target ID studies (data not shown).

8.1.4 Small Molecule Library Construction

When we started building our in-house compound library, we decided to select three
different categories of commercially available compounds to cover a broad chemi-
cal space (Table 8.2). The first category is called “chemogenomics library,” contain-
ing compounds with known biological activities or known drug targets. Many
published papers are available for these compounds, in addition to the public data-
base “The Chemical Probes Portal” (http://www.chemicalprobes.org). Several small
compound collections including LOPAC (Sigma-Aldrich, San Louis, MO),
Pharmakon Collection (Microsource Discovery Systems, Gaylordsville, CT),
Prestwick Chemical Library (Prestwick, San Diego, CA), and NIH compound
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Fig. 8.5 (A) Subcategory of screening hits from a library of ~4,000 bioactive compounds.
MG-132 cytotoxicity assay and MTS cytotoxicity assay were both performed as primary screening
methods. Selected hits were applied to the HSF1I/HSP70 granule assay (secondary screening
method). (B) 2D visualization of four parameters for all 4,000 compounds, which includes Y axis,
percent increase in neuronal cells (SK-N-SH); X axis, percent decrease in total live normal cells
(HEK?293). Quantification of HSF1 and HSP 70 granule formation (HeLa) were indicated with a
color scale bar for HSF1 (from blue or low to red or high in HSF1 granule formation) and a size
scale bar for HSP70 (from small or low to large or high in HSP70 granule formation). Cut off
values (percentage of compound value compared to DMSO): MG132 assay, >30%; MTS assay,
>80%; HSF1 assay, >20%; HSP assay, >30%. The selected subcategory of screening hits is inside
the orange box with desirable phenotypes
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collections are extremely valuable, which may provide clues for a particular
MOA. In addition, some of these compounds are FDA approved drugs so we can
explore drug-repurposing opportunities.

The second category of compounds are from structurally diversified libraries
with different chemotypes. Although most of these compound libraries have been
heavily screened with the target based approaches, the inactive compounds, or “dark
chemical matter,” may contain hits with novel cellular targets (Wassermann et al.
2015). In addition, it has been suggested that the molecular targets of known drugs
or tool compounds only account for 3 and 6% of the whole human proteome, respec-
tively (Santos et al. 2017). Thus, many targets, some of them belonging to under-
privileged target families, beg for innovative chemogenomic approaches (Jones and
Bunnage 2017). In our design, we selected diversified compound libraries from
Chembridge (San Diego, CA), Maybridge (Altrincham, United Kingdom), Life
Chemicals (Burlington, Ontario, Canada), etc. We excluded promiscuous com-
pounds with low cellular permeability, such as charged compounds or large molecu-
lar weight molecule (>500 Da).

Lastly, the third category of compounds are from natural products and deriva-
tives. Natural compounds make up more than 25% of the new chemical entities that
FDA has approved since 2010 (Harvey et al. 2015). Particularly, some of our control
compounds are natural products, such as celastrol and triptolide, making this cate-
gory critical for the success of our HCS campaign. Commercially available com-
pounds included libraries from Microsource Discovery Systems, TimTec (Newark,
DE) and Analyticon Discovery (Rockville, MD). Customized natural product librar-
ies, both the diverse set and the screening hit focused set, were also synthesized for
HSF1 inhibitor screening. The major concern for this category is in hit triaging and
lead optimization phase, when a natural product series is structurally too compli-
cated for structure-activity relation (SAR) study.

To facilitate target ID and deconvolution, chemogenomics libraries with com-
pounds of known targets and MOAs, were usually used as reference libraries for
the pilot screen. The large-scale screening of chemically diverse set or natural
product set was always performed after data were available from reference
libraries.

8.1.5 Counter-Screen and Lead Confirmation

As phenotypic screening opens up a significantly larger target space for investiga-
tion, lead series identification and validation becomes much more challenging than
that of target based screening. In addition, the confirmed hits may bind to a target
with significant safety liability. A rigorous counter-screen is essential for the suc-
cess of our HCS campaign. A set of in vitro biochemical and cell based assays were
incorporated to remove false positive hits or hits with undesirable safety profiles in
early stage, followed by in vivo testing on disease relevant animal models. As shown
in Table 8.2, our counter-screen assays evaluated selected hits with several
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Fig. 8.6 Representative lead compounds from HCS screening with the chemical structures of
HSF1 activators shown in (A—C) with their respective EC50 values in the HSF1 granule assay. The
chemical structure of HSF1 inhibitors are shown in (D) and (E) with their IC50 values

follow-up assays on cytotoxicity, HSP expression profiling, HSF1 dependency, dis-
ease relevant cell based models, and MOA studies. Representative lead compounds
and their structure are shown in Fig. 8.6.

1) Cytotoxicity evaluation

As the hit rate of our HCS was over 0.5%, much higher than conventional target
based screening, the cytotoxicity profiling was prioritized in all discovered hits. A
high throughput MTS viability assay was adopted to test compounds in several
normal cell lines including HuVec (human umbilical vein endothelial cells), HMEC
(human mammary epithelial cells), PrEC (human primary prostate epithelial cells)
and WI-38 (human fibroblast cells). In our experience, hits should be removed from
further consideration if they don’t meet the stringent safety profiles, with a calcu-
lated therapeutic index over 100. If a bioactive compound has a known cellular tar-
get, all public available safety data, including cardiotoxicity and hepatoxicity, were
analyzed to enable predictive toxicology (Persson and Hornberg 2016; Donato et al.
2017). To differentiate compound structure based vs MOA based cytotoxicity, active
hits along with their structure-related inactive counterparts were often tested in par-
allel. Although not in the scope of this review, cytotoxicity evaluation in the relevant
3D tissues or mouse models should be introduced earlier in the lead selection pro-
cess (Li et al. 2016). As a result, we can focus on a much shorten hit list for lead
selection and validation. Special attention was also given to the safety profiling data
during lead optimization phase, since there was a high probability that compound
derivatives from SAR study bind to a different target, with different safety issues.
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2) HSP expression profiling

HSP expression profiling is the key parameter for hit confirmation, which was
achieved through a high throughput image based assay and a low throughput west-
ern blot assay. In our HCS approach, we selected 2 recovery time points after heat
shock to measure HSP70 and HSP90 expression, including R2 and R4 (recovery at
2 or 4 h at 37°C), allowing response time for transcription and translation of HSPs.
This design also captured compounds with different MOAs, i.e. immediate induc-
tion vs delayed induction. HSP expression was evaluated by granule formation
(HSP70), cellular intensity or cellular intensity CV, following MTA modules of
Workstations (GE Healthcare). Interestingly, screening hits demonstrated different
expression profiles with HSP70 and HSP90. For example, some HSF1 inhibitors
completely turn off HSFI1 transcription activity with minimal HSP70 and HSP90
expression observed, while other hits only inhibit HSP70 or HSP90 (unpublished
data). The different HSP expression profiles of selected hits were further confirmed
by western blot analysis. In summary, we believe proper expression of HSP is a
shared mechanism between HCS assay readout and relevant disease models.
Accurate category of screening hits by individual HSP expression levels and kinet-
ics provided us with a crucial tool to track underline MOA or potential target(s).

3) HSF1 dependency

It is crucial to validate that HSF1 is the relevant target responsible for compound-
induced cellular response such as increased HSP expression (by HSF1 activator) or
decreased HSP expression (by HSF1 inhibitor). Both siRNA (for transient transfec-
tion) and shRNA (for stable transfection) were used for HSF1 knock down.
Particularly, we constructed a matching pair of HeLa cell lines stably transduced
with a retroviral vector that contains either shRNA to specifically knock down HSF1
expression or control vector with normal HSF1 levels. Western blot confirmed that
more than 90% of HSF1 was depleted in HeLa-HSF1 shRNA line. All selected hits
were tested with this pair of cell lines for their HSF1 dependency. For example, in
our HSFI inhibitor screening, HSF1 functional inhibitor PW3405 (Fig. 8.6(D))
caused significantly more cancer cell killing compared to DMSO controls in Hela-
vector shRNA control cells than that of HeLa-HSF1 shRNA cells lacking HSFI.
The fact that PW3405 increased heat shock—induced cell death only in the presence
of HSFI further confirmed an HSF1-dependent MOA.

Our lead selection was based on the stringent criteria that the compounds
should meet all phenotypic profiles (HSF1 and HSP profiles with no cytotoxicity)
before lead optimization phase. Moreover, each chemotype from our phenotypic
screen may represent a distinct mode of action with a unique target, which made
our hit follow-up study extremely complicated. Careful selection of lead candi-
dates can allow us to effectively use our resources at the early stage of the HCS
campaign, thus facilitating a focused SAR study for lead optimization. In addition
to lead candidates, some of the screening hits exhibited distinguished phenotypes
with highly reproducible testing results, but failed to meet the lead selection crite-
ria due to chemical liability. These tool compounds were documented for the pur-
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poses of assay development and subcategory reference. It proved to be a
considerably valuable collection of compounds with their cellular signatures in
HSR pathway. Similar strategy was also recently reported with NIH LINCS (The
Library of Integrated Network-Based Cellular Signatures) L1000 big data
approach, for compound profiling on the panel of more than 3000 potential drug
targets (Liu et al. 2015).

4) Disease relevant cell based systems

A number of cell based assays relevant to cancer and neurodegenerative diseases
were developed for confirming cytotoxicity of tumor cells (for HSF1 inhibitor
screening) or cytoprotection of neuronal cells (for HSF1 activator screening). The
details and related publications are listed in Table 8.2.

5) MOA study of HSF1 activators

In our practice, MOA study was performed in parallel with SAR of lead candidates.
The goal was to obtain a clinical candidate with understanding of its MOA. As
stated earlier, the complex mechanisms of HSF1 regulation at the posttranslational
level make it difficult for target deconvolution. For the case of HSF1 activators, our
understanding of compound induced HSF1 activation process is extremely limited.
Figure 8.6(A)~8.6(D) demonstrate the chemical structures of three selected lead
compounds. These compounds have 5~40 pM potency in HSF1 granule assay
(Zhang et al. 2009a; Zhou et al. 2009b; Zhou et al. 2009¢). After treatment with
these compounds, prolonged activation of HSF1, along with amplified HSP expres-
sion, was confirmed in the heat shocked cells. Importantly, no effects were observed
in cells without stress. As a result, potent cytoprotective activities were recorded in
various disease relevant cell based models (Table 8.2), such as transiently or stably
transfected poly Q-Htt models (relevant to Huntington’s disease), rotenone neuronal
cytotoxicity model (relevant to Parkinson’s disease), MG-132 cytotoxicity model
(relevant to ER stress), oxygen glucose deprivation model (relevant to ischemia and
stroke), etc. Multiple HSF1 knockdown studies supported the notion of HSFI
dependency for compound induced cytoprotection in different cell based systems,
although no individual cellular target was successfully identified (Zhang et al.
2009a).

SAR and lead optimization led to the discovery of a pyrimido[5,4-e] [1,2,4]
triazine-5,7(1H,6H)-dione derivative (Compound 4A-1, Fig. 8.6(A)), which has a
sub-micromolar potency (EC50 value of 0.41 pM) in the rotenone neuronal cytotox-
icity model (Zhou et al. 2009c¢). The results from rat liver microsome study demon-
strated that this compound has favorable metabolic stability with medium-high
aqueous solubility. The good drug-like property makes this compound a potential
clinical candidate in the treatment of Parkinson’s disease (Zhou et al. 2009a).

6) MOA study of HSF1 inhibitors

Extensive target ID studies were also pursued on HSF1 functional inhibitors, with
two representative lead compounds and their IC50 values shown in Fig. 8.6(D) and
8.6(E). These two compounds potently inhibit HSF1 granule formation at
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200-400 nM range, with selective killing of tumor cells in multiple cancer cell lines
(Zhang et al. 2009a; Zhang et al. 2016a). Given the major posttranslational modifi-
cations of HSF1 are phosphorylation and acetylation during heat shock process
(Gomez-Pastor et al. 2017), significant efforts were focused on the two types of
enzyme, kinase and deacetylase. Recombinant enzymes and in vitro biochemical
assays were commercially available or developed in house, allowing us to establish
a streamlined matrix system for measuring the binding affinity and specificity of
selected compounds against the specific enzyme panels.

A total of 20 Ser or Thr phosphorylation sites were reported in the posttransla-
tional modification of HSF1, making kinase the most prioritized category for target
ID search (Gomez-Pastor et al. 2017; Dayalan and Dinkova-Kostova 2017). The
activating sites are Ser320, Ser326, and Ser419 while the repressive sites are Ser121,
Ser172, Ser303, Ser307 and Ser363 (Gomez-Pastor et al. 2017). Phosphorylation of
Ser326 proved to be the most reliable indicator when HSF1 is activated, as con-
firmed in our HCS image assay and western blot study (Au et al. 2009; Zhang and
Zhang 2016). For example, PW3405 (Fig. 8.6D) from our inhibitor screening sig-
nificantly reduced the phosphorylation level of Ser326, followed by reduced expres-
sion of HSP proteins. shRNA knockdown of HSF1 confirmed the HSF1 dependency
for selective killing of cancer cells (Zhang and Zhang 2016). The potency of
PW3405 in HSF1 granule assay suggests that it would bind to its cellular targets
with high affinity in the sub-micromolar range. In vitro kinase panel screen indi-
cated that no high affinity kinase targets were found, including several well-known
kinase targets (such as ERK1 and ERK2) in the HSF1 regulation. There is a possi-
bility that PW3405 can activate ERK signal pathway through binding to an upstream
target, thus enhancing the phosphorylation of Ser326 of HSF1. It is also possible
that PW3405 exhibits polypharmacology, that is it exerts the therapeutic effects on
the synergistic mechanisms of two or more targets (Zhang et al. 2016).

Another interesting category is acetylase/deacetylase, with nine lysine residues
known for regulation of stress-activation of HSF1 (Gomez-Pastor et al. 2017). The
most well studied site is Lys80 in the DNA binding domain of HSF1 molecule
(Westerheide et al. 2009). It has been reported that SIRT1, a NAD-dependent pro-
tein deacetylase sirtuin 1, can deacetylate HSF1 and prolong its DNA binding
capacity on the promoter of HSP70 (Westerheide et al. 2009). An in vitro counter-
screening of sirtuins revealed that AC-92353 (Fig. 8.6E) can potently inhibit Sirt 2
with IC50 values of 6 pM, as well as two closely related members Sirt 1 and Sirt 3
with IC50 values of 45.3 pM or 24.6 pM (Zhang et al. 2009b), respectively.
AC-93253 also exhibited sub-micromolar selective cytotoxicity towards several
tumor cell lines tested with a therapeutic window of up to 200-fold, as compared to
the three normal cell types. High content analysis further confirmed that AC-93253
significantly triggered apoptosis in these cancer cells (Zhang et al. 2009b). However,
there is a more than 10-fold difference of IC50 values in the HSF1 granule assay
compared to the in vitro sirtuin assay, suggesting that Sirt 2 may not be the primary
cellular target. Efforts have been made to use AC-93253 as a novel chemical scaf-
fold for SAR and lead development (data not shown). Although the roles of Sirt2
and related deacetylases are less understood in tumorigenesis, small molecule
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inhibitors targeting this new type of targets can potentially be first-in-class drugs
with novel MOAs (Haigis and Sinclair 2010).

Although intensive studies were performed to identify the potential targets of our
lead compounds, no molecular target could be confidently assigned to the lead com-
pounds in our HCS drug discovery program. However, recent studies on HSF1
inhibitor screening have made some promising progresses. Using HSP72 expres-
sion in U20S human osteosarcoma cell line as readout in a different HCS approach,
Rye and colleagues identified a hit compound based on a 4, 6-disubstituted pyrimi-
dine scaffold as a potent inhibitor of HSF1. One compound derivative possessed
potent inhibitory activity against CDK9, although more work is needed to confirm
CDKO as a key molecular target in HSR pathway (Rye et al. 2016). Another HSF1
inhibitor, bisamide (CCT251236), was also discovered by the same group. This lead
compound exhibited a high affinity to pirin as confirmed by surface plasmon reso-
nance and crystallography. However, cellular SAR data were more complex for
determining the role of purin in the HSF1 pathway (Cheeseman et al. 2017). In
summary, the potential risk of a lead candidate without a defined target is still very
high in HCS. On the other hand, target knowledge is not essential for moving a lead
candidate to preclinical and clinical testing (Moffat et al. 2017). Although not in the
scope of this paper, several of our lead candidates show excellent results in the pre-
clinical testing with relevant animal models (data not shown).

8.2 Conclusions

HCS has made considerable progresses in recent years, credit to the advancements
in multiplexing imaging technology, data processing software, and robotic instru-
mentations. More importantly, quantitative proteomics, gene expression analysis
and next-generation sequencing have enabled the discovery of novel targets and
MOAs through the integration of these system biology data with deep phenotypic
information (Moffat et al. 2017; Schirle and Jenkins 2016; Schenone et al. 2013).
These drug discovery efforts are starting to receive payoffs, particularly in many
disease areas where standard target based approaches fail to deliver (Moffat et al.
2014; Moffat et al. 2017). As HCS starts to take an increasingly important role in the
early drug discovery process, many critical issues are expected to be resolved
through innovative approaches, such as 3D tissue imaging (Bilgin et al. 2016), iPS
derived cell models (Avior et al. 2016; Horvath et al. 2016), CRISPR/Cas9 gene
edited models (Moore 2015; Fellmann et al. 2017), organ-on-a-chip (Bhatia and
Ingber 2014), HCS toxicity testing (Persson and Hornberg 2016), advanced data
analysis and visualization technique (Moutsatsos and Parker 2016), etc. For the
drug discovery of HSR pathway, these issues include: how to identify a small mol-
ecule that can locally inhibit HSF1 for cancer therapeutics, with no side effects
(such as reduced expression of HSP) in the central nervous system? On the flip side,
problems need to be addressed for possible tumor promotion and metastasis by
small molecule HSP activators. Given that the 3D cocrystal structure of human
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HSF1 DNA binding domain with DNA is available, can we discover novel HSF1
modulators by structure-based design and virtual screening (Neudegger et al. 2016;
Vilaboa et al. 2017)? In the future, creative solutions will lead us to the discovery of
first-in-class medications for the unmet medical needs in cancer and neurodegenera-
tive diseases.
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Chapter 9

Regulation of Autophagy by the Heat
Shock Factor 1-Mediated Stress
Response Pathway

Yoshihisa Watanabe and Masaki Tanaka

Abstract Heat shock factor 1 (HSF1) is a master regulator of heat shock response
and controls transcription of heat shock proteins, including molecular chaperones.
It is recently becoming clear that macroautophagy (hereafter autophagy) is regu-
lated by the HSF1-mediated proteostasis network in cells exposed to stress condi-
tions. HSF1 controls expression of several autophagy related genes and activates the
autophagy receptor sequestosomel (p62/SQSTM1). This chapter focuses on regula-
tion of p62-associated formation of inclusions and selective autophagy clearance of
harmful proteins by HSF1. The contributions of autophagy induction by HSF1 acti-
vation to lifespan extension are also discussed.

Keywords Autophagy - Heat shock factor 1/HSF1 - Longevity - p62/SQSTM1 -
Protesostasis network
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ER Endoplasmic reticulum
FOXO Forkhead box protein O
HSC70 Heat shock cognate protein 70
HSE Heat shock element

HSF1 Heat shock factor 1

HSP Heat shock protein
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TAX1BPI Tax1-binding protein 1

TFEB Transcription factor EB
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XBP1 X-box binding protein 1

Y. Watanabe and M. Tanaka

9.1 Introduction

Accumulation of unfolded or aggregated proteins is very harmful to the cell and
causes neurodegenerative diseases, cancer, diabetes and amyloidosis (Stefani and
Dobson 2003). Harmful unfolded proteins are generated by genetic mutations or
various stresses, such as heat shock and oxidative stress. The proteostasis network
promotes protein folding to protect cells from the deleterious effects of unfolded
proteins (Sala et al. 2017). It is well known that molecular chaperones, such as heat
shock protein (HSP)60, HSP70, HSP90 and HSP100, facilitate refolding of unfolded
proteins (Saibil 2013). Another proteostasis event also involves protein degradation
processes, including the ubiquitin—proteasome system (UPS) and the macroautoph-
agy (hereafter autophagy) lysosome pathway (ALP). These systems play important
roles in degradation of damaging proteins (Wong and Cuervo 2010). Heat shock
factor 1 (HSF1), a master regulator of the heat shock response, controls transcrip-
tion of molecular chaperones, co-chaperones and ubiquitin (Carper et al. 1987,
Franceschelli et al. 2008). However, it is not known whether, under stress, autoph-
agy is regulated by the HSF1-associated proteostasis network. It is now becoming
clear that HSF1 is also involved in degradation of protein aggregates via autophagy.
In this chapter, we describe the basic machinery of autophagy, the mechanisms of
its regulation by HSF1 and the role of the HSF1-autophagy axis in longevity.
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Fig. 9.1 The HSF1-mediated proteostasis network. Monomeric HSF1 interacts with HSP90
and HSP70 in the cytoplasm. When various stresses generate unfolded proteins, HSF1 trimers
become localized to the nucleus and bind to the heat shock element (HSE) of the HSP genes, fol-
lowed by upregulation of HSP expression. Unfolded proteins are refolded by molecular chaper-
ones, such as HSP100, HSP90, HSP70 and HSP60, to protect cells from harmful proteins

9.1.1 HSFI1-Mediated Proteostasis Network

Unfolded proteins and protein aggregates are generated intra- and extracellularly
after exposure to various stresses, such as heat shock and oxidative stress (Morimoto
et al. 1997). Accumulation of these proteins adversely affects cellular functions,
resulting in cell death. To alleviate this situation, refolding and degradation of harm-
ful proteins are activated through the proteostasis network. In the proteostasis net-
work, distinct surveillance mechanisms exist for proteome function in the cytoplasm,
endoplasmic reticulum (ER) and mitochondria. Transcriptional activation of HSP,
including molecular chaperones and co-chaperones, is mediated by HSF1 in the
cytoplasm (Akerfelt et al. 2010), whereas transcriptional factors, such as X-box
binding protein 1 (XBP1), activating transcription factor 4 (ATF4), activating tran-
scription factor 6 (ATF6) and activating transcription factor associated with stress- 1
(ATFS1), respond to protein misfolding in the ER and mitochondria (Haynes et al.
2013; Labbadia and Morimoto 2015; Walter and Ron 2011). The HSF1-mediated
proteostasis network is described in Fig. 9.1. Under normal conditions, HSF1 exists
as an inert monomer, that interact with HSP70 and HSP90 (Morimoto 1998). Under
stress conditions, HSF1 forms homotrimers and becomes localized to the nucleus,
where it binds to heat shock elements within the promoters of HSP genes, resulting
in upregulation of HSP expression (Morimoto 1998). Genome-wide analysis in
mammalian cells showed that 46 genes, including those coding for HSP, have HSF1
binding sites in their promoters and that their expression can be induced by heat
shock (Trinklein et al. 2004). Cytosolic molecular chaperones, such as HSP60,
HSP70, HSP90 and HSP100, refold unfolded proteins, thus protecting cells from
stress (Saibil 2013). Moreover, expression of Bcl2-associated athanogene 3 (BAG3),
a co-chaperone for HSP70 and heat shock cognate protein 70 (HSC70), is also regu-
lated by HSF1 (Jacobs and Marnett 2009). It was recently shown that the small
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heat-shock protein-beta 8 (HSPB8)-BAG3-HSP70 chaperone complex was
involved in degrading defective ribosomal products within stress granules. Stress
granules are membrane-less ribonucleoprotein assemblies that exist under proteo-
toxic stress (Alberti et al. 2017; Ganassi et al. 2016). This degradation is carried out
by either chaperone-mediated autophagy or autophagy-independent clearance
(Ganassi et al. 2016). Furthermore, as described further below, BAG3 also has an
important role in selective autophagy of misfolded proteins (Gamerdinger et al.
2011).

9.1.2 Autophagy-Lysosome Pathway

The ALP is an intracellular metabolic process in which cytoplasmic proteins and
organelles, sequestered by autophagosomes, are degraded in lysosomes or vacuoles
(Mizushima 2007). More than 30 autophagy-related genes (A7G) were identified by
yeast genetic studies and their orthologs in higher eukaryotes were subsequently
described in many studies (Feng et al. 2014; Kabeya et al. 2000; Mizushima et al.
1998; Tsukada and Ohsumi 1993). Molecular functions of the Atg core machinery
are classified into 4 subgroups: (1) the Atgl/UNC51-like kinase-1 (ULK1) com-
plex; (2) Atg9 and its cycling system; (3) the phosphatidylinositol 3-kinase
(PtdIns3K) complex; and (4) two ubiquitin-like conjugation systems (Atg8/LC3
and Atgl2) (Feng et al. 2014). In Saccharomyces cerevisiae, the Atgl kinase com-
plex is composed of Atgl, Atgl3, Atg 17, Atg29 and Atg31, whereas mammalian
Atgl (ULK1) interacts with FIP200, Atgl3 and Atgl01 (Mizushima 2010). The
ULK1 complex is essential for initiation of autophagy and is directed to the ER,
together with Atg9 vesicles and the Beclinl-VPS34 (PtdIns3K) complex, in mam-
mals (Fig. 9.2). The PtdIns3K complex generates PtdIns3P, which recruits PtdIns3P
binding proteins, such as DFCP1 and WIPIs, promoting formation of isolation
membranes (Fig. 9.2). Atgl2 and LC3 are regulated by an ubiquitin-like conjuga-
tion system. Atgl?2 is covalently conjugated to Atg5 by the El-like enzyme Atg7
and the E2-like enzyme Atg10, sequentially binding to Atg16L1 to form the Atg12—
Atg5—-Atgl6L1 complex. LC3 is conjugated to phosphatidylethanolamine (PE) by
the E1-like enzyme Atg7, the E2-like enzyme Atg3 and the E3-like enzyme Atg12—
Atg5-Atgl6L1 complex. Both Atgl2—Atg5—-Atgl6L1 and LC3-PE localize to the
developing autophagosome and LC3-PE is probably a scaffold protein supporting
membrane expansion and determining the size of autophagosomes (Geng and
Klionsky 2008). Finally, mature autophagosomes are fused with lysosomes, result-
ing in degradation of cellular components.

Although autophagy was originally considered to be a non-selective bulk degra-
dation pathway, selective autophagy degradation has recently become well known
because various autophagy receptor proteins were discovered (Svenning and
Johansen 2013). Nutrient starvation induces degradation of cytosolic proteins and
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Fig. 9.2 The autophagy signaling pathway in mammals. The activated ULK1 complex translo-
cates to the phagophore formation site and recruits the Beclinl-VPS34 (PtdIns3K) complex.
VPS34 generates PtdIns3P, resulting in accumulation of the PtdIns3P binding protein, DFCP1, at
the omegasome. These events contribute to generation of an isolation membrane. Then, the isola-
tion membrane is elongated by two ubiquitin-like conjugation systems, the Atg5—Atgl2 complex
conjugation system and LC3-phosphatidylethanolamine (PE) conjugation system. Finally,
autophagosomes fuse with lysosomes, followed by degradation of its intraluminal content for
recycling

organelles by nonselective autophagy, whereas selective autophagy is targeted to
protein aggregates, damaged organelles, including mitochondria and lysosomes,
and intracellular pathogens (Stolz et al. 2014). Autophagy receptors interact with
individual substrates in ubiquitin-dependent or ubiquitin-independent mechanisms
(Khaminets et al. 2016; Watanabe and Tanaka 2011). For example, protein aggre-
gates are bound to sequestosomel (p62/SQSTM1), a neighbor of the BRCA1 gene
1 (NBR1), optineurin (OPTN), Cue5 and Toll-interacting protein (TOLLIP),
whereas damaged mitochondria are targeted to OPTN, nuclear dot protein 52
(NDP52) and Taxl-binding protein 1 (TAX1BP1) (Khaminets et al. 2016).
Autophagy receptors contain a Atg8/LC3-interacting region (LIR; Trp/Phe/Tyr—
x—x—Leu/Ile/Val) and selectively engulf cargo into autophagosomes (Khaminets
et al. 2016).

Selective autophagy eliminates protein aggregates that accumulate because of
proteasomal inhibition or overexpression of aggregation-prone proteins (Ravikumar
et al. 2002; Watanabe and Tanaka 2011; Watanabe et al. 2012; Zhu et al. 2010).
Autophagy receptors, such as p62, NBR1 and OPTN, are required for this selective
elimination of protein aggregates. These receptors have both the LIR domain and
the UBA and UBAN domains, which bind to ubiquitinated proteins, resulting in
their selective sequestration into autophagosomes (Wild et al. 2014). Furthermore,
the co-chaperone BAG3 was recently described as a mediator of the autophagy
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pathway (Gamerdinger et al. 2011). The HSP70-BAG3 complex interacts with
unfolded proteins in an ubiquitin-independent manner and transports them, in the
aggresome, along microtubules using the dynein motor complex. This transport is
followed by autophagic degradation of the unfolded proteins (Gamerdinger et al.
2011).

Autophagy induction is regulated not only by activation of Atg proteins, but also
by coordinated transcriptional activation of the ATG and accessory genes. For
example, expression of LC3b, ATG3, ATG5 and ATG12 is activated by the forkhead
box protein O (FOXO) transcriptional factors (Salih and Brunet 2008; Xu et al.
2011). Transcription factor EB (TFEB) is a master regulator of lysosomal biogene-
sis and regulates transcription of ATG9, WIPIs, ATG18, LC3b and p62 (Lapierre
et al. 2015; Settembre et al. 2011). Under stress conditions, HSF1 transcriptionally
induces ATGI8 and p62 expression in Caenorhabditis elegans (C. elegans) and
ATG7 and BAG3 expression in mammalian cells (Desai et al. 2013; Kumsta et al.
2017), suggesting that HSF1 is involved in autophagy induction.

9.1.3 p62-Associated Proteostasis

p62 is a multifunctional protein acting as a signaling hub for several signal trans-
duction pathways. Mutations in the p62 gene result in Paget disease of the bone,
amyotrophic lateral sclerosis or frontotemporal lobar degeneration (Kwok et al.
2014). Although p62 functions as a selective autophagy receptor, the protein is also
a selective autophagy substrate. Indeed, p62 is markedly accumulated in liver-
specific ATG7 knockout (KO) mice (Komatsu et al. 2007). ATG7 KO mice also
showed accumulation of inclusion bodies of ubiquitinated proteins, whereas
ubiquitin-positive inclusions were not detected in ATG7 and p62 double KO mice
(Komatsu et al. 2007). These results indicated an important role for p62 in forma-
tion of inclusion bodies with ubiquitinated proteins. Inclusion bodies and amyloid
deposits are considered pathological hallmarks in various neurodegenerative disor-
ders, including Alzheimer’s disease, Parkinson’s disease and amyotrophic lateral
sclerosis. p62 was commonly observed in these inclusion bodies (Kuusisto et al.
2002; Mizuno et al. 2006; Nakano et al. 2004). It is believed that p62-mediated
formation of inclusions with ubiquitinated proteins is protective against cell death
in neurons and cardiac myocytes (Doi et al. 2013; Su and Wang 2011). Moreover,
loss of p62 function caused significant exacerbation of eye degeneration in the
polyQ disease model flies (Saitoh et al. 2015). This evidence suggested that p62 is
critical for protein quality control in various tissues.

Moreover, p62 is also involved in Nrf2—Keap| antioxidative signaling pathways,
which control gene expression of antioxidant proteins and other detoxification
enzymes. Keapl acts as an oxidative stress sensor and suppresses the transcription
activity of Nrf2, the master regulator of antioxidant responses. Under oxidative
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stress, Nrf2 is dissociated from Keapl, enabling translocation of Nrf2 into the
nucleus. p62 competitively interacts with Keapl and these complexes are degraded
by the ALP. However, autophagy deficient mice had abnormal accumulation of
p62 in various tissues and developed multiple liver tumors (Komatsu et al. 2005;
Takamura et al. 2011). Like in these mice, p62-positive structures called
Mallory-Denk bodies and hyaline bodies were observed in several cases of human
hepatocellular carcinoma (Katsuragi et al. 2016). It is believed that excess p62 accu-
mulation because of autophagy deficits leads to persistent Nrf2 activation, attributed
to competitive binding of p62 to Keapl, resulting in increased liver tumor develop-
ment (Inami et al. 2011). Indeed, additional loss of p62 suppressed tumorigenesis in
the ATG7-deficient liver, supporting this hypothesis (Komatsu et al. 2007).

9.1.4 Regulation of Autophagy by a Stress Response Pathway

Heat shock stress at 43 °C for 30 min induces autophagy in various cultured cell
lines, such as HelLa and HEK293 cells (Zhao et al. 2009). However, it remains
unclear how autophagy machinery is activated during proteostatic stress although
several studies recently elucidated this mechanism. HSF1, a master regulator of
stress response pathways, plays an important role in autophagy induction under
stress conditions. For example, transcription of several ATG and accessory genes is
regulated by HSF1 (Fig. 9.3). Furthermore, HSF1 is also involved in activation of
p62. p62 is phosphorylated by mTORCI, casein kinase 1 and TBK1 at Ser349 (cor-
responding to Ser351 in the mouse) and Ser403 (corresponding to Ser405 in the
mouse) under various stresses such as oxidative stress, mitochondrial impairment
and proteasomal inhibition (Fig. 9.3). However, an HSF1 inhibitor or HSF1 KO
suppressed p62 phosphorylation at both sites, suggesting that these phosphorylation
events were regulated in an HSFI-dependent manner under stress conditions
(Watanabe et al. 2017). Ser349 and Ser403 phosphorylation sites are located in the
Keapl interaction region (KIR) and the UBA domain, respectively (Ichimura et al.
2013; Matsumoto et al. 2011; Pilli et al. 2012). In particular, Ser349 phosphoryla-
tion is believed to be required for stable binding to ubiquitinated proteins and Keap1
(Ichimura et al. 2013; Watanabe et al. 2017). However, the factors contributing to
p62 phosphorylation downstream of HSF1 are unknown. After binding, the p62—
substrate complex was oligmerized via the PB1 domain, resulting in inclusion for-
mation and its autophagic elimination (Komatsu et al. 2007; Lamark et al. 2003).
However, HSF1 inhibition suppressed inclusion formation of ubiquitinated pro-
teins, even when they were accumulated intracellularly and, thus, autophagic clear-
ance of protein aggregates was delayed (Watanabe et al. 2017). Collectively, these
findings suggested that HSF1 activates the autophagy system not only through
induction of autophagy-related gene expression but also through formation of inclu-
sions containing protein aggregates, formed via p62 phosphorylation.
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Fig. 9.3 Regulation of p62-associated proteostasis by HSF1. HSF1 activation enhances p62
phosphorylation (at Ser349 and Ser403) under stress conditions, stabilizing its binding to ubiqui-
tinated proteins or Keapl. Subsequently, p62 oligomerizes and forms inclusion bodies with ubig-
uitinated proteins and Keapl. These inclusion bodies are sequestered into autophagosomes and
degraded by lysosomes

9.1.5 HSFI1-Autophagy Axis in Longevity

Caloric restriction extends the lifespan of many organisms, from yeast to mammals
(Bishop and Guarente 2007). Genetic studies of longevity using C. elegans demon-
strated involvement of the insulin-like growth factor 1 (IGF-1) signaling pathway in
lifespan extension. Mutation of the insulin/IGF-1 receptor daf-2 gene caused consti-
tutive activation of the FOXO transcription factor DAF-16 and significantly
increased lifespan (Kenyon et al. 1993). HSF1 cooperatively activated DAF-16 and
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induced expression of specific genes, including genes encoding small HSP, result-
ing in lifespan extension (Hsu et al. 2003). In contrast to this result, it was reported
elsewhere that enhanced induction of HSP was not necessary for increased lifespan
(Baird et al. 2014). Furthermore, autophagy genes are also required for both dauer
formation and lifespan extension. The C. elegans ortholog of Beclinl (bec-1) is
involved in normal dauer morphogenesis and lifespan extension, whereas the C.
elegans orthologs of unc-51 (ATGI), atg-7 (ATG7), lgg-2 (ATGS8) and atg-18
(ATG18) are essential for dauer development (Melendez et al. 2003). The beneficial
effects of autophagy on longevity were shown in Drosophila. Expression of Atg2,
Atg8a, Atgl8 and bchs (ALFY) was decreased, in an age-dependent fashion, in fly
neural tissues (Simonsen et al. 2008). Moreover, enhanced A7g8a expression in
older fly brains extended the average adult lifespan by 56% (Simonsen et al. 2008).
Recently, exposure of C. elegans to hormetic heat shock and HSF1 overexpression
early in life induced expression of autophagy-related genes and increased lifespan
(Kumsta et al. 2017). However, knockdown of autophagy related genes, such as
unc-51, bec-1 and Igg-2, prevented the increased lifespan after hormetic heat shock
and overexpression of HSF1 (Kumsta et al. 2017). Such evidence suggested that
HSF1-mediated autophagy also plays a crucial role in determining lifespan.

9.2 Conclusions

To date, studies on the HSF1-mediated proteostasis network were primarily focused
on the regulatory mechanisms of molecular chaperones and UPS. However, it has
now been shown that this network is also important for autophagy under stress con-
ditions. In particular, both the HSF1-mediated proteostasis network and autophagy
system are very much involved in pathogenesis of neurodegenerative diseases and
cancer and they are, therefore, attractive targets for drug development. Further elu-
cidation of links between HSF1 and autophagy will facilitate discovery of more
effective drugs for these diseases. Furthermore, constitutive activation of autophagy
by drugs, food or dietary supplements may beneficially affect longevity.
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Chapter 10 )
Involvement of Heat Shock Proteins i
in Invertebrate Anhydrobiosis
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Abstract The anhydrobiosis is a unique state notable for a complete lack of detect-
able metabolic activity and an ability to withstand extreme stresses. It is induced, as
its name suggests, by severe water loss, extending up to complete desiccation.
Despite of severe stress, organisms entering anhydrobiosis normally retain their
viability. This phenomena is ensured by a variety of protective mechanisms, includ-
ing expression of protective proteins. The latter include Heat shock proteins (Hsp),
which have long been recognized for their importance in a wide range of stress
protection mechanisms. This chapter summarizes the theory and available experi-
mental data, both suggesting the importance of Hsp in invertebrate anhydrobiosis.
However, most of experimental data are the results of expression studies. We show
that they are insufficient to make robust conclusions on the role of Hsp in anhydro-
biosis. To date, only two robust evidences based on loss of-function-experiments are
available, leaving for the future research the complete elucidation of Hsp function
in anhydrobiosis.
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Abbreviations

ArHsp22 and ArHsp21 ~ Small heat shock proteins

ATP Adenosine triphosphate

CRISPR/Cas9 Protein-9 nuclease (Cas9) associated with clustered regu-
larly interspaced short palindromic repeats (CRISPR)

DNA Deoxyribonucleic acid

Dnal (Hsp40) Chaperone Dnal, also known as Hsp40

FOS8H9.3 and FOSH9.4

Small heat shock protein genes

geL.C-MS/MS In-gel tryptic digestion followed by liquid chromatography-
tandem mass spectrometry

Gy Gray of ionizing radiation

HSC Heat shock cognate protein

hsp Heat shock protein genes

Hsp Heat shock proteins

hsp70 Genes of a heat shock proteins of a particular family

Hsp70 Heat shock proteins of a particular family

IR Ionizing radiation

LD50 Dose lethal to 50% of treated organisms

LEA Late embryogenesis abundant proteins

mRNA Messenger RNA

Mt-shspl7.2 Small heat shock protein gene

p26 Small heat shock protein

PCD Programmed cell death

qPCR Quantitative polymerase chain reaction

RNA Ribonucleic acid

RNAIi RNA interference

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis

sHsp Small heat shock protein

shsp Small heat shock protein gene

TRET1 Trehalose transporter

10.1 Introduction

Anhydrobiosis is an ametabolic state, inducible by severe desiccation. Unlike death,
anhydrobiosis is normally reversible and a completely dried organism without
detectable signs of metabolism is able to resume its life when the environment
becomes hospitable again due to the return of water (Keilin 1959). This adaptation
demonstrates the ability to cope with an extraordinary stress, as illustrated by the
massive damage to cell components that extreme dehydration causes in desiccation-
sensitive organisms. The main types of drying-related damage are denaturation and
aggregation of proteins, leakage and fusion of membranes as a result of phase
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transitions, and destabilization of RNA, DNA and chromatin (Franca et al. 2007;
Tunnacliffe et al. 2010). Despite the severity of desiccation stress, organisms that
are able to enter anhydrobiosis are found in many taxa.

An interesting feature of the anhydrobiotic state is that it is typically associated
with extreme tolerance to diverse abiotic stresses such as low or high temperatures
and ionizing radiation (IR), among others (Vanhaecke et al. 1989; Ramlgv and
Westh 2001; Watanabe et al. 2002). In addition, animals in the anhydrobiotic state
can often survive for years or even decades longer than their hydrated lifespan, as
shown by the successful rehydration of Polypedilum vanderplanki larvae after
17 years of dry storage (Adams 1983). These properties of anhydrobiosis have
attracted the attention of researchers who aim to adapt them for the artificial preser-
vation of biomaterials. Such a preservation technology, which has been called
‘anhydrobiotic engineering’ (de Castro et al. 2000), would dramatically decrease
both the cost and complexity of the storage and transport of a wide range of bioma-
terials. Its implementation, however, requires an understanding of the molecular
mechanisms of anhydrobiosis, including the identification of all the associated pro-
tective molecules. Organisms entering anhydrobiosis are now known to accumulate
many protective components, including (in many cases) the non-reducing sugar tre-
halose and various proteins (Watanabe et al. 2002; Crowe 2014). The latter mainly
comprise the late embryogenesis abundant (LEA) proteins, antioxidant proteins and
heat shock proteins (Hsp) (Cornette and Kikawada 2001; Wharton 2015). Hsp are
likely to be indispensable for anhydrobiosis, as they are for a wide variety of other
stress responses (Feder et al. 1999). Indeed, as shown below, they accumulate in the
anhydrobiotic state in many desiccation-tolerant organisms. In this chapter, we
summarize the theory and experimental data on the functions of Hsp in invertebrate
anhydrobiosis, extending our analysis to cover gaps that currently exist in these
data.

10.1.1 HSP in Anhydrobiosis: Putative Functions

Hsp are a diverse superfamily of conserved proteins that are found in all living
organisms in varying combinations. They differ in molecular size and mode of
action, generally falling into two major categories: ATP-dependent large Hsp and
ATP-independent small Hsp (sHsp). In turn, the large Hsp can be divided into four
ubiquitous conserved families: Hsp100s, Hsp90s, Hsp70s and Hsp60s. The number
in each large Hsp family name is approximately indicative of molecular mass; the
sHsp are from 12 to 42 kDa in size (Haslbeck et al. 2015). Large Hsp can have both
stress-inducible and constitutively expressed versions, whereas sHsp are often
expressed only in response to stress (Richter et al. 2010). Constitutively expressed
Hsp in are often abbreviated as Hsc. Hsp were first discovered, as their name
suggests, as key defensive components of the heat shock response, but were shown
subsequently to participate in a wide range of cellular processes relating to
proteome maintenance, as part of both stress responses and normal physiology
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(Hartl et al. 2011). Nowadays they are often called molecular chaperones. Their
main activities include enabling the correct folding of newly synthesized proteins,
the refolding of denatured proteins, the assembly of protein oligomers, protein traf-
ficking and assistance in protein degradation (Hartl et al. 2011).

The above activities are not equally distributed among the different categories of
Hsp; indeed, there is considerable specialization of function. Thus, the division into
the two main categories of Hsp, large Hsp and sHsp, reflects not only a size differ-
ence, but also a different mode of action. Large ATP-dependent Hsp work in com-
plexes with other proteins and facilitate the correct folding of newly synthesized
proteins and the refolding of misfolded proteins, including decomposition of stable
protein aggregates (Richter et al. 2010). These activities are referred to as ‘foldase’
and ‘disaggregase’ functions, respectively. Some large Hsp and their partner pro-
teins also participate in protein degradation (Hartl et al. 2011). In contrast, sHsp
form oligomeric complexes which bind and passivate misfolded proteins to prevent
their further aggregation. This mode of Hsp action is termed ‘holdase’ activity. Such
holdase sHsp work in conjunction with large Hsp, which effect the release and
refolding of misfolded proteins (Richter et al. 2010).

All the various types of Hsp activity seem to be important, if not crucial, for
anhydrobiosis. Denaturation and aggregation of proteins were shown to occur dur-
ing desiccation in vitro and can lead to the loss of enzyme activity (Carpenter et al.
1987, 1989; Dong et al. 1995; Kikuta et al. 2017). Moreover, these processes are
thought to be key factors in desiccation stress (Wolkers et al. 2002). Thus, holdases,
foldases and disaggregases are essential for survival of desiccation as they help to
prevent and repair the protein damage caused by extreme dehydration. However, are
Hsp the only molecules that can perform such functions? It is likely that at least the
holdase function of sHsp can be carried out by intrinsically disordered proteins
(mainly LEA proteins) and, to some extent, trehalose, both of which can prevent
protein aggregation (Crowe 2007; Battaglia et al. 2008; Hand et al. 2011).
Intrinsically disordered proteins and trehalose are accumulated by many anhydrobi-
otic animals, perhaps reflecting the need for additional such activity under the
extreme conditions provided by desiccation stress. These components differ from
sHsp in their mode of action, preventing protein aggregation without a strong inter-
action with their targets (Crowe 2007; Chakrabortee et al. 2012). In contrast to sHsp
activities, the refolding and disaggregation activities of large Hsp most likely cannot
be performed by LEA proteins or other protective components associated with
anhydrobiosis (Chakrabortee et al. 2007, 2012). These large Hsp activities are thus
important for anhydrobiosis, as suggested by the fact that they are frequently
induced as anhydrobiotic animals desiccate. However, the different activities of the
large Hsp may be necessary at different stages of anhydrobiosis, as suggested by the
often asynchronous expression of Hsp70 and Hsp90 (for example, Gusev et al.
2011; Wang et al. 2014). The constitutive and inducible forms of particular large
Hsp might also have different functions during desiccation and rehydration in the
anhydrobiotic tardigrade Milnesium tardigradum and, similarly, in the flesh fly in
response to desiccation (Hayward et al. 2004; Wang et al. 2014). We should note
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that, in partially desiccated cells, the foldase and disaggregase activities of large
Hsp could be restricted due to the limited availability of ATP as metabolism shuts
down (Clegg 2001). Thus, the catalytic activity of large Hsp may be postponed until
rehydration and subsequent recovery from desiccation. Nevertheless, large Hsp can
bind misfolded proteins independently of ATP, and may remain in this state until
ATP becomes available once more (Richter et al. 2010). In this respect, large Hsp
can also exhibit holdase function over prolonged periods and this likely contributes
to the prevention of protein aggregation (King and MacRae 2015).

Another putative function of Hsp in anhydrobiosis is the inhibition of pro-
grammed cell death (PCD). Possible triggers of PCD in anhydrobiosis are DNA
damage and protein aggregation. Desiccation causes severe DNA fragmentation
even in anhydrobiotic animals, despite the presence of protective mechanisms
(Neumann et al. 2009). In anhydrobiotic P. vanderplanki larvae, DNA fragmenta-
tion is similar to that caused by 3000 Gy of IR, whereas the LD50 (dose lethal to
50% of treated organisms) for IR in wild-type Drosophila melanogaster is less than
1400 Gy (Parashar et al. 2008; Gusev et al. 2010). However, in anhydrobiotes even
such severe DNA damage fails to trigger PCD, because dried P. vanderplanki larvae
survive and recover full DNA integrity upon rehydration (Gusev et al. 2010); M.
tardigradum also recovers from the massive DNA damage caused by long-term
storage in the dry state (Neumann et al. 2009). This is particularly surprising because
the major DNA damage experienced by anhydrobiotes persists for an extended
period of time while DNA repair processes take place. For example, P. vanderplanki
larvae typically restore DNA integrity within 72 to 96 h of rehydration (Gusev et al.
2010), yet PCD is not triggered and is presumably specifically regulated in anhydro-
biotes (Menze et al. 2007). Moreover, direct biochemical evidence for the PCD inhi-
bition by the sHsp p26 has been obtained in the anhydrobiotic cysts of Artemia
Jfranciscana (Villeneuve et al. 2006). This finding suggests that Hsp have an impor-
tant role in PCD inhibition in anhydrobiotes, as they do in non-anhydrobiotic organ-
isms (Kennedy et al. 2014).

To summarize so far, we have shown how the functions usually attributed to Hsp,
such as inhibition of protein aggregation, PCD inhibition, refolding of proteins and
assistance in their degradation, are likely to be essential for successful anhydrobio-
sis. However, as shown in the following sections, the details of the contribution of
Hsp to anhydrobiosis, including which proteins are involved and the extent of their
roles, are for the most part yet to be uncovered.

10.1.2 HSP in Anhydrobiosis: Experimental Data

Since the initial observation of sHsp accumulation in anhydrobiotic A. franciscana
cysts in 1994, a number of other experimental reports have also concluded that Hsp
are functional in anhydrobiosis. These reports cover all known groups of anhydrobi-
otic invertebrates, including crustaceans, tardigrades, nematodes, rotifers and insects.
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10.1.2.1 Crustaceans

One of the best-studied anhydrobiotic organisms is the brine shrimp, A. francis-
cana. The embryonic cysts of this organism, which are the only developmental
stage able to enter anhydrobiosis, can survive desiccation to a water content less
than 2% of hydrated levels (Toxopeus et al. 2014). These cysts were the first anhy-
drobiotic structure in which the accumulation of a specific protein (named p26, due
to its 26 kDa molecular mass) was observed; p26 was subsequently identified as a
small heat shock/a-crystallin protein (Clegg et al. 1994, 1999). The importance of
this protein for tolerance of desiccation and temperature extremes was verified by
knockdown experiments (King and MacRae 2012). As mentioned above, this pro-
tein was also shown to inhibit apoptosis (Villeneuve et al. 2006). These findings
were extended when Hsp70, Hsp90 and two small Hsp named ArHsp22 and
ArHsp21 were detected in A. franciscana (Clegg et al. 1999; Qiu et al. 2008a, b). Of
these, only ArHsp21 accumulates during cyst development. However, despite this,
ArHsp21 has, at best, a minor role in cyst tolerance of desiccation and freezing
(King et al. 2013). Thus, Hsp accumulation during cyst development can not only
be attributed to preparation for anhydrobiosis, but also to regulation of development
itself, since Hsp tend to accumulate at stages related to developmental arrest (for
example, Rinehart et al. 2007).

10.1.2.2 Tardigrades

Tardigrades are also well-studied anhydrobiotic invertebrates, and there are many
reports on the role of Hsp. Possible Hsp overexpression in Richtersius coronifer in
response to desiccation was first reported in 2001 (Ramlgv and Westh 2001).
However, the authors did not confirm that the low-molecular-mass protein observed
by SDS-PAGE in samples after desiccation was actually an Hsp. Later, Schill and
coworkers reported the induction of the mRNA of one of three Asp70 isoforms dur-
ing transition into anhydrobiosis in M. tardigradum (Schill 2004). At the same time,
mRNAs corresponding to all three Asp70 isoforms were upregulated in response to
heat shock. In contrast, Reuner et al. reported the induction in M. tardigradum of
only one of the three 4sp70 mRNAs during desiccation, as well as one zsp90 mRNA,
in the anhydrobiotic state (Reuner et al. 2010). In the same research, all other Asp
genes were downregulated at all stages of anhydrobiosis (desiccation, desiccated
state, rehydration) and after heat shock, with the sole exception of a small a-crystallin
sHsp gene, Mt-shsp17.2, which was induced in response to heat shock (Reuner et al.
2010). In another study, the total level of Hsp70 was found to have decreased in
anhydrobiotic samples of R. coronifer, with some recovery after 1 h rehydration
(Jonsson et al. 2007). Other authors showed that desiccated tardigrades of the spe-
cies Paramacrobiotus richtersi did not differ significantly from the hydrated state in
the relative levels of Hsp70 and Hsp90 detected by immunoblotting (Rizzo et al.
2010). In a later study in the same species, Hsp90 protein was reported to be induced
in desiccated samples (Rebecchi et al. 2011). Despite some discrepancies in the
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reported data on Hsp expression in tardigrades, they are generally in accordance
with the hypothesis that 4sp mRNAs are accumulated during desiccation, but that
Hsp protein synthesis does not occur until after rehydration (Guidetti et al. 2011).
However, these data are still fragmentary as they cover different species and time
points, which are not necessarily comparable.

10.1.2.3 Nematodes

Many species of these roundworms are known to be capable of entering anhydro-
biosis and Hsp function has been studied in this context in some of them. For exam-
ple, in the Antarctic nematode Plectus murrayi, no significant difference in
expression of hsp70 and hsp90 transcripts was observed between desiccated and
control samples (Adhikari et al. 2009). In a distantly related anhydrobiotic nema-
tode, Aphelenchus avenae, expression profiling revealed no differentially expressed
hsp genes upon mild desiccation (Reardon et al. 2010). This mild desiccation is a
form of preconditioning that is required to enable some anhydrobiotes to prepare for
severe desiccation. In another anhydrobiotic nematode, Panagrolaimus superbus,
the mRNA of one shsp was upregulated in the desiccated state, while other Hsp
tested (shsp, DnaJ (hsp40) and hsp70) were downregulated (Tyson et al. 2012).
Caenorhabditis elegans dauer larvae, which are a desiccation-tolerant developmen-
tal stage of this model nematode, have been subjected to a rigorous analysis before
and after mild desiccation, which is necessary for the successful induction of anhy-
drobiosis (Erkut et al. 2013). Five shsp genes and one hsp70 gene were found to be
induced at the transcriptional level after 24 h of mild desiccation. Interestingly, of
these, only one sHsp (Hsp-12.6 aB-crystallin) was found to be induced at the trans-
lational level, as detected by geLC-MS/MS (Erkut et al. 2013). Two shsp genes
(FOS8H9.3 and FO8H9.4) and an hsp70 gene were shown to be important for anhy-
drobiosis after gene silencing produced desiccation-sensitive phenotypes.

10.1.2.4 Rotifers

Similarly to tardigrades, most of these small aquatic invertebrates of the Bdelloidea
class are able to enter anhydrobiosis at any stage of the life cycle (Caprioli et al.
2004). For species of the Monogononta class of rotifers, this ability is limited to the
specific stage of dormant (resting, diapausing) eggs, which are products of the sex-
ual cycle. In contrast, amictic eggs which are products of the asexual cycle, cannot
survive desiccation. Shsp mRNA is upregulated in resting eggs of the monogonont
rotifer Brachionus plicatilis (Denekamp et al. 2009). In another study, hsp70 with
DnaJ (hsp40) co-chaperones and hsc70/hsp90 organising protein gene were upreg-
ulated in resting eggs of the same species (Clark et al. 2012). To the best of our
knowledge, there are no reports on the role of Hsp in bdelloid rotifer
anhydrobiosis.
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10.1.2.5 Insects

The African chironomid P. vanderplanki was for a long time considered to be the
only insect capable of entering anhydrobiosis (Cornette and Kikawada 2001).
Polypedilum ovahimba had been described as a second candidate anhydrobiote
among the insects, but only circumstantial evidence was available (Cranston 2014).
However, recently a close relative of P. vanderplanki, Polypedilum pembai, was
unequivocally shown to be anhydrobiotic and therefore represents a second insect
species with this property (Cornette et al. 2017). Most probably, these species
diverged after the anhydrobiotic phenotype evolved and thus they are likely to
employ the same mechanisms of desiccation tolerance. Nevertheless, currently the
best studied example of anhydrobiosis in insects remains the P. vanderplanki larva,
which is the only ontogenetic stage of the midge that is able to enter anhydrobiosis.
A wide variety of information has been obtained, including data on the whole
genome and whole transcriptome scale (Gusev et al. 2014). More detailed studies
have also been performed of the expression and function of a number of proteins,
including the trehalose transporter TRET1 (Kikawada et al. 2007), trehalose meta-
bolic enzymes (Mitsumasu et al. 2010), aquaporins (Kikawada et al. 2008), LEA
proteins (Kikawada et al. 2006; Hatanaka et al. 2013), Hsp (Gusev et al. 2011;
Kozlova et al. 2016) and antioxidant proteins (Nesmelov et al. 2016, 2018). An
expressed sequence tag database contains 19 clusters of Asp-like genes, including
DnaJ (hsp40), hsp60, hsp70, hsp82, hsp90 and at least four shsp (Cornette et al.
2010). Some of these hsp genes are induced by desiccation, especially at the late
36 h time point. Six such genes — Pv-hsp90, Pv-hsp70, Pv-hsc70, Pv-hsp60,
Pv-hsp20, and Pv-p23 — have been analyzed by qPCR, which confirmed them to be
induced by desiccation (Gusev et al. 2011). Genome and transcriptome sequencing
revealed 22 hsp genes, 19 of which are induced more than threefold at the mRNA
level in larvae after 48 h desiccation (Gusev et al. 2011, supplementary data). The
recent development of a CRISPR/Cas9 system and RNAI for the P. vanderplanki-
derived anhydrobiotic cultured cells Pv11 should provide a powerful tool for the
verification of the role of Hsp in P. vanderplanki anhydrobiosis (Nakahara et al.
2010; Okada et al. 2015; Watanabe et al. 2016; Sogame et al. 2017).

10.1.3 HSP in Anhydrobiosis: Future Prospects

As described in the above sections, the induction of Hsp at the mRNA or protein
levels has been observed in all known groups of anhydrobiotic animals. Different
groups of Hsp were found to be upregulated or downregulated at different stages of
anhydrobiosis, probably reflecting their different functionality, as suggested previ-
ously (Hayward et al. 2004; Wang et al. 2014). In two cases, in A. franciscana (p26
shsp) and in C. elegans (two shsp genes, one hsp70), the essential role of some Hsp
in defining the anhydrobiotic phenotype has been confirmed by gene silencing (King
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and MacRae 2012; Erkut et al. 2013). Taken together with the well-recognized
role of Hsp as important components of various stress responses, these data provide
robust evidence that at least some Hsp are required for anhydrobiosis.

However, the details of how Hsp contribute to anhydrobiosis are largely unknown.
In particular, it will be crucial to perform loss-of-function experiments to determine
the minimum set of Hsp required for a given anhydrobiosis phenotype. As shown in
the next paragraph, although data on the expression of the full set of Hsp are avail-
able for a number of anhydrobiotes, this is probably insufficient to decipher which
of these are necessary for successful anhydrobiosis. Furthermore, the abundance of
a given mRNA at a particular stage of anhydrobiosis may not correlate well with the
timing and extent of the synthesis of the corresponding protein, nor with its activity
(King and MacRae 2015). For example, in C. elegans dauer larvae, mild desiccation
for 24 h induced three out of four tested Asp at the mRNA level, but the cognate
proteins were not found to be upregulated at 24 or 96 h (Erkut et al. 2013).
Interestingly, transcripts of the FOSH9.4 gene, whose putative Hsp-16-like protein
product was not detected, were expressed at 1.5-times higher levels than mRNA of
the hsp-12.6 gene, whose corresponding protein was successfully detected: expres-
sion levels as a measure of mRNA abundance at the 24 h desiccation time point
were 273,108 and 183,969, respectively (dataset S1 in Erkut et al. 2013). Protein
activity should also be taken into account, since the activity of large Hsp can be
modified by partner proteins (Saibil 2013). Intriguingly, to date, only one such part-
ner protein is reported to be upregulated in anhydrobiosis along with its Hsp partner,
i.e. Hsc70/Hsp90 organizing protein in the eggs of B. plicatilis rotifers (Clark et al.
2012). However, these proteins are undoubtedly important for the function of large
Hsp (Richter et al. 2010). It worth noting that Hsp are just a part (albeit an important
one) of a very complex system that maintains proteome integrity (Hartl et al. 2011).
In anhydrobiotes, this system might be even more complicated since these organ-
isms often accumulate LEA proteins, other intrinsically disordered proteins and
trehalose, which can overlap with Hsp in their functions.

The importance of adopting the correct experimental strategy when attempting to
identify the “crucial set” of Hsp (or indeed any other category of molecule) required
for anhydrobiosis is illustrated by the case of Deinococcus radiodurans. This bacte-
rium is extremely resistant to IR, ultraviolet light and desiccation. Extensive studies
resulted in the identification of 57 genes that are essential for D. radiodurans radio-
resistance, since loss of function of any one of these genes produces a sensitive
phenotype (reviewed in Makarova et al. 2007). Of these, only 15 genes were repro-
ducibly upregulated more than threefold by IR in two independent microarray stud-
ies, while 19 other genes were upregulated in at least one such study (Liu et al.
2003; Tanaka et al. 2004; Makarova et al. 2007). Thus, almost half the genes essen-
tial for radioresistance were not upregulated by exposure to IR, and, conversely,
many of genes upregulated by IR were not found to be essential (Fig. 10.1). This
example is important particularly because many anhydrobiotes are also cross-
resistant to IR and therefore these phenotypes have a degree of overlap. Similarly,
in Saccharomyces cerevisiae 650 genes were identified as implicated in desiccation
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Fig. 10.1 Venn diagram
of the number of

D. radiodurans genes
implicated in

radioresistance (red)
and/or upregulated in
response to IR, as reported
by Liu et al. 2003 (green) ‘ ’

or Tanaka et al. 2004
(blue). N.D. — no data

tolerance and only 48 of them were upregulated by desiccation, comprising less
than 1% of upregulated genes (Ratnakumar et al. 2011). These examples show that
transcriptome data can be misleading when searching for stress tolerance genes.
Thus, loss-of-function experiments seems to be absolutely necessary to determine
which Hsp (and other proteins) are essential for anhydrobiosis. Such studies on
anhydrobiotic animals from different groups of invertebrates will expand our under-
standing of the interplay of Hsp with protective components and proteins specific
for anhydrobiosis.

10.2 Conclusions

The available data suggest that Hsp are important for desiccation tolerance in all
known groups of anhydrobiotic invertebrates. The Hsp studied in these organisms
vary from just one example to the full set of Hsp identified at the transcriptome and/
or proteome level. Some of the Hsp studied were shown to be upregulated at the
mRNA and/or protein level during induction of anhydrobiosis. In a few cases, Hsp
have been shown to be essential for anhydrobiosis in the organism investigated,
since gene silencing produces a desiccation-sensitive phenotype. Unfortunately,
such robust evidence is scarce. To date, the complete set of Hsp that are crucial for
anhydrobiosis, as shown by loss-of-function experiments, has not been determined
in any organism. Thus, a full picture of Hsp function in anhydrobiosis is yet to be
revealed. Further studies involving genome editing and RNA silencing are compli-
cated in part because anhydrobiotes are mainly non-model organisms and the cor-
responding techniques have not been fully developed. However, Hsp are promising
candidates for such studies, which are an essential step in our understanding of the
anhydrobiosis phenomenon and its exploitation in the development of nature-
inspired technologies for biomaterial preservation.
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Abstract The highly conserved heat shock proteins have been studied for decades.
To protect cell against proteomic dysfunction provoked by metal toxicity this group
of proteins is dynamically expressed in aquatic invertebrates from several zoologi-
cal groups. We herein summarized the main studies regarding Hsp (heat shock pro-
teins) in aquatic invertebrates. Uptake mechanisms of trace metal toxicants by cells
are first discussed. The toxicity mechanisms of copper, lead and cadmium in fresh-
water, brine water and saltwater gave rise to a clearer understanding of the activa-
tion of stress-inducible heat shock proteins. The regulation of HSP60, HSP70,
HSP90 and small Hsp by some redox-inactive metals occurred as a function of dose
concentration and duration of chemical assault. Are also reviewed and evaluated
here, the induction time, metal bioaccumulation, toxicity threshold, mRNA-Hsp
transcripts expression of different HSP families, and additional factors likely able to
modulate Hsp expression such as temperature, age and salinity. Our work finally is
pointing to some directions towards the Hsp research in aquatic invertebrates could
make some important progresses in the future.
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GSH Glutathione reduced form
GSH-Px Glutathione peroxidase

HSE Heat shock elements

HSF Heat shock factors

INK c-Jun N-terminal kinases

MAPK Mitogen-activated protein kinases
NO Nitric oxide

NOX NADPH oxidase

oC Okadaic acid

PAAm-AgNPs  Poly(allylamine)-coated silver nanoparticles
ROS Reactive oxygen species

SH Sulthydryl groups

SOD Superoxide dismutase

TBT Tributyltin

11.1 Introduction

Populations of aquatic invertebrates are naturally under biotic and abiotic stressors
such as temperature, food depravity, hypoxia, diseases, space competition, preda-
tion, solar radiation etc. Particularly challenging for brine and saltwater inverte-
brates are salinity changes and desiccation as well. Often, invertebrates are forced
to cope with sub-optimal conditions and eventually with severe environmental
stresses in natural waters (Holmstrup et al. 2010). Under major physiological distur-
bances, cells can display a number of sophisticated mechanisms of stress response
to rapidly avoid macromolecular damages and keeping cell homeostasis or
re-establishing it. The activation of the molecular chaperone system has been con-
sidered a very effective and conservative cellular mechanism allowing stress toler-
ance. Henceforth, cells will rise for survival with adaptation or they will be
eliminated following damaging and cellular machinery dysfunction (Dimauro et al.
2016). It happens depending on the type, duration and intensity of the stressing
stimuli. It is well established that interactions between natural stressors and con-
taminants might take place in the environment. As a result, harmful effects may
come up worse than previously expected from either stress type taken separately
(Holmstrup et al. 2010). Nowadays some few studies have reached such aspects.
Heat shock proteins (Hsp) represent a supergene family divided into several fam-
ilies (Gu et al. 2012). Among these diverse families, the HSP70 is one of the largest
and most highly conserved classes with molecular weight ranging from 68 to75 kDa
(Gupta et al. 2010). As a general mechanism, HSP70 are rapidly synthesized under
hostile conditions, and their units migrate to the nucleus to bind to pre-ribosomes
and protein complexes thus avoiding denaturation. Hsp basically prevent the forma-
tion of insoluble aggregates that damages the cell. The 70 kDa molecular weight
chaperones break up the aggregates in order to repair denatured proteins, refold and
recuperate their original structure and biological activity. HSP70 have been found in
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multiple subcellular compartments including cell membrane, cytosol, mitochondria
and endoplasmic reticulum. Moreover, they are the first to be induced under stress
conditions in many aquatic invertebrates.

Thereby, HSP70 has been used so far as an important tool in pollution monitor-
ing for years, notably with mussels, sea urchin embryos and some other marine
invertebrates. Hsp (mostly inducible-70 kDa) have had some success in environ-
ment health assessment, even though the comparison to undisturbed populations
(seem as appropriate controls) remains somewhat problematic and subject to con-
troversy. With optimized experimental conditions, the quantification of HSP70
expression also brings mechanistic information about a specific toxicant: induction
time, toxicity threshold after low to high contaminant doses, interaction among
chaperones and co-chaperones, and investigation of additional factors able to modu-
late Hsp expression. For instance, by measuring differences in HSP70 expression in
controlled assays it was possible to distinguish toxicity levels of a metal (Ag) either
in its dissolved or particulate form (Magesky et al. 2017).

The regulation of the Hsp response occurs both transcriptionally and translation-
ally. Transcripts from stress-inducible Hsp genes rise within minutes of the onset of
stress suggesting the activation of pre-existing stress-sensitive transcription factors
(De Pomerai 1996). Studies progressively focused on the transcripts expression of
several Hsp molecules in freshwater and marine invertebrates rather than one type
of proteins. Several molecular pathways related to stressful conditions as metal
exposure, temperature rising or bacteria challenge have been considered in such
analyzes. Transcriptomics techniques offer an accurate and holistic view on molec-
ular mechanisms and signaling pathways controlling the stress response. Therefore,
it unravels not only the complexity of activation-inactivation of many Hsp and their
co-chaperones, but also apoptotic factors, antioxidant defenses, and growth factors
during a chemical insult. Indeed, it has been a more realistic approach to a better
understanding of mechanisms through which aquatic invertebrates withdrawn pro-
teomic stress.

Currently, aquatic ecosystems are under growing anthropic pressures which
include wastewater discharges, runoff from agricultural and urban areas; water and
sediment contamination by mining activities and drilling, eutrophication, etc.
Metals are generally released into natural waters by industrial and domestic sewage
discharges, mining, farming, and electronic wastes (Gheorghe et al. 2017). Albeit
some metals can be considered as essential at lower doses for living organisms (e.g.
Cu*, Mn*?, Se~2, Cr*?, Fe*?, etc.), increasing doses might probably induce toxicity
effects and disturb their metabolism homeostasis. Little research has yet been
describing such aspects in aquatic invertebrates. In addition, some non-essential
metals (Cd*?, Pb**, Ag*, Hg?*, Ni**, As** etc.) can bring intoxication at relatively
lower doses (Campbell and Couillard 2004). Most of the studies reviewed hereafter
dealt with toxicity effects of some trace metals such as Hg**, Zn**, Pb*, Ag*, As™,
Se?-, with a special attention to Cd** and Cu?'.

After decades of regulations, cadmium contamination is still a real problem for
ecosystems health. This is a common pollutant found in urban runoff, industrial
discharges, fungicides, insecticides and mine drainage. Environmental concentra-
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tions of dissolved cadmium in some northern coastal areas range between 2.75 ng.
L~" and 0.145 pg.L~" (Sinclair et al. 2015). In northern freshwater environments,
concentration as high as <0.1 to 112 pg.L=!/Cd* (0.4 pg.L~" in average) can also be
found (CEQG 2014). Some commercial products such as ceramic pigments can
release about 83% of hazardous free Cd** in aqueous suspension (Liu et al. 2017).
Similarly, cooper (Cu**) sources are coal ash effluents, mine drainage, industrial
wastewater and urban runoff. Freshwater lakes near pollution sources like mining
and smelting operations, for example, can easily reach 1581 mg.kg™' in sediments
(CEQG 1999). Likewise, marine sites close to industrial harbors can have copper in
sediments as high as 440 mg.kg~'. Benthic organisms are likely exposed to particu-
late and dissolved cooper in interstitial and overlying waters (CEQG 1999). While
low concentrations of cadmium frequently lead to powerful toxic effects and Hsp
expression (especially for 70 kDa HSP) in aquatic invertebrates, higher doses of
cooper are necessary to sometimes stimulate similar responses.

An exhaustive literature review showed that around 61% of the research papers
had HSP70 family as a biomarker for metal contamination for freshwater inverte-
brates. HSP90 has been found in 17.4% of experimental works, followed by 8.7%
for HSP60, 8.7% for small HSP20 family, and 4.3% for HSP40. Either in experi-
mental toxicity studies or in sifu environmental risk assessments having marine
invertebrates as biological models, HSP70 family appeared in approximately 54%
of the studies, HSP90 have been found in 16%, HSP60 in 13%; and about 17% stud-
ies for the small Hsp (~10-27 kDa) in which 13% corresponded to HSP20 and 4.2%
to HSP10. To date, the study of GRP78 (78 kDa glucose-regulated protein GRP78
or HSPAS) in aquatic invertebrates seemed to confirm some mechanisms already
described in humans, but further investigations are still needed to fulfill the gap of
information about their role in organisms inhabiting different ecosystems.

Several animal models have been used to describe toxicity mechanisms of trace
metal contaminants under laboratory conditions and their effects in the environ-
ment. Amongst freshwater invertebrates, 26% of the studies were carried out with
crustaceans, 22% with insect larvae, 22% with mollusks, 17% with planarians,
8.5% with cnidarians and sponges and 4.4% with rotifers. For marine invertebrates,
mollusks (essentially bivalves) are by far the most used models with 56.6% of the
studies published, followed by crustaceans with 15.2%, and echinoderms with
13.2%. Some other phyla corresponded approximately to 15% of models which
include 11% with sponges and cnidarians, 4% with rotifers. Most of the research
papers reviewed hereafter have been carried out in the temperature range of 18 to
25 °C, and rarely at lower temperatures often encountered in northern seas and
lakes. A wide range of nominal concentrations have been chosen without direct
measurements of metal concentrations during the course of experiments, and only a
few studies assessed the metal accumulation in the organisms themselves, which is
a major lack of information when comes the time, as an example, to discuss con-
flicting results in toxicity experiments. Another important point is the number of
individuals chemically treated per volume (mL) in each replicate. The toxic effects
can be drastically changed by adding more organisms into the exposure media
(charge effect), so providing the exact number of organisms exposed is crucial for
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any experimental repeatability and quality control. Overall, the last two decades
have brought increasing knowledge about stress-induced Hsp in aquatic inverte-
brates contaminated by metals, but there are limited data for organisms from cold
waters, and an under-representation of some zoological groups among toxicological
models.

11.2 Behavior, Bioavalibility and Cellular Uptake of Trace
Metals in Aquatic Ecosystems

After entering natural waters, metals can be dissolved, get adsorbed by particulate
organic matter, phytoplankton, other microorganisms. Metals are likely to be
uptaken by filtering organisms as dissolved and/or particulate forms, actively
ingested and accumulated by other aquatic animals; and they will be at some point
settled in bottom sediment. From the sediment compartment, metals might be remo-
bilized and dissolved again in the water column. As part of chemical transformation
processes in natural waters, metals may be found as particulate (>200 nm), colloidal
(10-200 nm) or dissolved form (<10 nm) (Campbell and Couillard 2004). Once in
solution, hydrated ionic metals (metal-(H,0)**) will form hydroxy-complexes
(H,0,.;-metal-OH), inorganic complexes (metal-Cl-, F-, SO, HCO;~, CO;>),
organic complexes with monomers (metal-ligands as H,N-HC*-COOH, or (-C(O)
OH),) or organic complexes with natural or man-made polymers (fulvic acids,
humic acids, proteins etc.) (Campbell and Couillard 2004). These processes obvi-
ously occur in a dynamic way and depend on pH variation and chemical affinity
with the ligands.

Several factors are controlling metal bioavailability to living organisms such as
physico-chemical factors (temperature, salinity, pH, and ionic strength), redox con-
ditions, concentration of organic matter (dissolved or particulate) and metal specia-
tion (Gheorghe et al. 2017). On biological surface in general, dissolved metals will
first reach a protective layer surrounding living organisms like mucus on epithelial
surfaces. This layer is mostly composed by polysaccharides and glycoproteins and
ions will likely cross this protective layer composed of macromolecules harboring
different functional groups. As these groups normally have oxygen as an electron
donor (C(O)OH, —-P(O)OH ou —-C(OH)), many of them may dissociate and generate
a negatively charged surface following a pH range found in natural waters and bind
trace metals.

Having crossed this barrier, metals must then get through the cellular membrane.
Doing so, two groups of ligands will likely interact with them (Campbell and
Couillard 2004) (Fig. 11.1): (1) physiologically unreactive groups to which any
metal can be connected without causing any metabolic disturbance, and (2) physi-
ologically active sites where metals will probably affect cell metabolism. This inter-
action of free ions with cell membrane happens as a complexation reaction on cell
surface. If the cell ligand corresponds to a physiologically active site, the complex-
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Fig. 11.1 Interactions between metals and biological membranes separating an aquatic organism
from surrounding water (modified from Campbell and Couillard 2004). Trace metals reaching
intracellular milieu will likely interact with organelles and proteins. Cation facilitated diffusion
through the cell (1). Cations randomly transported by anions into the cell (2). Passive diffusion of
lipophilic metallic complexes (3). (M = metal; M** (H,0), = free cation; ML = organic metallic
complex in solution; ML,” = hydrophobic metallic complex; A~ = anion; L (forming organic com-
plex with M) = amine acid or polycaboxylic acid, for example; black dots: cationic metals, orange
dots: anions; purple dots: organic ligand)

ation will trigger a biological response. Considering the hypothesis of a transport
site as a ligand, the complexation reaction will activate the ion transportation into
intracellular milieu. Once the metal is internalized, further reactions with metaboli-
cally active sites will necessarily occur. When a ligand is crucial to allow nutritional
trace elements entry into the cell, the contaminant will compete with essential met-
als inhibiting their assimilation. For particulate metals, organisms must ingest the
particles carrying the metals (like phytoplankton, bacteria, organic matter, etc.), so
the solubilization will take place in the gut where the pH range is totally different
from external medium. Metals can be also associated with hydrophobic molecules
that easily pass through cell membrane before getting into intracellular milieu
(Fig. 11.1).

As an example, soluble silver (free Ag*) is a membrane-disrupter known to have
chemical affinity with thiol groups. The Ag* interaction with phospholipid bilayer
induces a destabilization of the outer cell membrane. It basically occurs through the
presence of thiol groups in the cell-wall proteins (Lapresta-Ferndndez et al. 2012).
Then, it gives rise to a decrease in the electrochemical gradient of the transmem-
brane proton, which collapses the plasma-membrane potential and de-activates
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energy-dependent reactions. After levels of ATP-ion transport and metabolite
sequestration are depleted, cell homeostasis starts to shutdown. With organic thiols,
free Ag* forms a thermodynamically favorable complex of silver (I) thiolate (AgSR),
whose logK; (constant for the forward reaction) is ~13 mo > dm~° (Bell and Kramer
1999). With the inorganic ones (HS™, S7), many chemical species might be formed
such as AgSH, [Ag(SH),]~ and [Ag,(SH),]*~ (Bell and Kramer 1999; Toh et al.
2014). This process is a function of anion concentrations on the biological surface.
In the silver case, disruption of cell membrane functions may occur by electrostatic
attraction between Ag* and transmembrane proteins or a steric interference caused
by nanoparticulate silver (AgNPs) (Su et al. 2009). Then, ROS (reactive oxygen
species) may be produced once the transmembrane space proton pool or the respira-
tory chain electron flow is destabilized.

11.3 Cytotoxicity of Trace Metals in Aquatic Invertebrates:
Antioxidant Defense Failure, ROS Overproduction
and Cell Death

There are several ways in which metals can disturb the structure and function of
organelles and cells. The first one is the physical interaction of metals with cell struc-
tures causing metabolic impairment and lately physical harm. There is also a deple-
tion or stimulation of enzymes or metabolites. For instance, the overproduction of
ROS disturbs the balance between ROS and antioxidant agents leading to intracel-
lular redox state changes. Thirdly, inhibition or stimulation of specific proteins like
Hsp, metallothioneins, etc. (Moore 1985). The mechanism of interaction between
metals and cell structures is obviously governed by metal oxidation states. The redox-
active metals such as iron (Fe*”**), copper (Cu'*?*), chromium (Cr?*"), vanadium
(V2345 and cobalt (Co****) undergo redox-cycling reactions sometimes produc-
ing reactive free radicals (Jomova et al. 2012). The redox-inactive ones like cadmium
(Cd*), arsenic (As**), mercury (Hg?*), lead (Pb*") and nickel (Ni?*) have their pri-
mary route for toxicity based on (1) depletion of glutathione and some other thiol-
containing antioxidants, and (2) bonding to sulfhydryl groups of proteins (Valko
et al. 2016). Either redox-active or inactive metals may enhance ROS production.

11.3.1 Copper

Copper (Cu*"?*) is normally required for structural and catalytic properties of many
enzymes like cytochrome c¢ oxidase, copper-zinc superoxide dismutase (Cu-Zn-
SOD), tyrosinase, p-hydroxyphenyl pyruvate hydrolase, and others (Gaetke and
Chow 2003). Notwithstanding, exceeding levels of Cu*">* caused by environment
contamination will provoke cytotoxicity. The basis of cooper-induced cellular
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toxicity is the propensity of Cu*?* ions to induce ROS as a prooxidant agent leading
to final oxidative stress. Both Cu* and Cu** ions can participate in oxidation and
reduction reactions as follows:

O, + Cu* = O, + Cu* (1)
Cu* + H,0, —» Cu** + OH™ + OH" (2)

With superoxide (O,”) present or some reducing agents like GSH (glutathione
reduced form), Cu** is reduced to Cu* (1) which is capable of catalyzing the forma-
tion of hydroxyl radicals (OH") from hydrogen peroxide (H,0O,) (Bremner 1998).

Another clear consequence of Cu**-induced production of ROS is an increased
lipid peroxidation. According to Powell (2000), hydroxyl radicals might react with
unsaturated fatty acids to give rise to lipid radicals and amino-bearing carbons from
which hydrogen can be taken away. Gilbert and Avenant-Oldewage (2017) investi-
gated the exposure of trace metals to the freshwater fish monogenean parasite
Paradiplozoon ichthyoxanthon and observed that Cu** was the main metal seques-
tered in vitellaria organs (~44.49%) followed by Au* (~5.66%), Cr** (~1.24%), and
Fe?*** (~0.61%). Production of ROS was also reported in the integument, but not in
the parasite eggs where metals were not detected. On the contrary, metal binding to
the protein sclerotin-shells of cestode eggs was described by Degger et al. (2009) as
aresult of high affinity of egg cases for divalent ions. It was likely due to the tanning
oxidative process involved in egg formation.

11.3.2 Lead

The main mechanism explaining Pb**-induced oxidative stress is related to cell
membrane damage by a modification in its fatty acid composition (Patra et al. 2011).
Some effects over the antioxidant defense systems have been mentioned as well. In
vitro studies showed that double bounds in the fatty acid of cell membrane weaken
C-H bonds on carbon atoms near the double bonds making H* removal easier (Yiin
and Lin 1995). The fatty acid length and unsaturation are key factors for membrane
susceptibility to peroxidation, so it is likely that Pb** effects on arachidonic acid, for
example, could be responsible for rising lipid peroxidation on membranes (Halliwell
and Gutteridge 1999). Membrane lipids are organized into phase-separated micro-
domains also called lipid rafts which have a specific composition and a molecular
dynamic quite different from the ones of the surrounding liquid crystalline phase
(Eeman and Deleu 2010). All toxicity effects driven by Pb** may culminate in a
lateral phase separation of the phospholipid membrane, that is, a segregation of gel
domains from liquid crystalline domains (Eze 1991; Patra et al. 2011). Lead is thus
able to affect membrane-related processes like enzymatic activity on membranes,
endo- and exocytosis, ions transportation, signal transduction processes (Yiin and
Lin 1995).

The effect on antioxidant defense systems of cells is the second mechanism for
Pb*-induced oxidative stress. As a rule, the ionic mechanism of Pb** toxicity is
based on the ability of free Pb** to replace other bivalent cations such as Ca**, Mg**,
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Fe?* and monovalent ones as Na* disturbing cell metabolism (Jaishankar et al.
2014). In essence, nonessential metals can compete with essential trace metals mod-
ifying enzymatic activation and disabling antioxidant effective responses. Selenium
(Se*), for example, is used as cofactor of GSH-Px (glutathione peroxidase); a well
known antioxidant enzyme. Because GSH-Px, CAT (catalase) and SOD (superox-
ide dismutase) must have trace elements as cofactors for proper molecular confor-
mation and function, their activities can be potentially disturbed by agonistic
competition between Pb** and Se’~. In other words, GSH-Px activity might be
reduced after interaction of Pb?* with selenocysteine functional groups of enzyme
molecule. Furthermore, Pb** (as well as Hg?* and Cd?*) can alter enzymatic activity
of aminolevulinate dehydratase (ALAD), superoxide dismutase (SOD), catalase
(CAT), glutathione peroxidase (GSH-Px), and glucose-6-phosphate dehydrogenase
(G6PD) due to lead affinity for sulthydryl groups (SH).

As an example, the freshwater bivalve Hyridella australis exposed to lead con-
taminated sediments (<0.01, 205 = 9 and 419 + 16 pg.g dry weight) throughout
28 days at ~20 °C had total antioxidant activity in hepatopancreas cells significantly
suppressed (Wadige et al. 2014). Individuals contaminated by low concentrations
showed higher levels of total antioxidant activity compared to those exposed to
higher doses. Of the lead accumulated in the hepatopancreas, around 83-91% was
detoxified and stored in metal rich granules. Nevertheless, lysosomal stability in
hepatopancreas decreased in both treatments. Likewise, blood cockles clams
Anadara granosa living in coastal mudflats chronically exposed to medium doses of
Pb* (86 pg.L™") at ~26 °C for 28 days showed more toxicity effects than at lower
and higher doses, 43 and 172 pg.L7!, respectively (Peng et al. 2015). It appeared
that enzymatic activity in gills, gonads and digestive glands mostly increased in
86 pg.L~! treated-clams between 21 to 28 days.

11.3.3 Cadmium

Considered as potent cell poison, cadmium is a nonessential metal known to pro-
voke oxidative stress by enhancing lipid peroxidation and/or by changing intracel-
lular glutathione levels. However, this metal is unable to generate ROS directly. As
cadmium has a high affinity for thiols, glutathione (a major thiol antioxidant and
very abundant in cells) is a primary target for free Cd**. Once the levels of glutathi-
one pool are depleted, cellular redox balance is disturbed leading to a rising oxida-
tive environment. In that way, Cd** generates radicals through the displacement of
Fenton metals (Pari and Murugavel 2007), and it indirectly contributes to the pro-
duction of O,™ and H,0, via activation of NADPH oxidase (NOX) (Nemmiche
2017). ROS production is one of the first steps in Cd**-mediated cytotoxicity, pre-
ceding mitochondrial dysfunction by loss of membrane potential. Hence, the cellu-
lar stress continues with the activation of caspases and later apoptosis. Reactive
species H,0, and OH™ radical are often accompanied by activation of redox sensi-
tive transcription factors (e.g. NF-kB, AP-1 and Nrf2) and alteration of ROS-related
gene expression (Schieber and Chandel 2014). Early on during the development,



202 A. Magesky and E. Pelletier

these mechanisms might be crucial to guarantee physiological homeostasis and sur-
vival of aquatic invertebrates exposed to metals. The antioxidant system of one-day
old paralarvae of Octopus vulgaris represented by CAT, SOD and glutathione
S-transferase (GST) gene expression readily responded to 10-100 pg.L='/Cd**
treatment in a 24 h-exposure at ~19 °C (Nicosia et al. 2015). Notwithstanding larvae
experienced decreasing survival rate, morphological alterations in the mantle and
arm length. An increase of HSP70 mRNA expression at 3.5-fold (10 pg.L~") and
5.5-fold (100 pg.L~!) was also detected.

Experiment with freshwater crab Sinopotamon henanense showed that Cd**
caused production of H,O, in the gills within 2 h of 58 mg.L™! treatments increasing
the caspase-3/8/9 activity at ~20 °C (Wang et al. 2012). This study showed that H,O,
level dropped after 8 h of cadmium treatment, but it rose again after 24 h. It was
reported that Cd** disturbance may increase antioxidant enzymes activity in a short-
term response of less than 8 h, and then inhibit SOD and GSH-Px activities causing
mitochondrial damages within 24 h. Henceforth, H,O, production was involved in
the Cd*-induced cell apoptosis in a time- and concentration-dependent manner.
Currently it has been also postulated that cadmium provokes apoptosis in a caspase-
dependent pathway in S. henanense enhancing hiperpolarization of mitochondria
membrane potential (Ay,,) at 3.56, 7.12 and 14.25 mg.L~'/Cd** (Liu et al. 2013).
Lipid metabolism disruption is another effect caused by Cd** in S. henanense (Yang
et al. 2013). Hepatopancreas is the main detoxifying organ in crustaceans and the
first one to accumulate cadmium (Liu et al. 2013). Following 10 to 20 days of expo-
sure overall lipid content of hepatopancreas and ovary in S. henanense was signifi-
cantly reduced in all doses used (1.45, 2.9 and 5.8 mg.L™!) at ~20 °C (Yang et al.
2013). Lipoprotein lipase, a key enzyme for lipid transport in the heamolymph, was
significantly down-regulated after 10 days of Cd**-exposure. One explanation pro-
posed by the authors is that cadmium-lipid peroxidation provokes decomposition of
polyunsaturated fatty acids in membrane systems impacting hepatopancreas cell
membrane structure. In a like manner, Liu et al. (2011) stated that the freshwater
crab S. yangtsekiense went through apoptosis and necropoptosis processes after
48 h of 28.49 mg.L~'/Cd* treatment. Cadmium induced a mitochondria-dependent
apoptosis in the hepatopancreas but how mitochondria injury occurred was not
clear. Albeit high dosages might show a fast activation of protective mechanisms in
experimentally exposed organisms, when doses are excessively high compared to
environmental concentrations (100 to 1000 times lower than dosages) the molecular
responses might rather reflect the rise of lethality effects.

11.4 Temperature Factor, Metal Toxicity and Activation
of Heat Shock Proteins in Aquatic Invertebrates

During a moderate stress exposure, the metabolic compensation comes up with high
protein turnover and an elevated basal maintenance cost to manage the costs of
stress proteins upregulation and/or activation of the protein degradation pathways



11 Metal Contamination and Stress Responses in Aquatic Invertebrates 203

(Ivanina et al. 2008; Ivanina et al. 2009; Sokolova et al. 2012). Both activities are
extremely energy-demanding for cells (Hochachka and Somero 2002). When the
stress situation is worsening, the progressive rise in ATP demand for maintenance or
the growing impairment of aerobic metabolism strikes down ATP production via
aerobic metabolism resulting in a partial metabolic change to anaerobiosis (Sokolova
et al. 2012). These changes maintain the essential maintenance costs. Actually, this
metabolic shift implies some adjustments in mitochondria, enzymes, ion and gas
transport capacities as well as membrane composition. Such physiological strategy
of aquatic invertebrates in moderate to high contaminated waters ensures nonethe-
less a short-term survival. The temperature-dependent stress response in oysters
Crassostrea virginica contaminated by Cd** (50 pg.L™!) at 20, 24 and 28 °C was
investigated by Lannig et al. (2006). The authors found that increasing temperature
amplified the toxic effects of cadmium. It turned out that a combination of rising
temperatures and cadmium treatment are significantly more damaging to oysters
than the effects of a single stress by itself. It can be explained by the increasing
metabolic costs needed for basal maintenance with activation of detoxification path-
ways like metallothionein production, turnover of damaged proteins and/or mainte-
nance of intracellular ion equilibrium (Leung and Furness 2001). Beyond the basic
metabolic processes maintained by cells, mitochondria seem not to be able to main-
tain an elevated basal metabolic rate for a long time to guarantee cell ability with
both cadmium and rising temperatures operating together (Lannig et al. 2006).

Studying the short-term effects of cadmium exposure within 4 h on glutathione
synthesis, Hsp (HSP60, HSP70 and HSP90) and metallothioneins production in C.
virginica at ~20 °C, Ivanina et al. (2008) remarked contrasting protein levels in gills
and hepatopancreas cells. Harboring sulfhydryl groups, metallothioneins can cap-
ture free radicals and ROS, acting as antioxidants (Coyle et al. 2002). Whereas in
hepatopancreas of C. virginica mRNA metallothionein increased 2-8-fold in
response to cadmium, no significant levels were found in gill cells (Ivanina et al.
2008). Conversely, HSP60 and HSP70 protein expression was significantly
enhanced at 1.5-2-fold in Cd**-treated gills, but not in hepatopancreas. It indicated
that metallothionein induction is not sufficient to prevent cell impairment caused by
cadmium in the gills, so Hsp expression emerges as a supplementary protective
mechanism for cell defense. It can also be understood that intensity of the Hsp regu-
lation and their relative concentrations are highly tissue-specific for both vertebrates
and invertebrates (Sanders 1993).

11.5 General Aspects of HSP70 Modulation in Mussels, Sea
Urchins and Daphnids

A common mechanism of action of Hsp is the capacity to track unfolded or mis-
folded polypeptides in intermediate stages of folding and thus facilitates their
refolding by ATP-depend via (for the large Hsp) or ATP-independent manner (for
low weight Hsp). Under normal conditions without metal stress, Hsp also (i)
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participate in vital cellular processes like assembly of multiprotein complexes, (iii)
transport proteins across cell membranes, (ii) maintain cell structural integrity by
interacting with cytoskeletal components to protect them and change their forma-
tion and functions (housekeeping role), and finally (iv) select and direct aberrant
proteins to the proteasome or lysosomes for later degradation (Kalmar and
Greensmith 2009; Dimauro et al. 2016). Noticeably the heat shock proteins also
have anti-apoptotic and pro-apoptotic properties after cellular stress induction by
interacting with members of the apoptotic cell death cascade.

When cells are challenged by a natural stressor or an anthropic assault, Hsp are
immediately regulated by heat shock factors (HSF) to keep cellular homeostasis.
Mainly members of HSP70 family and its co-chaperones work immediately to
refold damaged proteins. In a pre-conditioning cellular stress, HSP70 as well as
several transcription factors and others Hsp are normally under low upregulation. In
this case, HSP70 and HSP90 are bond to monomeric HSF1 in suppressed state.
Following a trace metal challenge all cellular defense mechanisms work synergisti-
cally against oxidative stress. As emphasized before, with an oxidative intracellular
milieu, macromolecules can undergo oxidation. And proteins in particular are very
sensitive to ionic, redox and pH changes (Kalmar and Greensmith 2009).
Consequently, aberrant proteins induce activation of Hsp through HSF1 activation.
As follows, HSP70 and HSP90 release HSF1 to assist protein refolding and trimer-
ize. HSF1 are thus translocated to nucleus in order to activate Hsp transcription by
binding to specific regions in the promoter of Hsp genes. There are some evidences
that this regulation pathway differs among aquatic invertebrates following their life
history and adaptation capacity though (Hofmann and Somero 1995).

In order to broadly assess Hsp plasticity in freshwater and saltwater inverte-
brates, it becomes important to understand their expression in as many zoological
groups as possible. Acanthocephalan parasites Polymorphus minutes, for example,
can greatly interfere with Hsp expression in freshwater amphipods Gammarus
roeseli preventing them to express HSP70 after 10 pg.L~!/Pb* exposures at ~12.9 °C
(Sures and Radszuweit 2015). Surprisingly, the parasites themselves can greatly
express HSP70 against lead. Especially among marine invertebrates living in-shore
and under intertidal fluctuations, adaptation to local environment conditions might
be challenging. Intertidal, ecologically similar and phylogenetically close species
Mpytilus trossulus and Mytilus galloprovincialis facing the same thermic conditions
in the field modulated HSP70 expression by 8-fold and 1.5-fold, respectively
(Hoffmann and Somero 1995). In addition, no variations between the endogenous
levels of HCP70 (constitutive isoform) and HSF1 in both species were found either.
In a more stable environment as marine cold waters, Hsp activation against chemi-
cal insult is so far poorly understood. Some Antartic invertebrates like seastar
Odontaster validus and gammarid Paraceradocus gibber are unable to induce
HSP70 response probably due to the loss of the regulation pathway (Clark and Peck
2009). How these species would protect cells from proteomic stress caused by trace
metals is still an unsolved question.
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11.5.1 Mussels (Bivalvia)

By comparing HSP70 amino acid sequences of bivalves to their human homologues,
it becomes possible to detect some similarities in both structures (Piano et al. 2004).
They display some conserved domain structures which consists of (1) a cleavable
signal sequence at the N-terminus; (2) an ATPase domain, (3) a peptide binding
domain, (4) a G/P-rich C-terminal domain region allowing HSP70 to bind
co-chaperones and contains intracellular localization signal sequences (Fabbri et al.
2008). Notwithstanding, some exclusive traits in bivalves HSP70 are remarkable as
well. One of them is the extra NQSQ tetrapeptide within the ATPase domain, which
is also a feature in the HSC70 of Ostreidae (Kourtidis et al. 2006).

Some research has been carried out to comprehend the regulation mechanisms of
molluscan HSP70. It becomes clear that up- and down-regulation, dose- and time-
dependent expression pattern of HSP70 in molluscan hemocytes have a complicated
regulation pattern not well understood (Wang et al. 2013). The interaction of HSF
and HSE (heat shock elements) in molecular promoters drives the HSP70 expres-
sion regulation. The HSF constitute a series of pentameric units arranged as inverted
adjacent arrays of the sequence 5'-nGAAn-3" (Morimoto 1998). Species phyloge-
netically related with different tolerances for Hsp activation may have different sen-
sitivity to trigger the molecular promoters or the HSF.

As described by Buckley et al. (2001), HSF1 is released from HSP70 in intertidal
mussels (Mytilus sp.), it goes then to the nucleus in response to small changes in the
optimal conditions. Inside the nucleus HSF1 may remain inactive on the promoter
until a stressful condition comes up. Additionally, the mitogen-activated protein
kinases (MAPK) signaling cascade and the extracellular signal-regulated kinase
(ERK) signaling pathway can operate with HSP70 gene regulation after HSF1 and
the promoter are linked (Buckley et al. 2001; Anestis et al. 2007; Zahoor et al.
2010). In mussels Mytilus galloprovincialis the increasing levels of HSP70 expres-
sion occurs concomitantly with the phosphorylation of HSF1, p38-MAPK and
c-Jun N-terminal kinases (JNK). Alternatively, the transcriptional factor HP1BP3
seemed to negatively regulate HSP70 transcription in the oyster Crassostrea hong-
kongensis after 48 h-exposure to 300 pg.L.=//Cd*" at ~24 °C (Xu et al. 2017). HSP70
mRNA basal transcription was clearly enhanced at 24 and 48 h upon Hplbp3
mRNA depletion. More than inducing transcriptional factors and heat shock pro-
teins, cadmium has a role in triggering the protein ubiquitination process, that is, the
removal of aberrant proteins after the chemical exposure (Meng et al. 2017). This
process is discussed in details in the Sect. 11.7.2.

Overall, transcriptomics have revealed that several inducible Hsp, transcription
factors, apoptotic factors, enzymes, or proteins related to the cytoskeleton etc. are
modulated in mollusks during a trace metal challenge (Zhang et al. 2010b; Wu et al.
2013; Negri et al. 2013; Li et al. 2014, Thompson et al. 2015, Xu et al. 2017).
Nonetheless, hostile conditions like prolonged starvation, parasitism, desiccation,
and UV radiation combined with metals (in single or mixture exposures) still need
more investigation. Recently, Gonzélez-Fernandez et al. (2017) showed that differ-
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ent reproductive and nutritive states in mussel M. galloprovincialis might influence
Hsp response once chronically exposed to 3 and 60 pg.L.=' /fluoranthene. The
authors found that both nutrition and reproductive states affected the mRNA HSP22,
HSP70-2, HSP70-3 and HSP70—4 baseline levels and modulated the transcrip-
tional responses to the fluoranthene contamination.

11.5.2 Sea Urchins (Echinoidea)

During embryogenesis of some species of sea urchin under heat shock, Hsp produc-
tion only occurs after hatching (Giudice et al. 1999). Nonetheless species like
Arbacia lixula and Arbacia punctulata are enabled to express Hsp at the stage of
approximately 64 to 128 cells (Roccheri et al. 1982; Maglott 1982; Howlett et al.
1983). Notably, the cell ability to synthesize Hsp already exists during oogenesis in
Paracentrotus lividus, but it gets turned off throughout egg maturation and comes
back again after hatching. It seems in this case that induced-Hsp are mainly found as
constitutive forms (HSC) before hatching. In cells of sea urchins under stress, HSP70
is detected in the soluble cytoplasm where it is kept for around 22 h, then it appears
in the ribosomal and subribosomal structures as small fractions and finally in the
nucleus where it remains for at least 5 h in large amounts (Roccheri et al. 1982).
More recently, it has been found that nitric oxide (NO) functions as a physiological
messenger involved in the stress response in sea urchin embryos (Romano et al.
2011). At low dosage (0.25 pg.mL) of aldehyde decadienal produced by diatoms,
NO protects embryos from teratogenic effects of decadienal by activating HSP70
gene expression. At higher doses (>2.5 pg.mL~') NO can mediate pre-apoptotic
events leading to the loss of mitochondrial functionality through the generation of
peroxynitrite. With Cd**, NO directly activated HSP70 and indirectly regulated
HSP60 and skeletogenic genes. With Mn?**, NO indirectly interfered with HSP60,
skeletogenic, multidrug efflux and detoxification genes (Migliaccio et al. 2014).

Actually, 70 kDa heat shock protein also has additional functions in coelomo-
cytes of sea urchins. Extracellular HSP70 mixtures of constitutive (HSC70) and
inducible forms (HSP70) produced by coelomocytes of Lytechinus variegatus can
inhibit a spreading reaction of the clotting response (Browne et al. 2007). The pres-
ence of Hsp and/or HSP70 in the extracellular fluid may also induce mitosis of
dividing cells and shut-down the immune cell reaction. These preliminary results
suggest that HSP70 and perhaps other Hsp might be directly involved in cell immune
system modulation and repair mechanisms in sea urchin.

The 60 kDa and 70 kDa heat shock proteins are efficiently induced by 3-month-
old juveniles of sea urchin Strongylocentrotus droebachinesis to endure dissolved
silver (Ag*) and poly(allylamine)-coated silver nanoparticles (PAAm-AgNPs)
effects at 8 °C (Magesky et al. 2017) (Fig. 11.2). In soluble Ag-media (100 pg.L™"),
necrosis overwhelmingly began at 72 h. With fast dissolution of Ag* in saltwater,
toxicity quickly emerged. Swelling was the most evident morphological abnormal-
ity in coelomocytes chemically injured by dissolved silver which clearly indicated
the silver effects. Hence, HSP70 expression was slightly enhanced from 12 to 24 h
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Fig. 11.2 Effects of soluble Ag and nanoAg in sea urchin coelomocyte (Magesky et al. 2017). After
dissolved silver exposure, cells undergo a swelling process likely due to disturbance of cell mem-
brane functions; in nanoAg exposure, interactions of silver nanoparticles (AgNPs) with plasmatic
membrane occurred with final cell internalization of AgNPs (1); an overproduction of ROS (reactive
oxygen species) is detected in cells of sea urchin juveniles exposed to silver (2); while in Ag-treated
organisms nanoAg elevated HSP60 expression within 48 h (3), in Ag*-treated ones HSP60 is pro-
gressively downregulated (4); HSP70 is upregulated in 100 pg.L-/AgNP-treated juveniles whose
cells were strongly burden by nanoparticles (5), an apoptotic-like process was also detected (6);
HSP70 is induced in Ag* media, but in a less extent compared to AgNPs media (7)

in large Ag*-treated sea urchins (~1.63 cm ©), and it followed with the highest peak
at 48 h. Meanwhile clots were gradually formed by red spherulocytes and amoebo-
cyte-cells all over the epidermic wounds (Fig. 11.3). More bands of approximately
70 kDa found in Ag*-treated urchins suggested that repair mechanisms would also
operate from 12 to 48 h. Considering the strong toxicity of soluble silver, HSP70
expression seem to represent both cellular protective action against silver and the
rise of reparatory processes to cope with tissue injury.

The toxicity of PAAm-AgNPs is based on physical interactions with cells, fast
release of Ag* forms within 48 h and slower nano-core dissolution over time
(Magesky et al. 2017). As a result, 100 pg.L-! nanoAg-treated urchins showed the
strongest HSP60 and HSP70 overexpression at 48 h. It can be also stated that
decreasing levels of chaperonine HSP60 in Ag* media was probably due to a drastic
mitochondrial membrane impairment or degradation of HSP60 units, their cofac-
tors, and/or coworking chaperones. With nanoparticles of titanium oxide (TiO,NPs,
10-65 nm) uptaken by coelomocytes of adults of P. lividus, no stimulation of HSP70
was detected, but signal transduction downstream to p38 MARK (mitogen-activated
protein kinases) was affected (Pinsino et al. 2015). The p38 MAP kinases are
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Fig. 11.3 Clotting
formation in integument of
sea urchins exposed to

100 pg.L-'/Ag* seen by
confocal microscopy
(Magesky and Pelletier,
unpublished material).
Cooperation between
amoebocyte-cells (cells
with SYBT green I-marked
nucleus) and red spherule
cells emerged throughout
time-exposure (48-96 h).
White arrowhead indicates
one red spherule cell.
White bar: 50 pm in laser
Mmicroscopy

involved in multiple cellular processes like proliferation, differentiation, cell death
and migration (Kim and Choi 2010).

11.5.3 Daphnia spp. (Cladocera)

Water fleas (Daphnia spp.) are small freshwater crustaceans with a long history of
use in toxicological assays. Interesting findings published by Schumpert et al.
(2014) showed the role of HSP70 in regulating life span of Daphnia pulex and
Daphnia pulicaria. In brief, the authors found that (i) long-lived D. pulicaria have
a more robust HSP70 response to heat shock than short lived D. pulex, (ii) young
Daphnia display a stronger HSP70 expression than the older ones, (iii) HSP70
response to heat decreases with age in both species (and particularly in short-lived
D. pulex), and the main raison seems to be the decreasing ability of HSF-1 to bind
DNA, which is reduced in old daphnids. It seems that for closely related species in
Cladocera HSP70 expression patterns might be divergent enough to eventually have
some influence over cell sensitivity to metal exposures. A hypothesis to be tested
would be on whether or not antioxidant defenses or other chaperone proteins may
eventually compensate lower inducible HSP70 thresholds in older individuals of
each species. In addition, comparing HSP70 activation in young and older Daphnia
spp. challenged by trace metals would clarify how much time is necessary for
HSP70 to efficiently cope with toxicity in each case. Furthermore, the detection of
HSC70 expression after chemical stress would provide more information regarding
wound repair mechanisms in Daphnia spp..

Currently it is known that H,O, can directly affect HSF-1 (heat shock factor 1)
expression in mammal cells (Nishizawa et al. 1999). In Daphnia pulex, both acute
heat stress and starvation affected ROS levels (Klumpen et al. 2017). Both nHIF-1a
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and nHSF-1 fluctuated in a faster way in starved animals. In 24 h-starved daphnids
upon acute heat stress, nHIF-1a (nuclear hypoxia-inducible factor 1) fluctuations
had some similarity with corresponding ROS fluctuations. Moreover, it seems that
nHIF has a critical role to trigger HSP90 mRNA expression in starved individuals.
In fact, ROS acts as signaling molecules affecting nHSF-1 levels (nuclear heat
shock factor 1) in Daphnia pulex. The cHSF-1 (cytoplasmic heat shock factor 1)
expression is steadily elevated under heat stress probably by protein expression and/
or HSF-1 release from its complex after protein damage (Klumpen et al. 2017). An
interesting question to address is how metals would differently affect HSF-1 expres-
sion in Daphnia spp. by provoking ROS overproduction in stressful conditions like
food depravity or heat shock. Some mechanisms of Hsp induction in Daphnia spp.
discussed in this section are illustrated in Fig. 11.4.

Young Daphnia Old Daphnia

damaged
Pl‘c{eins mRNA-HSP90

@

% OH*
H,0, 2l y

2 HIF1a % 4
@ /l nHSF-1

N

mMRNA-HSP70

Fig. 11.4 Representation of some regulatory pathways of HSP70 and HSP90 in young and old
clones of Daphnia spp., after heat stress and starvation (Haap and Kohler 2009; Schumpert et al.
2014; Klumpen et al. 2017). The mechanisms on the left represent HSP activation in young indi-
viduals, those on the right refer to old ones. HSF-1 is released from HSP70 as a first step to induce
protein expression (1). A lack of DNA-binding by HSF-1 itself is compromised in older individu-
als compared to younger ones (2). ROS (reactive oxygen species) induce mobilization and/or
induction of HIF-1a and expression of mRNA HSP90 after heat shock and starvation (3). Under
heat stress, young daphnids may display a more robust HSP70 expression than old specimens (for
D. pulex and D. pulicaria) (4-5). Among 5-day old clones of D. magna, another situation occurred
when exposed to Cd**: the sensitive ones produced more HSP70 while the tolerant ones had a
lower baseline of HSP70 expression (see main text for more details)
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11.6 Stress-Induced Genes and Proteins in Freshwater
Invertebrates Following Trace Metals Contamination

11.6.1 Daphnia spp. (Cladocera)

Parents and first generation of Daphnia magna exposed to Cd** for 24 h and 21 days
at 20 °C showed increasing levels of HSP70 under 80 pg.L~!-treatment while con-
centrations around 100 pg.L~! resulted in lower levels of 70 kDa proteins (Li et al.
2014). HSP70 expression in parents was however significantly higher than the one
from neonates at 80 and 100 pg.L~!. During 21 days, parent generation was exposed
to 6 h-pulsed contaminations. With 60 and 80 pg.L~! treatments, HSP70 expression
arose immediately until day 4, but went down from 14 to 21th day. As a result, a
trans-generation effect arose with high mortality rates detected in first offspring
generation in clean water (Li et al. 2014). Comparatively, Haap and Kohler (2009)
studied seven clones of D. magna 5 days-old from different geographical regions
using high dosages of Cd** (200-800 pg.L!) in a 24 h-experiment at 24 °C. A cor-
relation between sensitive clones of D. magna and HSP70 upregulation was
observed with high values of EC50 being related to insensitive clones and the lowest
HSP70 expression. It is important to keep in mind that intraspecific tolerance to
Cd* in D. magna has greatly to do with reduced HSP70 baseline levels and induc-
tion (Haap and Kohler 2009). As another example, 5-day-old clones of D. magna
pre-exposed and unexposed to 5 pg.L~1/Cd** upregulated HSP70 at 20° within 24 h
(Haap et al. 2016). Then, a second treatment induced high constitutive levels of
70 kDa proteins and stronger upregulation of HSP70 in lower doses of Cd*
(5-300 pg.L~!) in sensitive clones but not in the tolerant ones. These findings clearly
demonstrated the problem of having just one clone of cladocerans for toxicological
tests with mid to high metal dosages. See Table 11.1 for more details about the
experimental set-ups and compared results with Daphnia spp.

Testing nominal concentrations close to environmental data (~0.5 pg.L~1/Cd*?),
De Coninck et al. (2014) reported no variation in gene expression of both sensitive
and tolerant clones of Daphnia pulex after a 16 day-chronic exposure. Likewise,
5-7 day-old neonates of D. pulex exposed 48 h to Cd** (0.05 to 5 uM or 5.62—
562 pg.L71) and Zn?** (0.5 to 50 uM or 32.7-3270 pg.L~!) did not show any expres-
sion of HSP70-1 gene at 20 °C, a putative orthologue of D. magna HSP70 gene
(Tang et al. 2015). By contrast, HSP70-2 gene activity was significantly raised at
30.35 pg.L~! (0.27 pM/Cd?**) and 61.8 pg.L™! (0.55 pM/Cd?**) as well as HSP70-3
at 61.82 pg. L' (0.55 pM/Cd?**). Daphnids accumulated 120 and 340 pg.g at 0.27
and 0.55 pM/Cd*, respectively. Zinc did not induce HSP70 transcription. Adults
and neonates <24 h-old of D. pulex also have different HSP83 levels when exposed
to arsenite (AsO5*") and arsenate (AsO*") (10-3000 pg.L=Y) up to 6 days at 20 °C
(Chen et al. 1999). Neonates exposed to AsO;*~ exhibited single bands similar to
adults and higher intensity double bands in response to AsO*~. It might represent
some additional transcriptional start sites or alternate splicing in young individuals
in accordance with the recent findings described by Schumpert et al. (2014).
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11.6.2 Agquatic Midges Chironomus spp. (Diptera)

Aquatic midges have been increasingly used as alternative models to understand
Hsp activation after trace metal contamination in freshwater ecosystems (Table 11.1).
Four instar larvae of Chironomus riparius exposed to very strong Cd** dosages
(18.3 mg.LL! for 24 h and 183.3 mg.L~! for 2, 4 and 6 h) showed a rapid response of
small Hsp by lower expression of HSP27 gene (2-6 h) and upregulation of HSP17
(2 h) at 20 °C (Martin-Folgar and Martinez-Guitarte 2017). Following 6 h, mRNA-
HSP70 expression was lower or similar to those from the controls. At 24 h, strong
transcription activity of HSP23, HSP24, HSP27 and HSP34 was also noted.
Although the fast induction of chaperones might represent a clear response to pro-
teomic stress, strong Cd** concentrations hardly found in the environment might
rather bring the rise of a physiological stress closer to lethal effects. In another study
using very high concentrations of Cd, Martinez-Paz et al. (2013) demonstrated a
significant effect on HSP27 mRNA expression at 15- (112.4 mg.L-!/Cd*") and
35-fold (1124 mg.L~'/Cd**) in larvae of C. riparius in a 24 h-treatment. In general,
small Hsp have several key functions to maintain cellular integrity such as (i) strong
anti-aggregation properties without ATP activation, (ii) cell protection through tri-
age of aberrant and refolded proteins, (iii) interaction with cytoskeleton, (iv) modu-
lation of cell ability to respond to oxidative stress and (v) interference with key
apoptotic proteins (Garrido et al. 2012).

The constitutive member of the 70 kDa HSP family is crucial for the chaperoning
function of unstressed cells regulating several physiological functions. The overex-
pression of housekeeping proteins like HCS70 may indicate some activity associ-
ated with other molecular chaperones regulating cellular signaling and functions for
a re-establishment of cell homeostasis (Liu et al. 2012). It is still less clear however
through which pathways a rapid activation of constitutive forms of 70 kDa would
emerge in aquatic invertebrates exposed to trace metals. After 12 h-exposure, HSP70
levels were raised 3-fold throughout 24 h while HCS70 and HSP90 levels remained
unaltered in 4-instar larvae of C. riparius exposed to a very high Cd*" concentration
(10 mM or 1124 mg.L~") at 18 °C (Planell6 et al. 2010). In Chironomus yoshimatsui
larvae, HSP70 expression was enhanced by Cd** (6 and 9 mg.L~" in 24 h) at 23 °C
(Yoshimi et al. 2009). After 1.5 h-exposure, HSP70 was activated in a dose
dependent-manner by Cd?*, but not by Cu?*. Copper (2 mg.L™!) raised HSP70 levels
in a dose-dependent manner after 4-7 h. Besides, HSC70 expression was also
enhanced after 24 h of Cd** exposure. Finally, Chironomus tentans larvae also expe-
rienced HSP70 gene expression upregulation after metal exposure (Cr*, Pb** and
Cd*) in a 24 h-treatment at 20 °C (Lee et al. 2006). Both Cr** and Cd?** increased
HSC70 mRNA levels in a concentration-dependant trend.
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11.6.3 Mussels and Clams (Veneroidea and Unionoida)

Bivalves are often the largest group of filter-feeding organisms in terms of biomass
in several freshwater ecosystems. Table 11.1 summarizes some results and experi-
mental conditions with mussels and clams as models for trace metal toxicity studies
in freshwater ecosystems. Because of its high filtration capacity, the zebra mussel
Dreissena polymorpha (Veneroidea, Dreissenidae) is considered as an accurate
monitor for water quality management (Reeders and Bij de Vaate 1990). As a unique
trait, D. polymorpha can live in both lentic and lotic waters, and estuarine environ-
ment tolerating salinity up to 5%o (Binelli et al. 2015). After a threshold of 19 pg.
L-!/Cu?*" concentration is reached in adults of D. polymorpha, a significant level of
HSP60 emerged in 24 h at 15 °C (Clayton et al. 2000). An overexpression of HSP60
arose at 22 pg.L"!/ Cu?* beyond which 60 kDa Hsp levels dropped. Meanwhile,
HSP70 elevated expression continued to the highest tested doses though. In this
study, tributyltin (TBT) enabled both HSP60 and HSP70 protein expression at the
highest levels. In a previous study, adults of D. polymorpha were submitted to
500 pg.L-! treatments with Cd**, Pb*, Rh*, Pt**, Pd** at ~12 °C over 10 weeks
(Singer et al. 2005). The starting period for HSP70 induction was at approximately
25-32 days for Pt*, and 18-25 days for Pd**, Rh*, Pb* and Cd**. Palladium
enhanced HSP70 to the strongest level while the lowest inductions were found with
Pb* and Cd?**. Furthermore, the lowest rates of metal uptake occurred with Pd*
(0.51 pg.g per day~!) and Rh* (0.24 pg.g per day~!) which resulted in a lower bioac-
cumulation by mussels (6-12 pg.g and 3 pg.g, respectively). Both in vivo and in
vitro Pb? * exposures of clam Corbicula fluminea (Veneroidea, Corbiculidae) within
96 h revealed that cell viability significantly decreased to ~25% at 19-22 °C. It was
observed that lead can inhibit Na*/K* ATPase activity by 70% while HSP70 expres-
sion is raised to 2.23-fold for in vivo exposure and 1.63-fold (0.2 mg.L"), 1.09-fold
(2 mg.L™!) and 1.2-fold (20 mg.L!) for in vitro experiment with gill cells (Rocha
and Souza 2012).

Unionoidean mussels are a monophyletic group composed of large and long-
lived organisms (10—40 years or more) that burrow in the sediment of rivers, streams,
and lakes. This feature makes them an excellent model to backtrack trace metal
pollution in the environment. Wang et al. (2017b) found that 50 pg.L~! of Cd*
gradually raised HSP90 mRNA expression in the haemolymph of unionoidean mus-
sels Hyriopsis cumingii (Unionoida, Unionidae) reaching a maximum after 10 days
at 15 °C. With 100 pg.L~'/Cd**, HSP90 rapidly went up to 3.15-fold in haemolymph
and 3.36-fold in the gills at 5th day. Finally under 200 pg.L~'/Cd**, HSP90 mRNA
was enhanced in the gills in a time-dependent fashion up to 15 days while HSP90
mRNA had a peak of expression on the 10th day. HSP90 is a chaperone required for
the activation and stabilization of several client-proteins (+ 200) in which some
participate in signal transduction pathways (Li et al. 2012). In collaboration with
HSP70, HSP90 promotes recruitment and assembly with client-proteins. Both Hsp
act together directing misfolded proteins for degradation.
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In comparison to bivalves, adult freshwater snails Physa acuta (Gastropoda,
Basommatophora) contaminated by Cd** (18.33 and 183.32 pg.LL~!) along 5, 24 and
48 h displayed a HSP70 transcriptional response with a transient upregulation up to
24 h, but returning to basal levels within 48 h at 20 °C (Martinez-Paz et al. 2016).
HSP90 expression was not significantly activated though. The pathways involving
HSP70 and HSP90 collaboration in terms of protein expression and genes activation
still need further research in many freshwater invertebrates.

11.6.4 Rotifers (Plationus patulus)

Rotifers often play an important role in the dynamics of freshwater and marine
environments. Due to their grazing capacity, they may affect algal population and
water quality (Snell and Janssen 1995). Assessing metabolic defenses of rotifers
against metal toxicity can show how species mitigate sublethal effects before reach-
ing the lethal threshold. Species Plationus patulus (Monogononta) briefly treated
with single and mixtures of As*, Cr*, Hg**, Zn*" and Cu?* at several nominal concen-
trations had different patterns of HSP60 expression at 25 °C (Rios-Arana et al.
2005) (Table 11.1). In this study, HSP60 appeared to be sometimes induced by
lower nominal concentrations (<50 pg.L™!), or stronger doses of metals. Chromium
at low dosage (10 pg.L~") induced HSP60 by 4.0-fold. Lower doses of Cu** seemed
to change HSP60 expression as follows: 63 pg.L~!/Cu*" declined HSP60 synthesis
after 30 min of exposure, but 50 pg.L=!/Cu®* elevated it to 2.0-fold and 20 pg.L~/
Cu* to 2.0-4.0-fold. Conversely, the lowest level of HSP60 was found with 20 pg.
L-!/Zn**-treated rotifers. Zinc doubled HSP60 levels at 150 pg.L~! though. For
100 pg.L~!/Cu?* condition, HSP60 level was higher, but not statistically significant
from others. These conflicting results need to be assessed.

Combined treatments of Zn?*+As* induced HSP60 expression with Zn?* effects pre-
dominating by 2.0-fold. Conversely, Zn**+Cu?* media seemed to decrease 60 kDa HSP
each one by 4.0-and 2.0-fold, respectively. For As****+Cr*? + Cu?*+Pb?* mixture treat-
ments, HSP60 were 2.0-fold lower than controls. The mixture of As*3*+Cr*? + Cu**+
Ni**+Pb*+Zn>* inhibited HSP60 response at low or high concentrations, but
As¥3+Cr+? + Cu>+Ni**+Pb* raised HSP60 levels by 2.0-fold. The toxicity mecha-
nisms explaining cellular effects in terms of anti-oxidant responses and sub-cellular
compartmentalization of each metal in combined exposures would better clarify these
results. To our knowledge, there is still very little research using freshwater rotifers to
address inducible-heat shock proteins modulation after metal contamination.

11.6.5 Planarians (Tricladida)

Freshwater planarians are free-living bilateral flatworms found in lakes, ponds,
streams, and springs sometimes hiding under rocks or over aquatic plants. They
normally live on the bottom where they can be exposed to potentially harmful
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substances of dietary origin or even to polluted sediments. Under natural stress such
as long-term starvation or an eventual tissue trauma, HSP70 can be induced in the
planarian Polycelis sp. (Planariidae) (Cheng et al. 2015). In this species, HSP70 is
also inhibited by high or low temperatures. In comparison, constitutive HSP90 gene
expression is greatly detected in gastrodermis of Dugesia japonica (Dugesiidae)
undergoing regeneration process (Conte et al. 2011). It appears that this gene is
sensitive at the HSP90 transcriptional level to detrimental conditions like heat
shock, starvation, and UV radiation.

Although HSP90 gene is not expressed in response to 9.375-150 pg.L~'/Cd*
treatments, HSP70 gene response to cadmium is dose-dependent throughout a
24 h-long experiment with D. japonica at 22 °C (Zhang et al. 2014). A 21 day-
lethality experiment with high doses of cadmium (5-150 pM, or 0.562 to 16.860 mg.
L1 led to oscillating patterns of HSP60 and HSP70 gene protein expression in the
planarian Schmidtea mediterranea (Dugesiidae) at 20 °C (Plusquin et al. 2012). In
the first 8 h, both genes had an initial inhibition but went back to normal levels.
After 2-day exposure, only HSP70 gene activity was increased but not steadily per-
sisted throughout 21 days. Another effect observed was the body size reduction
exclusively due to cadmium intoxication. Comparatively, increasing doses of coo-
per (0-960 pg.L™") cannot induce HSP60 expression in Dugesia (Girardia) schu-
barti (Dugesiidae) from 24 h to 7 days at 19 °C (Temenouga et al. 2003).

Contrarily to HSP90 gene, the 78 kDa glucose-regulated protein (GRP78) is not
stimulated during starvation in D. japonica (Ma et al. 2014). Instead, 100 pg.L™!
and 250 pg.L~!/Pb** 48 h-exposures elevated GRP78 mRNA levels to ~1.6- and 2.2-
fold at 18 °C. The GRP78 is thought to be transiently associated with unfolded,
unassembled or aberrant proteins to keep them in a folding-competent state while
they pass through endoplasmic reticulum (ER). However, an abnormal dissociation
between 78 kDa proteins from unfolded proteins can take place as a consequence of
Pb** direct binding to GPR78, which blocks protein trafficking (Qian and Tiffany-
Castiglioni 2003). Moreover, 50 pg.L='/Hg>* dose significantly induced GRP78
expression. Higher doses of both metals (200 pg.L-/Hg?*, 500 pg.L~!/Pb**) reduced
GPR78 gene expression (Ma et al. 2014). Figure 11.6 summarizes the main mecha-
nisms explained in this section. See Table 11.1 for more details about the experi-
mental set-ups and compared results with freshwater planarians.

11.6.6 Cnidarians (Hydra spp.)

Mismatching capacities for thermotolerance have been found amongst species of
freshwater coelenterate Hydra spp. (Hydrozoa) (Bosch et al. 1988). Contrarily to
Hydra attenuata, Hydra oligactis did not express detectable levels of HSP60 or any
other Hsp in response to thermic shock. Some other species in Hydra group share
this same feature. To date, it is also difficult to understand how different species of
Hydra would mitigate metal toxicity with Hsp. Some evidences have shown that the
major heat shock protein involved in fast responses to stress in Hydra sp. is a 60 kDa



226 A. Magesky and E. Pelletier

HSP rather than HSP70 (Bosch and Praetzel 1991). Nevertheless, Zeeshan et al.
(2017) tested sublethal doses of Co** (8, 16 and 60 mg.L~!) in polyps of Hydra
magnipapillata in 24, 48, 72 and 96 h exposures and demonstrated that HSP70
mRNA transcripts were significantly up-regulated within 24 h using 16 mg.L™'-
media. From this dose onward polyps suffered severe morphological anomalies.
Strikingly sublethal doses impaired feeding by disorganizing gastroderm tissue,
affecting nematocytes and in turn reproduction. An overproduction of ROS was
detected as well, which primarily occurred in the lysosomes. ROS liberation was
followed by the expression of SOD, GST, GPx and G6PD genes. In this work, 24 h
was a turning point to H. magnipapillata to undergo Co** effects: toxicity
(LCsp = ~66.19 mg.L™") and antioxidant defenses were found both at the highest
levels. The total and dissolved cobalt concentrations normally found in pristine
freshwater environments are low (<5 pg.L.=!) (Nagpal 2004). However, higher levels
can be detected in streams close to populated areas (1-10 pg.L™") and near mining
districts or regions with intensive agricultural land use (~11-50 pg.L.™"). Hence, the
toxic effects caused by Co?* concentrations in the mg.L™" are extremely high and
unlikely to happen in a real case scenario.

11.6.7 Sponges (Haplosclerida)

Studying Hsp induction in different animal models is without a doubt another
important step to improve our understanding on chaperone regulation pathways,
their functions and the constitutive molecular differences through the zoological
scale. To date, HSP70 expression have a potential to be an excellent tool for metal
toxicity investigation with some less conventional ecotoxicological models such as
sponges, Hydra sp., rotifers etc. (Efremova et al. 2002; Rios-Arana et al. 2005;
Zeeshan et al. 2017) (Table 11.1).

Freshwater sponges can be found in many types of freshwater habitats world-
wide. They occur at shallow or deeper environments, settling on aquatic plans, rocks
etc. However, little information about their cellular protective mechanisms against
xenobiotics is available so far. Cold water sponge Lubomirskia baicalensis
(Haplosclerida, Lubomirskiidae) strongly expressed HSP70 at low temperatures as
4 °C (Miiller et al. 2007). This synthesis is enhanced after incubation with toxin
okadaic acid (OC) normally produced by dinoflagellates living in L. baicalensis tis-
sues in summer at 17 °C. Another interesting aspect of HSP70 in sponges is their
expression in vegetative bodies. HSP70 stabilize their proteins and membranes dur-
ing dormancy from autumn to spring when temperature is changing (Schill et al.
2006). The cytoprotective role against metal stress in sponges has been investigated
by Efremova et al. (2002). The authors demonstrated that tissues of freshwater
sponge Baikalospongia intermedia (Haplosclerida, Lubomirskiidae) treated with
increasing doses of Pb*, Cu** and Zn** for 16 h at 8 °C can show DNA single-strand
breaks and HSP70 strong activity, except for Cu?*. It is likely that similar mechanisms
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take place in other freshwater sponges living in a wide range of temperatures, but
such mechanisms have not been revealed yet.

11.7 Stress-Induced Genes and Proteins in Estuarine
and Saltwater Invertebrates Contaminated by Metals

11.7.1 Starfishes and Sea Urchins (Asteroidea
and Echinoidea)

As echinoderms are phylogenetically related to vertebrates, they are expected to
have a complex detoxifying/defensive system against xenobiotics. Living exclu-
sively on the seafloor, sea urchins and starfishes can serve as sentinel organisms to
provide information about water and sediment contamination (Table 11.2). In natu-
ral populations of Asterias rubens (Asteriidae) living in contaminated sites, HSC70
levels found in coelomocytes were significantly correlated to Cd** and Cu®* concen-
trations in the tegument of ~1.52-2.89 pg.g dw and ~1.70-2.48 pg.g dw, respec-
tively (Matranga et al. 2012). In laboratory, adults of starfish A. rubens showed a
tendency having higher levels of HSP70 (50-60 density units. mm™) after 10-day
exposure to 15 mg.LL-!/Mn?*', and an overexpression when exposed to 5.5 mg.L~Y/
Mn?* for all sampling occasions especially after 5 days (Oweson et al. 2008). As an
additional effect of Mn** exposure, the number of coelomocytes increased by pro-
liferation of cells from the coelomic epithelium. As Mn?* is an essential trace ele-
ment for cell metabolism, toxicity will likely rise at the highest doses. Dissolved
concentrations of manganese in natural waters void of anthropic imputs range from
<0.01 mg.L~!to >10 mg.L! (Reimer 1999). Total Mn concentration (mg.L™") in sea
surface water is around 0.01-1.70 mg.L~! while seawater typically contains ~2 pg.
L~'/Mn?**. A typical seasonal trend in total manganese concentration in surface
water is observed during high and low runoff periods.

In the life cycle of marine invertebrates, it is generally accepted that early devel-
opmental stages are the most sensitive to environmental stressors. For that reason,
most of the research on metal toxicity in echinoderms has been concentrated on
investigating their effects on the development, recording embryogenesis, larval
morphogenic processes, survival and metamorphosis. Perturbation of skeletogene-
sis and aberrant development have been recorded with Paracentrotus lividus
(Echinidae) embryos in Cd** (1075, 10~* and 10~ M doses) media up to 24 h at
18 °C (Roccheri et al. 2004). Between 15 and 24 h exposure, a set of stress proteins
such as small Hsp (25, 28 kDa), 56 kDa, 70-72 and 90 kDa was induced. An increase
of Hsp synthesis was observed from 15 to 21 h with 70-72 kDa, 56 kDa and 25 kDa.
The 90 kDa, 70-72 HSP and 56 HSP continued to be synthesized even at lowest
Cd* levels. Similarly, Migliaccio et al. (2014) found genes encoding upregulation
of HSP60 and HSP70 at pluteus stage by 2.5- and 2.4-fold after Cd** and Mn*
exposures respectively. Indeed, Mn** (1 to 62 mg.L™") led to constitutive protein
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expression (HSC60 and HSC70) as a function of Mn** concentrations in 48 h period
at ~19 °C. NO (nitric oxide) was produced in sea urchin embryos in response to
both treatments and modulated the expression of some metal-induced genes involved
in stress response, skeletogenesis, detoxification and multidrug efflux processes.
Additional studies about expression and transcription processes of Hsp among echi-
noderms, hemichordates and groups of chordates should clarify how much these
groups share in terms of cellular strategies to tolerate metal toxicity (Agell et al.
2004; Satoh et al. 2014).

11.7.2 Bivalvia
11.7.2.1 Mussels (Mytiloidea)

Amongst marine bivalves, Mytilus spp. have been greatly used as standard models
for toxicological studies either for laboratory experiments or costal pollution assess-
ments (Beyer et al. 2017) (see Table 11.3). HSP70 and HSP90 expression is a com-
mon mechanism employed by some nearshore sea mussels to endure rising
temperatures during tidal variations (Buckley et al. 2001; Anestis et al. 2007). In a
similar way, contamination with trace metals has shown the expression of some
HSP families in mussels. A time-dependent pattern of HSP70 expression was
observed when adults of the hard-shelled Mytilus coruscus (Mytilidae) were
exposed to 20 pg.L~!/Cu?* and 200 pg.L-!/Cd** throughout 30 days at ~25 °C (Li
et al. 2014). HSP70 mRNA expression increased as time went on with a maximum
peak at 15 days in Cu** exposure (9.41-fold). In Cd** media the highest expression
level was reached with 10.82-fold at day 9. After exposure to rising concentrations
of NaAsO, (arsenite, As™) and Na,HAsO, (arsenate, As"), the species M. trossulus
(Mytilidae) showed that As™ induced HSP70 in a concentration-dependent manner
within 24 h at 13 °C (La Porte 2005). Strong signals of HSP70 expression were
given by doses above 1000 pg.L-!/As™. For both As™ and AsY, 1000 pg.L~! dosage
significantly raised HSP70 compared to controls but HSP70 levels were not differ-
ent from each contaminant. The authors stated that the potential induction to HSP70
elevation corresponded to As™ > AsY > (CH;),As" trend. Despite arsenic concentra-
tions found in some industrially contaminated sites can be limited to 13.8 pg.L™}, a
significant HSP70 elevation only happens in M. trossulus at 100 pg.L-Y/As™ (La
Porte 2005).

Following a 15-day exposure, nanoparticulate cooper oxide (CuONPs <50 nm,
10 pg.L~1) caused an overexpression of HSP71 by more than 20-fold at ~17.8 °C in
the gills and digestive gland of M. galloprovincialis (Mytilidae) (Gomes et al.
2014). As in other species of suspension-feeding bivalves, the gill tissue in Mytilus
spp. is a core interface for uptake of dissolved metals, for binding them to metallo-
thionein, incorporation into lysosomes, and further transport in blood plasma and
circulating hemocytes (Marigémez et al. 2002). Hence, the CuONPs were accumu-
lated in the gills (at ~12.51 pg.g™") and hepatopancreas (at ~26.9 pg.g™"). Overall,



.,

A. Magesky and E. Pelletier

236

‘uone[ndod oneg

10§ Arrernonaed aisodxa
+PD JO P L Io)je pasiel

os[e AIelo]y -aImsodxa

Jo yoam-1 01y 00T woxy 3
31 001~ sso[ pare[nunoow
uone[ndod Bag yloN
‘A[oAn}oadsal yoom-| pue

Y 001 e 5311 00z 01 05T

JUBOYTUIIS

JOU 9IoM SQIUAIAJIP Y}
nq (825 YHON pue onjeg
woly) paysd) suonendod
yoqur ¢/dSH

PUE [ LdSH JO S[oA9]
I0US1Y 20Nnpul 0) PAUIAS
1addo)) ‘uorssardxa

Do 91
{Quowrradxa
puoda3s)

Y¢Szl pue (489l
PU® 96 ‘8% ‘¥T

‘01 ‘S uawradxe

(uowradxa
puodas

oy} UI JUSUIEaI)
JoJ sojeordar

2) 1 S/s[essnut
06 ‘(uowiradxe

(+PD) -T81 001

(6661
‘I8 19 uaISuopay,)

sipnpa sy

pare[nINOoE S[assnu onfeq | ()LJSH Poonpul wniupe) ISIY) Yoam-1 | 1s1) s[ssnwi (¢ | pue (,:nD) T3 Q[ | +.nD pue ,.pD s[essnut anjg
1
31 001 pue Z¢ 18 paonpai
Apueoyrusts sem (ASUQIOYJO
Uone[IWISSE pue ojel
uonelidsar ‘ajel doueIed[)
‘pmoIs 103 odods) DS
‘sasop Ioy31y Aq paonpar *+zND JO sasop
sem Surpagy ;181 z¢ | Sursearoul yiim SeaIOdp
Je paId)|e sem KOUQIOLJo 0] popu) urajoid [e30) (1661
uonerwisse ‘|73 oo pue | Jo ssew oy, ‘2Iow 10 ] dreordar ‘Te 30 sIopues)
7€ 18 paonpar Apuedyrudts | 31 Z'¢ yiim pajoolap sem 12d T oG/ =131 001 synpa sk
QIOM SIJBI QOULBILI[D) 09dSH Jo uonenSaxdn Do ST ‘skep £ ojul S[fassnu 1 pue z¢ ‘01 ‘7€ ‘1 D [ossnuwt ang
PoAIISqO vorssardxo | amjerodwo) pue ayeorrdar UOIBIUAOUOD | JUBUIWRIUOD) | SIOYINE PUe Pajs)
$309139 [eo130[o01sAyd 10O Soua3-dSH 10 JSH | 2insodxa jo awiy, 1od pasodxa [eurwoN s[epow [ed13oorg
S[enplAlpur
Jo ToquinN

2Insodxa [e1oW 90e) I9)Je S[ISSNW PUE I3)SA0 ‘SWER[O Ul punoj uononpur JSH pue sjoage [eorSo[osAyd €17 dqeL



237

Metal Contamination and Stress Responses in Aquatic Invertebrates

11

(panunuoo)

'y § A[1e0

oy ur uorssaxdxe (LdSH
Jo uononpur Juesyrugis

& payoaoid ,,SH "pajdalep
159431y 9yy seM L 1D/, T
/3u 1 ye uononput 0LOSH
¢S[oA9] uondriosuer)

OLdSH Suniqryur D091 (papraoxd (S00T 1qqed
pue 0LDSH Suonpur £ | ‘(,1D) YoM~ Jou uonN[Ip) (1) -1 pue mijozuery)
GoﬂmmOHon Quag 0LdSH pue A+Nwmv juaunjear) ‘Su 0¢ pue .O~ J pue MNNGNQQN>Q.\QQNNGM
| paaye 1) 01 amsodxq skep9 01 (4 § 1od sjessnur (] (+8H) 131 0S1 | 41D pue . SH snjycpy 1SS
‘sainixiua 0} amsodxa
3uo[ YPIm pa1mnddo ()LdSH
Jo uorssaIdxa 3soy3ry
oL 181 00T 38 OLdSH
‘paje[nWINOoe | padnpul osfe . nD) "Aep yig (-1
Q1M (4, PD) ‘MP | O . qd Y pauaddey 81 001) +.pD pue
1-8/81 00G pue (,;nD) 'M'p | S[PAS] OLdSH Ul osearouT (-3 001) +:nD
=881 001 punoue / Aep JuedYIUTIS V "SABp § (papraoad | jo armxiw © 10 (,,qd) (00T Yemoydwog
W T Kep Je ;nD) pue p) pue g 1o1je pareadde Jouuonnip) | T8 00T ‘(1)) PUE BYSMO[PEY)
JO 'mp -85 00T punore | OLJASH JO S[OA] PAILAR[D syuey eredos |78 00T “(::PD) +D sinpa snpucH
POIR[NUINOOE S[OSSIIA “+PD/-T81 00T WM Do 01 ‘shep g | gorspssnw g | T30 00z pue 01 | “4.Qd “+:PD s[ossnur anyg




.,

A. Magesky and E. Pelletier

238

(utnqm-»o
pUE UNOR) 2INJONIS [[90 pue
U0JO[OYS0IKD UT POA[OAUT puE

9suodsar ssans 0) pajeIoosse (€102
surajoid Jo uoneIdy ("1/s1essnw €—7) ‘Te 19 sowon)
‘mp 381 '] F 66~ S[[13 o) Ul P[oJ-97 JuaUIIBAI) YOord wu )0[> Yim | syvoutaosdopns
SEM UOTIR[NWNDOR JOAJIS | T8 PaIe[N3I-umop ()LJSH | USAIS jou ‘sAep G | 10J S[ossnul 9—G ~T8101| sdNSV areg snjycpy [OSSNIN

"+ZdSH OS[e Sem asop

19431y Je passaIdxo-10A0

IsowrayL v¢dSH

[Tews ‘06dSH d1om

‘Sunpoyjen renpeoenul pue | syduosuen) passardxaIoao

sisojdode pue uonengal Jsouwr Ay} SASOp (z+3Y) \—T13 108

Q[OAD [[90 ‘SISBISOWIOY | JSAMO[ ) 1Y "S)USWIeaI) =007 ‘(")) -1 (€102
UoI “I9AOUIN) pue [I® e paje[npout (essnw | 31 £ 71-7°¢€ ‘(:PD) ‘Te 19 0)J0IRA )
sisaqyuAs urajord 03 pajefar | Apueoyrugs arm $dSH /191eMeds T 1) 181 ¢zz—96 Jjo w3H | syvuaoidopps
sagueyo [euonduosuel], | pue 0gdSH jo siduosueay, Do 81 ‘U 8% Nue)/S[OSSNUWI G | SIn)XTw Jejowrinbyg D 4 PD snjy Y 1SS

‘pueoypoydnyg

19136 uorssaxdxa ()L DSH

poonput nq uorssaidxa

OLdSH panqmyur ,SHHO

'sKep g 19)Je S[OAQ] [eseq

0] SuTuIN}aI pue Y 7

J9)je wnwixew e uryoeal
‘samsodxa +8H £q y § 18 paonput (pop1aoxd (900T 119q.q
Sunmp so3ueyd awos uorssaxdxe ()LdSH jou uonnyip) pue mMI[[ozueL])
pamoys daJy pue gdiy ‘d3q | "p9 1913e pareadde (2,DSH Do 91 juouwean SHHD | syvioulaosdogns
s1onpoid oua3 paje[aI-yY XA pue )LdSH ut seduey) ‘skep9 01 § 1od spessnur 1 =181 47061 pue ,.3H snjycpy [OSSNIN
PoAIasSqo uorssardxe | amjerodwa) pue Jyeordar UOTIEIUQOUOD | JURUTWERIUOD) | SIOYINE PUB Pa)sa)
$30939 [eo130[01sAyd 10O Soua3-dJSH 10 JSH | 2insodxa jo oy, 1od posodxa [RUTWON s[opow [ed13oforg

S[enprAIpur
Jo IoquunN

(ponunuod) ¢'I1 dlqeL,



239

Metal Contamination and Stress Responses in Aquatic Invertebrates

11

(panunuoo)

‘SJuQUIEaI)
=181 oG pue ¢ 1opun

*$9)A00WAY UT JSOMO]

Jy) pue ‘anssi} peuos Y}
Ul [9AQ] uorssardxa 1says1y
+ZdSH “s1£o0oway pue
searouedojeday ‘(13 oy
ur uorssaI1dxo Jomof yonur
‘Speuos pue J[juew A}

(#10€ "Te 30 Suidry)

PISBAIOUI SANIATOR Ase[eJed | ul passardxa A[jeropowr Do L1 | (sdnoi3 g) T0¢ syp1ouaoldoyns
pue aseprxorad suorgeIn[y VNYW ZZdSH | U 96 PUB ‘TL “pT | UL S[ENpIAIpUL CT -1 og pue ¢ +PD SHIAQ [oSSIN
+ND JO
9JeI UOTJBUTWI[O MO[S “pPue[S (y10T
aAnsadip ayy ur 33 697 (P10J-07<) (oreorydin wu (6> ‘Te 39 sowon)
pue s[i3 oy ur 35 ¢'71 | puels aansaSip pue s[[13 Do I'TF8LI| ®BULTOTULOS) P SINOND | syvwoutaotdoyng
Je pajernuwnode 19doo)) oy ur passardxe-10a0 ‘skep 61 J/spessnw ¢—¢ T3 01 areg s [OSSNI
D + Do T
“Anpqess Topun (00'2) LZdSH
QUBIQUIAW [BWOSOSA] pue (8.°0) 9ZdSHS
uo 73 o pue O, ¢ uaunean . nj + 3, 0T
Je osuodsar juopuadop-asop 1opun (¢6°0) LZdSH
Suons vy -armeraduwo) ‘(61°1) 06dSH “(£9°0)
owres dy) Je paenwnode | 9zddSHS (28°0) OLdSH
Mp 'S o1~ orym | 103 papuodsariod juarperd (pop1aoxd
Do P18 Mm 3y 8 -7~ armerodwa) B Pim jou S[enpIAIpUI JO (€10T 18 30 18aN)
sem searouedojedoy S[[I3 ur passa1dxo JSH | Do #C PUB D, 07 | Joquuinu) s[ossnu -1 syp1ouaoldoyns
Ul UOTR[NWNIIY 10} 93ueyd p[oj-g 30 ‘o 9T ‘SAep § jo sdnoxny | 31 g pue o1 ‘G ‘S D snjycpy 1SS




.,

A. Magesky and E. Pelletier

240

'SUOTIEIUIIUOD
Jsoy3IY oy Je

S[QAQ] QuOIYIRIN[S pUE [OIy)
urajoxd mor pue sjonpoid

puo uoneprxoxad pidr| S[[13 (papraoxd (9002
Us1y (181 $69°0) 4 UZ JO ur (,_731 0¢) +.uz £q jou uonn[Ip) [& 32 0oURL)
S[QAQ] JoMO] Je paje[n3ai-dn | peonpur A[JuedyIugIs orom dnoi3 yoeo | puiad vuidg

SOSUQJOP JUBPIXONUY soa9 urayord )9dSH uaAIS J0U ‘Y 8t Joj sfessnui 4| "SwW €69 01 $69°(0 Uz S[essnu umorg
‘6 Aep I8 PIoJ-T8'0T WM
PaYoral [9A9] uorssaidxo
1S9USTY A 4P 10
(P10J-1176) 2ns0dxd )
ur p G e yead wnuwxew 10T
UM pasealoul uoissaidxo Do ST ‘[€ 19 I7]) $NISNL0D
VNIW 0LJSH "PAAISqo | ‘SABP ()¢ pue g Jueunean 1od (2PD) - T3 00T SnpApy 1assnu
~ | uropedjuopuadep-awn v | 0T ‘ST ‘01 G €| TOI/S[ESSNW (G | pue (..nD) -1 0g +PD D Pa[[ys-pIreH
(\SV)
WSV - T8 | JeudsIe
£q UQAIS sem uononpur wnIpos
JuereAmby Touuewt (papraoxd jou (,SV) -1 (wSv) (s00z
Juapuadap-uonenuaduod uonn[Ip) syue) 4| Sw Q1 01 [ “(;;4SV) QUISIE | AUOJ ©) SH]NSSOL]
~ | BUL(QLJSH Ponpul 48V Do €1 U g | Ol spssnw 08z | - T5W 0001 03 010°0 wnipog SHINAQ [9SSNIN
PAAIDSqO uorssaidxe | amerodwo) pue eordar UONEIUAOUOD | JURUIWEIUOD) | SIOYINE PUB PI)sa)
$30930 Teo13ofo1sAyd 100 Soua3-gJSH 10 JSH | @msodxa jo oy, 1od pasodxa [eurwoN s[epow [ed13oforg
S[enpialput
Jo JaquinN

(PonuNuUOd) €11 AqEL



241

Metal Contamination and Stress Responses in Aquatic Invertebrates

11

(panunuoo)

Pa1IMod0

ssaIs 2AnepIxo ‘sisojdode
‘uone[ngar onowso
Jo/pue wsTjoqejow A31ouU
ur ooueqIn)sip ‘(Anfur
[129) pare[n3aI-umop
arom urnqgny [-eydpe

puE Unoe [e19[S0IAd
‘Kuifes [ewlou Jopupn

(€10T T8 12 nA0)

"A[oATyoadsar “s[[18 ur punojy (wmamwnddigyd
mp 831 160 pue ‘940 sadpjipny] “uks)
‘P () SARI UOHRINUNIOR (T 0g/ereordar winapurddyd

‘(nsd 9761 pue ¢'¢g ‘PI0J-6"1 18 LTdSH yora ur g 1) (210 (xSV) sidn.1auap

‘1°1€) SeNIUI[ES JUIIJIP I Jo uone[n3aI-umo( Do 7T ‘SAep ¢ | ur suowrdads g/ T30z YOSVH N wed e[Iuej

[ 96 0 PAIGA0IDI
103 nq 78 of
£q 4 8t 014 47 wouy
pojenSorumop uorssardxa
T-dSH *'S[oA9] [eUISLIO AU}
01 )Jorq UM S[9A] [-dSH
Y 9618 Inq ..pD/-1
31 01 £q pajen3ar-umop (pop1aoxd 010T T8 1R
Sem [-dSH "‘Payhuapt jou uonN[IP) 1) wnpuiddipyd
a1om (e 99'+7) T-dSH Do CC0C uonrpuos s1dn.1auap
| pue (e 62°0T) I-SH | ‘U 96 PUE 8% ‘#T Iod swepo 0g -1 o pue o1 +PD WD e[IUBy




.,

A. Magesky and E. Pelletier

242

"9[osnu 10jonppe
pue peuos ‘sajkooway
Ul paLmo20 asuodsar

IOMO'T "SoNSST) dpjue (papraoxd
pue ‘s[[13 ‘searouedojedoy jou uonn[Ip) (€107 T8 1R 1)
ur pajeAd[Q sem )ZdSH Do 0T uonIpuod XLI2AUL X11J24D
- Jo [oad uotssaxdxy | 1 96 put 8¢ ‘4T Tod swepo Og =181 o +PD Wed pley
-amsodxa ,.pD (€107 Te 30
Iopun [[13 pue s9jAo0way (popraoxd 3ueyy) vioLsuod
ur paje[n3aIumop jou UOHN[IP) povaououls
K1oarssai3ord SUOnIPuOd WR[d-10Z.1
- orom dsH [[ews | Do [ ¥ 1T U9 Tod swepo (09 - TSwW QT pue T | ..qd pue ;pD SULIeU UBlSy
(VIdAD)
V10Syd QWoIyo0lLo
01 Aianisodounuiuy
Ue pajIqIYX? sAKo0worH
LSO
01 11°0 :+29d £0°0 03 SO0 "passasse uoAIS jou uoAIS Jou (#1027 T8 10
230 90T 01 GT'T 4D jou 21oMm uoIssaldxa | armeroduwid) says ‘(suIs § o Jo odeg-o100sog)
$61°0 01 60°0:4:PD :smo[oJ | urod Jo s[aAd] ‘0LdSH PoJRUTWBIUOD | QUO YIBD 10] ()]) wnpurddiyd
Se pap10dal sem (-3 0} Ayranisodounuruat WOoIj PAjod[0d s 1ad Jysneo +24d pue .3y s1dn1auap
‘Suwr) uonER[NWINOOE [RIQJA] |  PIMOYS PIZA[RUR SONSSI], | AI9M SUQWIOAdS | d1om S[ewWIUE ()G papraoid JoN D 4P Wwe[d B[IueJA
PIAIDSqO uorssaidxe | amerodwo) pue qeordar UONBIIUIOUOD | JURUIWEIUOD) | SIOYINE PUB Pajsa)
$3093° Teor3ofo1sAyd 1010 Soua3-gJSH 10 JSH | 2msodxa jo sy, 1od pasodxa [eurwoN s[epow [eor3oforg
S[enpialput
Jo JoquinN

(panunuod) €'T1 dIqeL,



243

Metal Contamination and Stress Responses in Aquatic Invertebrates

11

(panunuoo)
‘POAISSqO
‘searouedojedoy 06dSH ur a3ueyd (pazATeue (800T 'Te 10
oy ur A[uo p[oj-8—¢ | ON ‘searouedojedoy pue QIoM S[enpIAIpUL BUIUBA]) DO1UISA1A
pasearour uorssardxa | s[[13 ur 0LdSH pue 09dSH G—¢ woiy 18w 847T DaLISOSSDID)
VNYW SUTOUOTYIO[[EIDA JO S[eA9 Sunsenuo) D007 U¥ | S[[99) udAIS JON PUE 7°9G ‘79°S +PD s19)sK0 uIdISEH
-amsodxa o[3uis ,,pD uey) ‘0LdSH
SSQ[ INq ‘SUTOUOIYIO[[BIOW JO uoISsaIdXa-I0A0
Q) PIONpUI | UB PIONPUI SUOHBIIUIUOD
os[e sarnsodxe paurquio)) 159y Sy 9y Je S[eIow
‘uorssardxa Aue osned paurquio)) ‘uorssardxa
jou pIp , U7 ‘K[oanoadsar | (LdSH Suronpul jou , Uz
‘9SBAIOUT 95()9] pue | paAlesqo searouedojedoy
9,807 ® pey searouedojeday ur uoIssaIdxarono (pop1aoxd 002
pue S[[I3 Ul ,;pD Jo - pue p  ulpim sq[is jou uonN[IP) ‘e 19 ourld) sinpa
811 00 £q sureuoryorelow | ur (L JSH JO JUSWOUBYUD JuoUIEaI) paisQ 1)Ko
Jjo uorssardxg juopuadap-esop v T oam | 12d s1915£0 ] =181 005001 | +:UZ pue ..pD jey ueadoinyg
Touurwr %)
juopuadop-uonenuaduod (papraoxdiou | 131 00z ‘001 ‘0S Q0102 ‘TR 10
B Urjou Inq ‘Quad 7gdSH uonnyip) sdnois ‘(+z9d) - T3 00S 3ueyy) suvipn.ii
Jo uorssaidxe oY) paonpur 01 ur pajexedes | pue 00¢ ‘00T ‘(::nD) +PD u2102do8.1y
- +PD PUE . .Qd . ND | Do 8T ‘SABP (1 sdofreos 06z | -TSHGIpuR QIS |  4qd 4D doyress Kegq
(enD) T3 61
(popraoxd Pue 01 ° “(:cAd)
‘uorssardxa auas )gdSH jou uonnyIp) =131 0og pue (LO0OZ 'Te 12 oeD)
Padnpul SUONENUOUOD Do 81 “(:z1D) que) Yord | 00€ ‘00T ‘(zPD) -1 +D MoLnf sCuppy)
- JURIOIJIP J& S[RIOUW ([ sAep (g 01 01 ur sdofieas ¢z | 81 00z pue 001 ‘0S| “Ad ‘PO | dof[ess Suoyyz




.,

A. Magesky and E. Pelletier

244

‘syuaunean ,;pd)
Ul p[oj-y6-8¢ 01 padnput
QIOM SUIQUOIYIO[[BISAL

“S[18 ay) ut 35 oy~ pey
SEXQJ, WOIJ 950U} AIYM ,-pD
Jo ssew K1p |_8°31 (g noqe

*SI9)SA0 pajean-,.pD

Ul 69dSH @onput Ioypmg
jou pIp sarmjerodwo) y3ry
0} arnsodxq JueOYIUIIS
Q19M S[9AJ] 69dSH

191840 1od
[w z ‘papraoxd

(6002
‘Te 19 BUIURA])

pey eurjoIe)) yuoN pue | uo armjeradwa) pue $1095j0 Do Tl JOou S[EenpIAIpUL SD818 DAISOSSDLD)
UOISUIYSBAA WOIJ SINSAQ | 4PD U2IM]q SUONIRIdIU] ‘skep 0G—G§ | Jo Ioquunu [e)0], =181 0¢ +PD 19)sK0 oyroed
‘1ouuew judpuadop-own
pue 2sop e ur pue[3
QATISITIP pue [[13 2y ur
PaseaIoul S[AJ] uoIssaIdxa ‘11 Aep
VNYJW urouoryjof[eia]y | 03 dn pasearodp pue / Aep uonnjos 159)-,.pD
‘wdd 170 pue g0'0 18 £ Aep | [nun pasearour uorssardxa 10 (Jonuod)
Kq pasearout ydwAjoway VNIW 06dSH +:PD I9JBMEAS [BINIBU
oy ur aseurwesuen | /,_T31 001 10 G0°0 YIM Do I ¥0T PaIal[y yiIm
JreaniAd oyewrein(s pue 11 AKep e [0A9] 1s9yS1y ‘amsodxa po[[y eLenbe (800¢ T8 19 10YD)
ISBUIWIEBSULT) 9)BJAJBO[BXO Y payoral YN YW Joskep 11 onserd 76z SD81S PaUISOSSDLD)
aewrein[3 jo sppad | 06dSH ‘wdd 10°0 yrm pue /¢ owrsmsko ¢z | 181001 100G ‘01 +PD 1018£0 oyIOR]
'$9)£000 pue sjuawe[y [[13 ‘sjuawe[y 13
ur $[[ed awos ‘erpayyide 1nS | oYy Je S[[90 QWOS puE JSO[O (S00T
pUB yoBWO)S AY) UI PIZI[RIO] eroyda In3 ur skep G| (popraoxd ‘[& 39 BSRIOIN)
S[[90 jo 3aed Teorde oy | pue ¢ pasodxe swstue3Iio Do ST jou uonnIp) +PD =181 sy SD313 DaISOSSDLD)
Ul Po)I9)aP SUIQUOIYIO[[BIIA ur pajoRep (OLASH | (SAep GT pue £ ‘¢ s11sk0 0z | pue ,.n) T3 $°6z | ..nD pue ,.pD 19840 oy1oeg
PoAIasqo uorssaxdxe | arnjerodwa) pue Jreorydar UONENUIOUOD | JUBUIWIBIUOD) | SIOYINE PUE Pajs)
5309132 [eor3o[o1sAyd 1oy soua3-dSH 10 JSH | 2insodxa jo awiy, 1od pasodxa [eurwoN s[epow [ed130[01g
S[enpralput
JO JoquunN

(PONUNUOD) €Y1 AGEL



245

Metal Contamination and Stress Responses in Aquatic Invertebrates

11

(panunuoo)
(uZ) - 131 00g
—0L6 .A+N£mv _\1—
3 062011 “(::nD)
=181 0LE-0€T
“(zPD) -3 05-0¢€
“PIAJOSSIP - (,.UZ)
- T8W Sops
UONRIIUIIUOD 11T ‘(+z9d)
"(%Sp) unoe [elowt - T3W O188-L'6+9
I UOI[MSOIA pue O] IA SIS “(2nD) |- T3W 8€TT (s10T
(9%11) sesuodsar ssons ur uoneWI[doL QIS [ord -1 ‘(:PD) -1 ‘[e 10 uosdwoy])
0) PAJe[aI 2JoM PassaIdxd Jo skep ur poyuerdsuen | Swr Q7' GT—GL T SIS |, UZ PUB ,.qd DIDIGUIO]S
- surajoxd 9y Jo ISOA I9)Je SAep 4 SI0)SA0 / | JuawIpas ¢ ur a3uey D 4PD | D241S000D8 1ISAQ
‘Koeded
Tredor YN Suniqryur
‘suorssardxa sowAzud
uonedi| pue Surfy-desd 'ssa001d
pue 9se[As024[3 YN uoneunmbiqn urejoxd
Jo uoniqryut ‘(wsrjoqejour oY) pue 8. dYD pue (L10T 'Te 10 SusA)
quoryeiny3 ay1y) sesuodsar | 09dSH ‘09dSH ‘0LdSH syue) T 0g SD818 D24ISOSSDI)
JuUBpIXO-T)UL JO UOTIONPU] surajoid Jo uononpuy | D, ¢ F 81 ‘sAep ¢ 0Jul SIAISAO ()7 =189 o) 19)sK0 oyroed




.,

A. Magesky and E. Pelletier

246

‘pare[nSaI-umop

JIoM SOWAZUD
juepixonue [IyMm ;.13
pue ,.pD Aq pajendal-dn
SEA UTQUOIYIO[[RISIA

‘js1810d J0U pIP
J1I0q ‘UONRUTWEIUOD dY)

Toyye Kep [ asore 06dSH
pue )LdSH Jo uorssaidxa

“+PD Aq uoneurweuod 1earsd (-3 o1) Do 6°LT
Jo skep / 10)Je +zPD Jo sasop 1ay3Iy {SUONBIUIOUOD
(,-71'8 9 10§) -3 'Sw ¢g 1V "ouas ()6dSH Sem | I9ySTy 10J sAep § UOTIRUTUWIRIUOD (L10Z
01 §] PUB UONRUIWEIUOD |  WAY) JO dUO ‘U0ISSAIdxd pue ‘] pue reruowLodxo ‘e 30 Yoruuex )
Jop L1 IR (- JueoyIugis pey g | SUOTJRIIUAIUOD Io)ye (+1D) (T3 171 DAJIILADSADUL
3l [ 10)) mp | _3'Sw (9 |  JO INO sAuas ¢ Auo L. 1) JIOMO] I0J | Mj1S Ul PAIOIIUOW pue ¢1°1 ‘(:+:PD) ppvIdUILG
01 O[ JO UOnRIAWINIY | pue . ;p) Jo T3 [ YA | sAep L] puey ‘[ | s[enplalpul g | T3H 701 pue 70'1 1D PO 1540 [read
"UOTIRUTWIEIUOD
[BIOW QIOADS WD) FUO|
JIopun paje[ngaI-umop
*S[[IS 9y} UI PAJORJap 2IoM | SBM 11 INq ‘SUOTIBUIWIEIUOD (+zIND
S[[90 Je[nUEIS 210U pue [e3ow SIS A[oAne[ax =181 1607 “(PD)
uoissaidxe urouoryio[eIow 01 pasodxo wid)-3uof =181 $1°0-50°0
Jjo uonen3dar-dn $19)sK0 JO S[[IS oY) ur “(+29d) (—T3d £L1
‘s[eyowr Aq peyagie) 3sowr | pajen3ar-dn Apueoyrusis 70 ‘(:2u2) -1 ZINPUB | ($10T [8 19 on)
A} SaNSST) AY) 1M pur[3 sem g urojold ojeu3od s yoeo wory | 31 1°0e—°¢ ‘(:nD) +PD “42ad s15u2810YySU0Y
QATISOTIP pue S[[I3 ‘QpuUB Yooys Jeay ey (L - S[ENPIAIPUT ()¢ I8 11 0180 U7 D) | paaisossna)) 11SK0)
PIAIISqO uorssardxo | amyerodwo) pue eorrdar UOTJEIJUQOUO0D | JURUIWIEIUO)) | SIOYINE PUE Pajsol
$30939 [eo130[01sAyd 10O Soua3-dJSH 10 JSH | 2insodxa jo oy, 1od posodxa [RUTWON s[opow [ed13oforg
S[enprAIpur
Jo ToquinN

(ponunuod) ¢'I1 dlqeL,



11 Metal Contamination and Stress Responses in Aquatic Invertebrates 247

there was a low elimination rate of Cu®* and 17 overexpressed proteins involved
with cytoskeleton and cell structure, transcription regulation, stress response, oxida-
tive stress, energy metabolism, apoptosis, proteolysis, adhesion and mobility.
Another metal to provoke similar effects in M. galloprovincialis along 15 days was
silver in nanoparticulate form. Silver nanoparticles (AgNPs <100 nm, 10 pg.L™")
led to an alteration of proteins associated to stress response and involved in cyto-
skeleton and cell structure. In this case, HSP70 was found to be down-regulated at
16-fold in the gills (Gomes et al. 2013).

In shorter exposures (8 h to 6 days), mercury in both Hg** and CH;Hg" forms
(150.45 pg.L~") provoked some changes in HSP70 and HSC70 in M. galloprovin-
cialis at 16 °C (Franzellitti and Fabbri 2005, 2006). HSP70 expression was induced
at 8 h by Hg?** reaching a maximum after 24 h and returning back to basal levels
after 6 days. Comparatively, CH;Hg" inhibited HSP70 expression, but induced
HSC70 expression after 8 h up to the end. It turns out that CH;Hg* was the main
chemical form to cause overexpression of MXR (multixenobiotic resistance genes)-
related gene products Pgp (p-glycoprotein), Mrp2 (multidrug resistance-associated
protein 2 and Mvp (major vault protein). Likewise, very much lower doses of Cr**
(1, 10 and 50 ng.L™") in a one-week exposure affected HSP70 gene expression by
inducing HSC70 and inhibiting HSP70 transcription levels. It is important to keep
in mind that methylmercury (CH;Hg*) is very toxic (more than ten times as toxic as
inorganic Hg?*) and its toxicity emerges in lower doses (~pg.L~") for aquatic biota.
It has been found that even some cellular proteins can intensify CH;Hg" toxicity in
cells (Lee et al. 2016). Total mercury in natural surface waters (marine and freshwa-
ter) ranges from <1 to 20 ng.L~! while methylmercury concentrations are usually
less than 1 ng.L.=! (CEQG 2003). For aquatic invertebrates, the chronic toxicity rises
in a concentration range of 0.04—1.14 pg.L~!. Hence, gene induction at higher con-
centrations of CH;Hg" might likely indicate lethal pathways rather than protective
mechanisms.

Varotto et al. (2013) reported that after 48 h, equimolar mixtures of Cd**, Cu**
and Hg?" led to a significant modulation of transcription of HSP90 and HSP24 in
gills of M. galloprovincialis at 18 °C. With relatively high dosages tested (~50 nM,
or5.62 pg.L~'/Cd**; 3.17 pg.L~!/Cu?* and 10.0 pg.L~!/Hg>*) the most overexpressed
transcripts were HSP90, HSP24.1, and the translation initiation factor 5SA. The
highest doses as 200 nM led to an overexpression of both genotoxic effects and
apoptotic cell death transcripts. Indeed, the bioconcentration factor for Cd* (69.3)
was lower than Cu?* (242.0) and Hg>* (561.4), which highlights cadmium toxicity
for this species in lower concentration uptaken. Along similar lines, Liping et al.
(2014) proved that HSP22 mRNA expression M. galloprovincialis was rather
detected in muscle tissue; moderately found in the mantle and gonad, and barely
expressed in the gills, hepatopancreas and hemocytes after low to moderate doses in
short-term exposures (5 and 50 pg.L~! of Cd**) at 17 °C. Otherwise, HSP24 highest
expression level occurred in the gonad tissue, and the lowest in hemocytes. HSP22
mRNA expression was significantly down-regulated to 0.2-fold at 5 pg.L~! at 24 h.
After this, expression levels got recovered. No difference in HSP22 expression
appeared at 50 pg.L~!. HSP24 levels also significantly decreased about 0.5-0.6-fold



248 A. Magesky and E. Pelletier

at 24 h and 48 h in 5 pg.L~! treated groups. After exposure period, expression level
got recovered to original levels at 96 h. Finally with 50 pg.L~' HSP24 levels
decreased to 0.4-fold at 48 h and slightly rose again at 96 h.

Some experiments using blue mussels Mytilus edulis (Mytilidae) have similari-
ties with the HSP70 stress-related mechanisms described for M. galloprovincialis.
With 200 pg.L~!/Cd?**, blue mussels had around 175% and 350% of HSP70 raised
levels in gills over the controls after 2 and 8 days at 10 °C, respectively (Radlowska
and Pempkowiak (2002). M. edulis also reacted with a significant increase in HSP70
levels once exposed to Pb** (200 pg.L") or 260% over the controls on the 8th day.
In turn, Cu® (200 pg.L™") induced HSP70 at 240% compared to controls. Cooper
was the least potent stressor compared to cadmium and lead. As depicted by the
authors, Cd?* accumulation was higher than Cu?* in the gills of M. edulis at 7th day
even though the accumulation started with around 100 pg.g~! of Cd** and Cu?* (both
at 200 pg. L") at day 1. After 3 and 5 weeks of depuration, mussels exhibited a high
degree of inter-individual variability in HSP70 levels. Similar results were found by
Tedengren et al. (1999) with Baltic and North Sea blue mussels exposed to Cd**
(100 pg.L-" and Cu?* (10 pg.L~") at 16 °C. In fact, Baltic mussels had slower levels
of HSP70 after 1 week-exposure. They reached the highest tissue concentrations of
Cd? showing twice as high ammonia excretion rate, respiration rates and mortality
compared to North Sea blue mussels. A significant increase of Cd** concentration in
mussel tissues was observed for both populations. Baltic mussels accumulated
75-100% more Cd** though (from 150 to 200 pg.g™! at 100 h and 1-week respec-
tively). North Sea population accumulated around 100 pg.g from 100 h to 1-week
of exposure. A minor increase of Cu?* in tissue concentration during short exposures
was detected without any differences between populations.

Only a few studies have discussed the role of HSP60 against metal stress in mus-
sels. It has been demonstrated that in M. edulis a significant increase of HSP60
occurred from the threshold 3.2 pg.L=!/Cu?* to higher doses throughout 7 days at
15 °C (Sanders et al. 1991). As an additional effect, the mass of total proteins tended
to decrease with increasing Cu®* concentration. The brown mussel Perna perna
(Mytilidae) also had HSP60 protein levels significantly induced in gills by Zn?*
(30 pg.L~") within 48 h. High concentrations (653.8 pg.L~") activated antioxidant
defenses, doses even much higher (6538 pg.L~") increased lipid peroxidation end
products and reduced protein thiol and glutathione levels (Franco et al. 2000).

11.7.2.2 Clams (Veneroidea and Tellinoidea)

Differently from marine mussels who get attached to consolidated substratum like
rocks, clams inhabit non-consolidated substratum such as mud, porous sand, sand-
gravel beaches, etc. Living burrowed in soft sediments as mudflats or mangrove
swamps where anoxic conditions are often present, some clams are continuously
exposed to hydrogen sulfide at levels up to 384 mg.L~"' (Joyner-Matos et al. 2006).
Hydrogen sulfide is known to be a highly reactive toxin able to diffuse freely across
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respiratory surfaces inhibiting cytochrome ¢ oxidase and many other enzymes
(Bagarinao 1992). In such conditions, small Hsp can be rather produced than
HSP70 to handle the chemical stress in some clam species (Joyner-Matos et al.
2000).

In Manila clams Venerupis philippinarum (Veneroidea, Veneridae) collected
from metal-polluted areas, for example, tissues analyzed showed immunopositivity
to HSP70 (Boscolo-Papo et al. 2014). In addition, small Hsp expression was
detected in V. philippinarum Cd*-treated throughout 96 h at ~22 °C (Li et al. 2010).
Two ~20 kDa forms were identified responding to cadmium toxicity in a short time:
HSP-1 (20.29 kDa) and HSP-2 (24.66 kDa). After 24 h the expression level of
HSP-1 was down-regulated to 0.4-fold with 10 pg.L='/Cd*, but at 96 h HSP-1 lev-
els went back to the original level. With 40 pg.L=!/Cd**, no changes in Hsp level
were observed during 24 h. Nonetheless, it decreased significantly up to 96 h.
Regarding HSP-2, the expression level was downregulated from 24 h to 48 h under
40 pg.L-Y/Cd** treatment, getting recovered later at 96 h. With 10 pg.LL.-!, mRNA-
Hsp expression levels were raised to 2.7-fold only after 48 h compared to controls.
On the contrary, the same species showed down regulation of HSP27 in 3 days once
exposed to 20 pg.L.-!/Na,HAsO, at 22 °C (Wu et al. 2013). Rising levels of arsenic
accumulation in gills occurred as a function of decreasing salinities.

In hard clam Meretrix meretrix (Veneroidea, Veneridae), a 40 pg.L-'/Cd*
96 h-exposure made the expression level of HSP20 be the strongest in hepatopan-
creas, gills, mantle tissues, and to a lesser degree in hemocytes, gonad and adductor
muscle at 20 °C (Lietal. 2013). Unlike M. meretrix, the intertidal clams Sinonovacula
constricta (Tellinoidea, Solecurtidae) progressively downregulated small Hsp tran-
scripts (~15-30 kDa) in hemocytes and gills after 1 and 10 mg.L-"Cd** treatments.
It occurred by more than 20-fold at ~17.8 °C throughout 36 h and at ~21 °C (Zhang
et al. 2013). As an alternative response, hemocytes and gill cells challenged with 1
and 10 mg.L"!/Pb** had an overexpression of 15-30 kDa mRNA at 12 h, which
dropped drastically at 36 h.

11.7.2.3 Scallops (Pectinoidea)

Scallops Chlamys farreri and Argopecten irradians can display some different life
habits even if they belong to the same clade (Pectinoidea, Pectinidae). While C. far-
reri can be temporarily attached to a hard substratum by byssus threads and later
release them to get reoriented again, A. irradians are free-living and they normally
rest above soft sediment or hard substratum (Alejandrino et al. 2011). Small HSP22
has been suggested to play a critical role in response to bacterial challenge in hae-
mocytes of C. farreri (Zhang et al. 2010a). Comparatively, A. irradians have a
clearly time-dependent expression pattern of HSP70 gene expression when infected
with bacteria reaching a peak at 8 h but dropping at 16 h (Song et al. 2006). For this
species HSP70 seems to be important to control the effects of a biological agent
infection. Rising concentrations of Cd** (50-200 pg.L~"), Cu** (5-15 pg.L™!) and
Pb* (500 pg.L™") induced HSP22 gene in A. irradians along 10 days at 18 °C as
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well, but not in a concentration-dependent way (Zhang et al. 2010b). With Cu**,
expression level in haemolymph increased from 5.8-fold (50 pg.L™") to 48-fold
(100 pg.L~Y) and dropped to 24.3-fold (150 pg.L™"). In 200 pg.L~'/Pb* treatments,
HSP22 mRNA was 50 times higher than that of 200 pg.L.=!/Cd**. For a concentra-
tion of 100 pg.L~'/Cd** HSP22 mRNA expression level was 67.2-fold and decreased
to 6.0-fold with 200 pg.L~!. In a like manner, all these metals at different doses (pg.
L~!) induced HSP90 gene expression in C. farreri from 10 days to 20 days at 18 °C
(Gao et al. 2007). As expected, a concentration-dependent tendency was established
between HSP90 mRNA and Cd?** after 10 days. For Pb**-treated organisms, HSP90
mRNA steadily increased but a much lower upregulation appeared in 200 and
300 pg.L~! groups (Gao et al. 2007). The strongest mRNA level was showed at
10 pg.L~!/Cu*-treated groups.

11.7.2.4 Qysters (Ostreoidea and Pterioidea)

Differently from scallops, oysters are sessile animals living permanently attached to
solid substratum and must cope with harsh and drastically changing conditions like
temperature and salinity variations, and dissecation following the tidal cycles. As
discussed by Zhang et al. (2012), an expansion of genes coding for HSP70 and
inhibitors of apoptosis exist in some oysters like Crassostrea gigas (Ostreoidea,
Ostreidae) as a main apparatus to adapt them to common stressors inherent to ses-
sile life in exposed environment, which eventually includes metal pollution
discharges.

Using C. gigas exposed to 25.4 pg.L.=!/Cu®" and 450 pg.L~'/Cd** at 15 °C, HSP70
can be detected in individuals exposed 3 and 15 days in epithelia close to membrane
of the basal portion of intestine, stomach, esophagus cells and some cells at the gill
filaments (Moraga et al. 2005). In turn, metallothioneins were detected in the apical
part of cells localized in the stomach and gut epithelia, in some gill filament cells
and oocytes. The HSP70 regulation in C. gigas seems to be severely affected when
temperature and contamination by Cd* come together. Along 45-50 day exposure,
HSP69 (an inducible isoform of HSP70) can be upregulated by ~50 pg.L~'/Cd* in
C.gigas at 12 °C (Ivanina et al. 2009). Notwithstanding interactions between Cd**
effects and rising temperature (20—40 °C) on HSP69 provoked detrimental effects in
C. gigas (Choi et al. 2008). In general, exposing Cd**-treated oysters from three dif-
ferent populations to high temperature did not further induce HSP69 in gill and
hepatopancreas. Both stressors have the potential to simultaneously suppress the
cytoprotective upregulation of molecular chaperones. Correspondingly, HSC72 and
HSC77, HSP90 and HSP60 were not significantly upregulated either. In this same
species, Cd** can also significantly increase HSP90 mRNA expression in the gill
and digestive gland in a dose- and time-dependent manner from 1 to 11 days at
~20 °C (Choi et al. 2008).

The impairment of cadmium in protein metabolism and DNA in C. gigas has
received some attention. Cd** (6 pg.L™") induced several Hsp gene family-related
proteins (with HSP70, HSP90, HSP60 and GRP78, a 78-kDa glucose-regulated
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protein) but also the protein ubiquitination process within 9 days at 19 °C (Meng
et al. 2017). Protein ubiquitination is a removal of unrepaired proteins through syn-
thesis of ubiquitin-conjugating proteins (E1, E2 and E3). Proteins E1 and E2 were
upregulated by Cd** (6 pg.L~") whereas mRNA and protein abundance of E3 signifi-
cantly decreased. It has been suggested that as E3 proteins have sulthydryl groups
in active sites, the molecules might be oxidized by Cd*". Another possibility is the
ATP depletion in oxidative milieu leading to declining levels of ubiquitin conju-

gates (Meng et al. 2017) (Fig. 11.5).
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Fig. 11.5 Effects of cadmium on Hsp expression and protein metabolism in oysters (Meng et al.
2017). Heat shock factor (HSF) regulates Hsp expression in nucleus (1). After gene transcription
of mRNA-HSP, expression of 70 kDa and 90 kDa proteins begins in cytoplasm (2). While GRP78
(glucose-regulated protein 78) is produced in endoplasmatic reticulum (ER), HSP60 and mitHSP70
(mitochondrial HSP70) are upregulated in mitochondria (3—4). Both HSP70 and HSP90 work
together to promote refolding of damaged proteins (5). The initiation of degradation process by
ubiquitin proteosome pathway requires ATP (6) (E1: E1 ubiquitin-conjugating enzymes; E2: E2
ubiquitin-conjugating enzymes; E3: E3 ubiquitin-conjugating enzymes). Both mRNA expression
and protein abundance of E3 decreased after cadmium treatment. E1 and E3 concentration
was increased
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Fig. 11.6 Some mechanisms of HSP activation in planarians facing environmental stresses (star-
vation and physical harm) and metal contamination (Conte et al. 2011; Zhang et al. 2014; Ma et al.
2014; Plusquin et al. 2012; Cheng et al. 2015). While HSP90 gene is not expressed upon low to
high doses of cadmium in Dugesia japonica (1), the 78 kDa glucose-regulated protein (GRP78) is
upregulated by Pb?* and Hg?* but not by depravity of food (1, 2). Oscillating patterns of HSP60 and
HSP70 gene protein expression can be found in Schmidtea mediterranea with only HSP70 gene
expression persisting through time after cadmium contamination (1, 3—4). Expression of constitu-
tive HSP90 gene can be highly detected in gastrodermis of D. japonica in regeneration (5), as well
as HSP70 (for both tissue trauma and starvation)

Other species in Ostreoidea have also exhibited interesting mechanisms to miti-
gate proteomic stress due to trace metal contamination at doses excessively high.
Cadmium accumulation in Crassostrea virginica (Ostreoidea, Ostreidae) reached
around 0.4 mM (45 mg.L™!) to 1 mM (112.4 mg.L!) in isolated hepatopancreas
cells and 200 to 400 pmol.L~! in gill cells following a Cd** treatment (50, 500 and
2000 pmol-L~! or 5.62; 56.2; 224.8 mg.L!) for 4 h at 20 °C (Ivanina et al. 2008).
Accordingly, contrasting levels of HSP60 and HSP70 arose in gills and hepatopan-
creas. HSP60 and HSP70 protein expression were significantly raised in Cd?*-
exposed gill cells but not in hepatopancreas. Though, metallothioneins mRNA
expression increased only in the hepatopancreas. It clearly indicated that metallo-
thionein may provide sufficient protection against Cd** proteotoxicity in hepatopan-
creas cells alleviating the need for upregulation of Hsp. Surprisingly, Ostrea edulis
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(Ostreoidea, Ostreidae) had a dose-dependent enhancement of HSP70 in gills in
100-500 pg.L-!/Cd** media over 7 days, as well as an over-expression in hepato-
pancreas (Piano et al. 2004). The expression of metallothioneins caused by 500 pg.
L~'/Cd*" in gills and hepatopancreas were 208% and 160% over untreated oysters,
respectively.

The species Crassostrea hongkongensis (Ostreoidea, Ostreidae) taken from nat-
ural locations severely contaminated by Zn** and Cu?* exhibited Hsp proteins being
differently regulated in the gills. 70 kDa heat shock cognate protein 2 (constitutive
HSP) was significantly up-regulated in the gills of oysters long-term exposed to
relatively slight metal contaminations, but it was down-regulated under a long-term
severe metal exposure (Luo et al. 2014). Similarly, HSP70, heat shock cognate pro-
tein 5 and HSP60 were detected down-regulated once exposed to long-term metal
contaminations. In addition to Hsp levels, there was an appreciable metallothionein
expression and more granular cells observed in the gills exposed to long-term and
highly heavy-metal contaminated estuary. Metal-rich granules are known to store
metals with insoluble forms to detoxify intracellular milieu in mollusks (Marigémez
et al. 2002).

It is interesting to note that in the case of Pacific pearl-oyster Pinctada mar-
garitifera (Pterioidea, Pteriidae) a great expression of HSP70 and HSP90 rapidly
arose 1 day after 10 pg.L~'/Cd** treatments at 27.9 °C, but it did not persist (Yannick
et al. 2017). In a general sense, it can be stated that Hsp expression in oysters is a
highly dynamic mechanism involving several factors and chaperones being continu-
ously up- and down-regulated throughout the exposure period and the depuration
period. Higher doses might gradually shut-down Hsp expression whereas lower to
mid doses will likely stimulate their transcription. In fact, high dosages likely trig-
ger lethal pathways within a few days by disturbing most living mechanisms in cells
and tissues which include HSP expression.

11.7.3 Crabs, Shrimps and Small Crustaceans (Decapoda,
Anostraca and Copepoda)

Brine shrimps (Artemia spp.) cysts normally endure repeated dehydration/rehydra-
tion with low mortality rates and no adverse effects on transcription (De Chaffoy
et al. 1978). Amongst other physiological and morphological mechanisms, cysts
also contain large amounts of small HSPp26 (~20.7 kDa) to tolerate environmental
stress (MacRae 2015). Previously heat-shocked (~30 min) swimming nauplii of
Artemia franciscana at instar II stage (Anostraca) exhibited increased acute toler-
ance to Cd** (10-300 mg.L~!) and Zn*" (0.5-150 mg.L~!) at 37 °C (Pestana et al.
2016). After recovering for 6 h at 28 °C from heat shock stress and
48 h-contamination, appreciable levels of HSP70 were still detected after chemical
treatment finished. Except for Cd**, protein levels were gradually reduced over
time. In turn, Zn?* exposure had no significant impacts on Hsp expression.
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Under natural conditions, many aquatic organisms can be negatively impacted
by ultraviolet B radiation (UV-B) which can cause harmful effects in their metabo-
lism including DNA damages and ROS overproduction (Lister et al. 2010). Intertidal
copepod Tigriopus japonicus (Copepoda, Harpacticidae) once exposed to UV-B
radiation are able to subsequently express HSP20 mRNA, HSP70 and HSP90« in a
dose-dependent way (Kim et al. 2014a). Conversely, HSP10 and HSP40 mRNA get
downregulated at 18 kj.m=2 and up. These intriguing results appear compatible with
the patterns outlined hereafter. Once 96 h-tested with low doses of Cu?* (0.1-0.5 pg.
L1, Ag* (0.01-0.1 pg.LL™") and Zn** (0.1-1.0 pg.LL="), HSP70 gene of T. japonicus
was greatly upregulated at 20 °C (Rhee et al. 2009). With low doses of Hg** (~10 pg.
LY, T. japonicus can also express HSP70 mRNA and HSP20/a-crystalline in 48 h
at 22 °C (Wang et al. 2017a). This species experienced different responses under
stronger doses of Ag*, As*, Cd**, Cu?*, Zn** within 96 h at 20 °C tough (Kim et al.
2014b). Because HSP20 and HSP70 genes were sensitive to all metals, transcrip-
tional levels got elevated. While most of the mRNA Hsp genes analyzed were up-
regulated in Cu?* media, HSP40 mRNA expression was reduced with 100 pg.L~".
Likewise, transcriptional levels of HSP10 gene were downregulated by 100 pg.L™!
(of As*, Cd** and Zn?").

Activation of small Hsp and HSP60 transcripts in black tiger shrimp Penaeus
monodon exposed to Cu?*, Zn>* and Cd** (0.18, 0.50 and 7.73 mg.L~") was investi-
gated from 6 to 96 h exposure at 25 °C (Shi et al. 2015). In their gills, HSP60 tran-
script level was significantly raised at 12 h after cooper contamination, but decreased
at 48 h and it went up again at 96 h. By this time, HSP10 reached 7.8-fold also in
the gills. Zinc provoked the maximum expression of HSP10 and HSP60 after 12 h
in the gills as well (4.8- and 7.2-fold respectively). While Cu?** did not change hepa-
topancreas Hsp transcript expression, HSP10 and HSP60 were at their strongest
levels after 24 h with Zn*". For cadmium exposure, HSP10 mRNA maximum
expression was at 12 h in the gills. Being phylogenetically close to P. monodon
(Shen et al. 2007), chinese shrimp Fenneropenaeus chinensis juveniles (Decapoda,
Penaeidae) responded to 3.17 mg.L~! (Cu*") and 0.281 mg.L~! (Cd**) contamination
with a progressive HSP70 gene upregulation at 25 °C in a short-term exposure
(72 h) (Luan et al. 2010). At 12 h, HSP70 gene was up to its highest expression
level, but it went sharply down at 72 h. At 24 h exposure, HCS70 gene (constitutive)
was slightly induced, but went back to lowest levels at 72 h. No overexpression of
HSP70 gene occurred in cadmium media and HCS70 was greatly inhibited.
Environmental heat stress can be extremely deleterious to post-larvae of the shrimp
Penaeus vannamei (Decapoda, Penaeidae), but it also protects them from metal
toxicity (Sung et al. 2017). Thereupon shrimps pre-heated at 38 °C had HSP70
expression increased and a better survival rate (5 to 15%) after exposures to Cu®*
(LCso=7.0 mg.L™") and Zn** (LCso = 3.5 mg.L™") up to 24 h.

In the case of euryhaline crab Portunus trituberculatus (Decapoda, Portunidae),
HSP60 seems to be dynamically expressed to face osmotic pressure changes. HSP60
mRNA expression time oscillates from 12 to 48 h in gills of P.trituberculatus under
different salinity challenges (Xu and Qin 2012). High HSP60 mRNA expression
can decrease from 12 h to 24 h and be upregulated at 48 h and reduced again after
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120 h in high salinities. During low salinity stress, mRNA level went up at 12 h, and
decreased to normal levels at 48 h but it arose again at 120 h. Under 58 mg.L=!/Cu?*
1 h-treatment P. trituberculatus genes HSP90—1 and HSP90-2, which are 78.4%
and 86.7% identical with one another, operate in a contrasting way at 20 °C (Zhang
et al. 2009). With HSP90-type 1 transcripts being mainly expressed in gills, HSP90-
type 2 mRNAs were significantly upregulated in hepatopancreas and gills.

11.7.4 Rotifers (Monogononta)

Rotifers make up a crucial part of the zooplankton in coastal areas where pollution
has being often ubiquitous and still a major concern along coasts of developing
countries. As for their freshwater counterparts, marine rotifers are less studied as
models to evaluate metal toxicity and Hsp expression. So far Brachionus spp. has
been used to determine transcriptome responses to trace metals. It has been shown
that HSP70 in Brachionus calyciflorus (Monogononta) is decreasing with aging
(Yang et al. 2014), but the difference between HSP70 mRNA expression between
young and adult rotifers following metal exposure is still less understood.
Noteworthy, H,O, (0.1 or 0.2 mM) induced expression of HSP40, HSP60, HSP70
and HSP90 (~30- to 90-fold) within 1 h in B. calyciflorus, but Hsp levels slightly
dropped after 2 h (5- to 10-fold). Dietary restriction also improves the mRNA
expression of HSP40, HSP60, HSP70 and HSP90 genes (Yang et al. 2014). Unfed
rotifers Brachionus plicatilis (Monogononta) reached 50% of mortality in 24 h
when treated with 80.9 pg.L~!/Cu?". Fed siblings died over a 133.4 pg.L~! dose in
the exposure media (Arnold et al. 2011). Up to 48 h, these concentrations were
~13.4 pg.L~! for starving individuals and ~20.8 pg.L~! for the fed ones. Different
levels of transcriptional expression of HSP20, HSP70 and HSP90«-1 appeared in
neonates of Brachionus koreanus (Monogononta) in a 48 h-exposure with
0.125-1 mg.L~"/Cu*" and 31-500 mg.L~!/Cd** at 25 °C (Jung and Lee 2012). To
cope with Cu?* effects, HSP20, HSP70 and HSP90a-1 mRNA were enhanced in a
concentration-dependent manner at 24 h. Under middle- or high-doses of Cu?*,
HSP90a-1 m-RNA level was increased by 40-fold compared to controls while
HSP27 and HSP90P mRNA levels were only upregulated at 48 h. With cadmium,
HSP70 and HSP90a-1 mRNA expression was higher at 24 h and HSP90 mRNA
was even modulated 24 h earlier in cadmium treatments.

11.7.5 Cnidarians (Scleractinia and Hexacorallia)

In cnidarians, as many as 5 to 6 major small Hsp isoforms have been identified
(Downs et al. 2000). Small Hsp (aB-crystallin, HSP22, HSP23, HSP26 and HSP28)
can be induced after metal contamination in some cnidarians studied. Adults of sea
anemone Anemonia viridis (Hexacorallia, Actiniidae) showed increasing expression
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of HSP28.6 gene after cadmium and lead 12 h-treatments from low to mid level
doses (2, 10 and 50 pg.L7!) at 18 °C (Nicosia et al. 2014). Transcript was
up-regulated by all doses of Pb*, but with a highest expression reached 5.4-fold at
50 pg.L~'. Cadmium elevated HSP28.6 gene expression by 8-fold at 50 pg.L~!.
Another sea anemone species, Nematostella vectensis (Hexacorallia, Edwardsiidae),
seemed to have a metal-specific regulation once challenged with 0.3-0.7 pM of
Hg?**, Cu*, Cd** and Zn* in single treatments up to 24 h at ~18 °C (Elran et al.
2014). About 80% of the up-regulated transcripts and 60% of the down-transcripts
were similarly regulated in both cooper and mercury test-media. Cadmium and zinc
shared less regulated genes though. The most highly regulated genes were those
from the HSP20 group after contamination by Hg*>. There was also an upregulation
of transcription factors such as Egrl, AP1 and NF-kB just one hour after contamina-
tion showing a fast response to metal toxicity. Differently from solitary anemones,
corals have a sessile life habit and might be definitely more vulnerable to environ-
mental pollution carried by sediment transportation in estuaries. The 70 kDa chap-
erone has an important role in protecting coral colonies explants of Montastraea
franksi (Scleractinia, Merulinidae) exposed to Cu?* at 27 °C. Polyps had HSP70
gene expression significantly upregulated by 100 pg.L=! in 4 h-exposure, and by 30
and 100 pg.L~! in 8 h-exposure (Venn et al. 2009).

11.7.6 Sponges (Poecilosclerida, Chondrosiida
and Hadromerida)

Compared to their freshwater siblings, resilience of marine sponges against metal
toxicity appears to be a little more understood. A 5 day-exposure of sponge Crambe
crambe (Poecilosclerida, Crambeidae) to Cu?* (30 and 100 pg.L~!) in laboratory
showed that HSP52 and HSP72 were expressed at 17 °C (Agell et al. 2001). Yet
significant differences were only found with HSP72 at 30 pg.L~! dose, both were
inhibited by 100 pg.L~!/Cu?*". While HSP72 was mobilized in short-term, HSP52
was accumulated in a long-term. In the field measurements, HSP54 is even found
highly expressed in native sponges living in Cu**-contaminated environment and in
individuals recently transplanted into it. Correspondingly, some tolerance to cooper
seemed to emerge even though sponges accumulated 120 pg.g=!/Cu?* in field and
laboratory  groups. Comparatively Chondrosia reniformis (Chondrosiida,
Condrosiidae) did not show any HSP70 mobilization after two treatments with Cu?*
(20 and 100 pg.L™!) lasting 5 days at 17 °C (Cebrian et al. 2006). Healthy sponges
experimentally transplanted to copper-polluted harbor site had even a lower survival
rate 4 months after and no HSP70 expression. The species Suberites domuncula
(Hadromerida, Suberitidae) incubated with increasing concentrations of Cd** (0.562
to 562 mg.L~!) up to 6 days had a increase in the number of DNA single strand
breaks at 16 °C (Schroder et al. 1999). In this work, a maximum induction of HSP70
was detected with 1 mg.L=!/Cd?* after 12 h, the same time with the maximum of
DNA damage observed.
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11.8 Conclusions

Our knowledge about Hsp modulation and induction in aquatic invertebrates facing
metal contamination has greatly advanced in the last two decades. Species inhabit-
ing different environments such as freshwater lakes, streams, estuaries and coastal
ecosystems exhibit their own mechanisms to dynamically mobilize the inducible
heat shock proteins. Overlapping expression of Hsp (proteins, mRNA and genes)
and the compensatory mechanisms found with anti-oxidant system and metallothio-
nein expression provided a more complete view of cytoprotective mechanisms espe-
cially in bivalves. As such, environmental parameters like temperature and salinity
combined with metal toxicity have brought more data about the metabolic limits for
Hsp to efficiently cope with pollution effects. Of particular interest is the use of
parasites as proxy to assess the effects of metal toxicity in both host and parasites.
As stated by Orsini et al. (2016), illuminating the link between genes and environ-
ment perturbations is an exciting yet challenging goal. In this context, understand-
ing metabolism and transcription of stress-inducible Hsp at low nominal
concentrations in chronic exposures have the potential to show a more accurate cell
response in aquatic invertebrates. As emphasized throughout this review, exposing
animal models to very high dosages does not bring useful data to unravel the mecha-
nisms truly related to real aquatic systems, either targeted by intermittent imputs or
already impacted by pollution, and where trace metals are found in much lower
concentrations. It should be also mentioned that as metal overdose provokes extreme
intoxication and lethality effects, other mechanisms allowing survival will probably
be rather more important than Hsp response itself. As another further step, we
should mention the need for studies regarding earth rare elements toxicity and the
transcription of Hsp, especially for freshwater invertebrates. Up to the present
moment, more work should equally reach invertebrate clades whose data remains
unavailable.
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Chapter 12

Heat Shock-Induced Transcriptional
and Translational Arrest

in Mammalian Cells

Anshika Goenka, Rashmi Parihar, and Subramaniam Ganesh

Abstract The heat shock response is a highly conserved cellular stress response
pathway that protects cells against stress-induced damages. The heat shock response
is characterized by the activation of the heat shock factor, a transcription factor,
which in turn regulate the expression of heat shock proteins which help the cells to
recover from the stress-induced damages. While the mechanism behind the activa-
tion of heat shock factor and the expression of heat shock proteins are well studied,
our understanding on the other aspects of the heat shock response pathway — mainly
the global suppression of transcriptional and the translational processes — has been
very limited. Thus, this chapter would focus more on the recent studies elucidating
the mechanism behind the heat shock-induced transcriptional and post-transcriptional
repression of gene expression. Given the importance of the stress response path-
ways in cell survival, the chapter would focus on the discoveries made in the mam-
malian systems and their impact on human health and disease.
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Abbreviations

CREBBP CREB-binding protein

elF2 Eukaryotic initiation factor 2
hnRNPs Heterogeneous nuclear ribonucleoproteins
HSF1 Heat shock factor 1

HSP Heat shock proteins

HSR Heat shock response

IR Intron retention

NMD Non-sense mediated degradation
RBPs mRNA-binding proteins

RNA pol I RNA polymerase 11

Sat3 Satellite III transcripts

SGs Stress granules

SINEs Short interspersed elements

SRSF1 Serine/arginine-rich splicing factor 1
TSS Transcription start site

12.1 Introduction

Notwithstanding the existence of homeostatic mechanisms, cells forming the organ
systems in the complex multicellular organisms such as mammals at times face sud-
den changes in the cellular environment that are harmful to the cellular physiology.
For example, fever or hyperthermia lead to an increased load of misfolded proteins
within the cell, which in turn activates a cascade of cellular response pathways
which are collectively called as the heat shock response (HSR) (Morimoto 1998).
Besides the heat stress, several other stimuli, such as the free radicals, heavy metals,
ischemia, and infection, also induce HSR (Morimoto 1998). The heat shock factor —
a conserved transcription factor — is thought to activate the HSR, resulting in a
global change in the transcriptional, translational and post-translation processes.
The HSR in a multicellular organism was first discovered in Drosophila, as a “puff-
ing” pattern of the polytene chromosome in response to a heat shock (Lindquist
1986; Lakhotia 1989). Further metabolic labeling studies in flies revealed that while
the expression of a majority of proteins was down-regulated, the expression of a set
of proteins, known now as heat shock proteins (HSP), are up-regulated upon expo-
sure to a heat shock (Lindquist 1986). HSP, which are molecular chaperones, help
the synthesis and folding of other proteins (Lindquist 1986). During a heat shock,
the heat shock-induced HSP help to prevent the misfolding of proteins (Powers
et al. 2009). Devastating human neurodegenerative disorders, like the Huntington
disease, are thought to result from chronic misfolding of proteins, thereby causing
an imbalance in the protein homeostasis (Powers et al. 2009). Therefore, activating
the heat shock response has been a long sought therapeutic intervention for these
diseases (Maheshwari et al. 2014). More than 100 human diseases with protein
conformation abnormalities are known in the literature (Westerheide and Morimoto
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Fig. 12.1 Schematic diagram showing the positive and negative regulatory roles of heat shock
response pathway in cellular physiology. Heat shock induces the expression of heat shock proteins
and the autophagic process while a lethal thermal stress can also trigger apoptosis. On the other
hand, heat shock response brings about global suppression of transcription, mRNA splicing and
translational processes

2005) and the perturbations in the HSR could be playing a potential role in their
pathophysiology.

The regulation of the HSR is a well-studied phenomenon and is known to be
orchestrated by the transcription factor Heat Shock Factor 1 (HSF1). HSF1 is nor-
mally sequestered in the cell in the form of inactive monomers and released when the
misfolded protein load increases in the cell for them to trimerize and acquire a site-
specific DNA binding activity (Sarge et al. 1993; Westwood and Wu 1993). It then
induces the transcription of HSP and other cytoprotective proteins (Sarge et al. 1991).
Activation of HSF1 during the heat stress, in turn, is regulated by a ribonucleoprotein
complex containing translation elongation factor eEF1A and a non-coding RNA
HSRI1 (heat shock RNA-1) (Shamovsky et al. 2006). One of the immediate effects of
heat shock is translational shut-down and breakdown of the cytoskeleton complex.
As a result, there is a free pool of eEF1A which then forms a complex with HSR1
non-coding RNA. Further, the HSR1-eEF1A complexes assist in the HSF1 trimer-
ization and in its subsequent DNA binding activity (Shamovsky et al. 2006).

Since the discovery of genes coding for HSP in Drosophila (Lindquist 1986), the
mechanism of upregulation of these proteins and their functional significance had
been the major interest of study for a long time. However, the impact of heat shock on
the cellular physiological processes such as DNA replication and repair, transcription,
splicing, and translation had been thoroughly investigated (Velichko et al. 2013;
Velichko et al. 2012) (see Fig. 12.1). Some of the early studies which suggested a
global transcription repression to occur during heat shock had mostly been performed
in Drosophila (Lindquist 1986). Interestingly it had been shown that the expression of
“high molecular weight” RNA species, such as rRNA and mRNA precursors, were
repressed during a heat shock while the expression of the “low molecular weight”
RNA species i.e. those produced by RNA Pol III, remain unaffected (Kantidze et al.
2015). Moreover, gene expression data from mammalian cells using oligonucleotide
hybridization chips showed several hundred genes to be repressed by more than two-
fold during the heat shock (Kantidze et al. 2015). The extent of transcriptional repres-
sion is thought to be dependent upon the temperature or the duration of stress and also
the cell type exposed to the stress (Kantidze et al. 2015). The possible mechanism of
regulation of such repression has been uncovered only recently. Thus, this chapter
would focus more on the recent studies elucidating the mechanism behind the heat
shock-induced transcriptional and post-transcriptional repression of gene expression.
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12.1.1 Heat Shock Response and Chromatin Dynamics

The DNA is packed into nucleosomes which in turn are packed into high-order
structures. This order of nucleosome packaging in chromatin is crucial to gene
expression. During a heat shock the chromatin structure decondenses at the pro-
moter elements of the genes coding for the HSP. The coordinated function of vari-
ous proteins and protein complexes such as histone variants, histone-modifying
enzymes, histone chaperones and chromatin remodeling complexes bring about a
change the chromatin structure by allowing the displacement of nucleosomes upon
exposure to a heat shock (Li et al. 2007). Such heat shock-induced changes in gene
expression are preceded by changes in the promoter chromatin dynamics thereby
altering the kinetics of RNA polymerase II-promoter binding (Teves and Henikoff
2013). Binding of the Heat Shock factor 1 (HSF1) to the HSP gene promoters initi-
ates the release of RNA Pol II into the elongation phase of transcription which was
initially paused about 30bp downstream of Transcription Start Site (TSS) (Rougvie
and Lis 1988). Regulation of gene expression by RNA Pol II pausing is known to
occur in up to 30% of the genes in the genome (Levine 2011), including the heat
shock genes (Levine 2011). Thus, the RNA Pol II is bound to the gene promoter
even when the gene is not being transcribed. The paused Pol II binds to factors that
induce pausing (Missra and Gilmour 2010; Wu et al. 2003) including components
of the RNAi pathway (Cernilogar et al. 2011). During a heat shock exposure,
the active HSF1 binds to the HSP gene promoters and induces the elongation factor
P-TEFb kinase to bind to the paused RNA Pol II and relieve the inhibitory factors,
thereby facilitating the transcription elongation by RNA Pol II (Peterlin and Price
20006).

Concurrent with the expression of HSP, the HSR is marked by the reduction in
the transcriptional, translation and splicing events in the cell which collectively bring
about global changes in the gene expression patterns, which eventually help the cell
under heat stress by reducing the load of misfolded protein (Shalgi et al. 2014). This
is ensued by loss of Pol II from the promoter region of active genes as reported in
the salivary glands of Drosophila (Jamrich et al. 1977) and in the mammalian sys-
tems wherein non-coding RNAs induced upon heat shock inhibit the contacts
between Pol II and the promoter DNA (Yakovchuk et al. 2009). Such repression
does not operate on the HSP gene promoters since selective RNAse complexes
remove the non-coding RNA repressors and facilitate the binding of RNA Pol II
(Shamovsky et al. 2006)

12.1.2 Heat Shock Response and Transcriptional Regulation

As discussed above, the heat shock response is known to be associated with global
transcription repression (Lindquist 1986), however, the mechanism behind such a
global change was not understood well for a very long time. Recent studies indicate
critical roles for long non-coding RNAs in this process. For example, a class of
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human ncRNAs called Alu RNA, and its mouse homologue B2 RNA transcribed
from short interspersed elements (SINEs), were shown to regulate different aspects
of the heat-induced transcription repression (Allen et al. 2004). Alu and B2 RNAs
are known to interact directly with RNA Pol II and occupy the promoter of repressed
genes in a complex with RNA Pol II (Yakovchuk et al. 2009). Further, the Alu
ncRNA prevents pol II from engaging the promoter DNA by preventing appropriate
contacts between the polymerase and the promoter, both upstream and downstream
of the TATA box during closed complex formation by RNA Pol II in initiating tran-
scription (Mariner et al. 2008). As a result, an inert transcriptional complex is
formed at the promoter with the polymerase being trapped in the complex thereby
resulting in gene repression. During the heat shock response, transcription of human
Alu and mouse B2 RNA increase several folds (Li et al. 1999; Liu et al. 1995). The
increased RNA acts as a trans-acting repressor of transcription during cellular heat
shock response by the above mechanism. Interesting knockdown of the non-coding
RNA molecules during heat shock relieves the transcript repression significantly
thus establishing the direct role of the RNA in transcription repression (Mariner
et al. 2008). A very similar role for another non-coding RNA, known as Satellite III
transcripts (Sat3), in HSR was shown in the human cell lines. The Sat3 transcripts
which are human specific are synthesized upon heat shock and remain associated
with their locus of transcription (Jolly et al. 2004). Intriguingly, these transcripts
co-localize with transcription factors such as HSF1 and CREB-binding protein
(CREBBP; also known as CBP), RNA polymerase II and RNA-binding proteins
such as SRSF1 (serine/arginine-rich splicing factor 1; also known as SF2 or ASF),
KHDRBSI (also known as Sam68), and several heterogeneous nuclear ribonucleo-
proteins (hnRNPs) (Weighardt et al. 1999; Denegri et al. 2001; Metz et al. 2004;
Chiodi et al. 2004; Jolly et al. 2004). A recent study demonstrates that Sat3 tran-
scripts are involved in transcription repression by sequestering the transcription co-
activator CREBBP to its locus, thus rendering it less/unavailable for the transcription
of its target genes during heat shock (Goenka et al. 2016). Interestingly, knockdown
of either the Sat3 RNA or the SRSF1 redistributes CREBBP from the nSBs into the
nucleus in the heat-shocked cells (Goenka et al. 2016), reflecting the hierarchy in
the cascade from HSF1 to Sat3 to SRSF1 to CREBBP which essentially functions
as a co-activator and has more than 400 potential sites in the genome (Zhang et al.
2005); its modulation thus could have cascading effects on secondary and tertiary
targets. Thus, the Sat3 RNA mediates the transcriptional repression observed during
heat shock suggests a role analogous to the hsr-omega transcripts in Drosophila
(Jolly and Lakhotia 2006).

12.1.3 Heat Shock Response and RNA Splicing

One of the key consequences of the meticulously regulated heat shock response is
the altered splicing events or inhibition of splicing as observed during heat stress. A
recent study reports a significant inhibition in splicing, particularly by the
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mechanism of Intron Retention (IR), during a heat stress (Hussong et al. 2017).
Notably, the introns which are perfectly spliced in normal cells were retained in the
pre-mRNA during heat shock. As a result, there is a significant reduction in the
transcript abundance due to the introduction of premature termination codon and
the mis-spliced transcript being degraded through the non-sense mediated degrada-
tion (NMD) pathway (Hussong et al. 2017). One of the critical factors that regulate
the alternative splicing is an acetylated histone binding protein named BRD4 (bro-
modomain protein 4). During a heat shock, BRD4 gets recruited to the Sat3-positive
nuclear stress bodies in an HSF1-dependent manner, depleting its concentration
from gene cassettes thereby resulting in delayed or inhibition of splicing events,
leading to the degradation of abnormally processed mRNAs (Hussong et al. 2017).

12.1.4 Heat Shock Response and Translational Control

Translational regulation has a vital role in maintaining cellular homeostasis; for
example, in mammals, high temperatures cause an immediate halt of global protein
synthesis, which recovers when cells are returned to normal temperature (Banerji
et al. 1984; De Benedetti and Baglioni 1984). Heat shock induced translation regu-
lation was first described in Drosophila by Storti et al. (Storti et al. 1980) and later
in other organisms, cells, and tissues (Spriggs et al. 2010; Richter et al. 2010) and in
mammalian cells translation regulation during heat shock was first described in
chicken reticulocytes by Banerji et al. (Banerji et al. 1984). One of the most com-
monly used mechanisms for inhibiting global translation during heat shock in mam-
malian cells is by phosphorylation of Eukaryotic Initiation Factor 2 (eIF2) (see
Fig. 12.2), a critical factor involved in the initiation of translation (Trachsel et al.
1978; Rowlands et al. 1988; De De Benedetti and Baglioni 1986; Dubois et al.
1989). Phosphorylation of elF2a is regulated by various stress-activated elF2a
kinases (Holcik and Sonenberg 2005). HSP act as a chaperone for elF2 o -specific
kinases and regulates their activation (Matts et al. 1992, 1993). Intriguingly, in
response to heat shock, phosphorylation of eIF2a can induce the formation of stress
granules (SGs) (see Fig. 12.2). SGs are the dynamic non-membranous cytosolic foci
which range in size 0.1 pm to 2 pm in size (Anderson and Kedersha 2006). SGs are
primarily composed of un-translated mRNAs, translation initiation components,
and other proteins which effects mRNA function like the TDP43 and G3BPI
(Anderson and Kedersha 2006, 2008; Buchan and Parker 2009). SGs are known to
recruit various RNA-binding proteins (such as HuR, TIA1, SMN, TDP-43, FUS,
hnRNPA1, ATXN2, VCP) (Anderson and Kedersha 2008; Buchan and Parker 2009;
Wolozin 2012; McDonald et al. 2011; Bosco et al. 2010), transcription factors
(SRC3, Rpb4p) (Yu et al. 2007; Lotan et al. 2005), signaling molecules (dsRNA
dependent protein kinase (PKR)) (Reineke and Lloyd 2015), RNA helicases (Dhh1/
RCK, Rhau, P54 RNA helicase) (Sheth and Parker 2003; Swisher and Parker 2010;
Chalupnikova et al. 2008; Zampedri et al. 2016), and nucleases (TSN) (Shao et al.
2017; Weissbach and Scadden 2012). SGs are known to harbor microRNAs,
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Fig. 12.2 Schematic diagram showing the fate the mRNA during a normal cell state (left side) or
during a stressed state (right side), as indicated. During the normal state, the translated mRNA
might get recruited to the processing bodies (P-bodies). The P-bodies represent a lose assembly of
mRNA and P-body specific proteins (such as the Dcpla, Dcp2, GW182, and Ago2) and are
involved in mRNA storage and degradation. The fate P-bodies in the cell are not clear; one line of
evidences indicates that they might get degraded via the autophagic process. When the cells are
exposed to a stress, such as heat shock, the heat shock response pathway is activated which in turn
arrests the translation process. This is done via the formation of a specialized structure called stress
granules which recruit the mRNA-ribosome complex. The stress granule-specific proteins, such as
TIA-1, TIAR, Staufen, FMRP, and FUS, are thought to arrest the translational process. The
mRNA-ribosome complex may resume translation during the recovery phase or the damaged com-
plex may be degraded via the P-bodies or the autophagic process. The fluorescence images shown
at the bottom of the schematic visualize the P-bodies (stained for Dcp2; green color) (left side) in
a normal state or the stress granule (stained for G3BP; green color) (right side) upon exposure to a
heat shock. The nuclei were visualized by staining with DAPI (blue color)

argonaute proteins, mRNA-editing enzymes, and proteins required for transposon
activity (Leung and Sharp 2013). Once formed, the SGs act as the site of mRNA
triage to sequester mRNAs for stability or degradation (Anderson and Kedersha
2008). Further, the transcripts are facilitated from stress granules to processing bod-
ies (PBs) for degradation (Anderson and Kedersha 2006; Anderson and Kedersha
2008; also, see below). Processing bodies are the cytoplasmic domains for the RNA
decay machinery (Eulalio et al. 2007a). PBs represent a loose assembly of mRNA
decay factors (Dcp1/Dcp2, Hedls), and the factors involved in the NMD and decap-
ping machinery (Pérez-Ortin et al. 2013; Eulalio et al. 2007b). The cellular recovery
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process from a heat stress is accompanied by the disassembly of SGs. The assembly
and disassembly of SGs are dependent on various mRNA-binding proteins (RBPs)
(Emde and Hornstein 2014), and thus represent essential components of the cellular
stress response mechanism. Abnormal or aberrant functions of SGs are associated
with several diseases in humans, including cancer and neurodegenerative disorders
(Mahboubi and Stochaj 2017).

12.1.5 Heat Shock Response and Proteolytic Pathways

Besides altering the transcription and translational processes, heat shock also affects
the half-life of proteins. Proteins are five times more stable and 900 times more abun-
dant to their corresponding mRNAs that encode them in the mammalian cells
(Schwanhéusser et al. 2011). Secondly, since proteins are the tertiary products, per-
turbations in protein stability and function would have an immediate impact on the
cell as compared to the effect of heat shock on RNAs. Heat shock is known to
induce unfolding of protein and their aggregations (Parag et al. 1987), thus these
aberrant protein forms need to be selectively degraded (Goldberg and St. John 1976;
Hershko et al. 1983). Ubiquitin proteasome system is well-known degradation
machinery and also thought to be clear heat-denatured proteins in mammalian cells
(Hershko et al. 1983; Ciechanover et al. 1984; Bond and Schlesinger 1985; Finley
et al. 2004). To reduce the overload of abnormal proteins the heat shock response is
also known to activate proteolytic processes (Dokladny et al. 2015). Intriguingly,
HSF1, a master of heat shock response is known to regulate autophagy — the bulk
degradative pathway in the cell via transcription of an autophagy gene, Arg-7 and
induces autophagy (Liu et al. 2010). Indeed, a regulatory cooperation between the
heat shock response pathway and the autophagy pathway has been proposed and
demonstrated (Dokladny et al. 2013; Jain et al. 2017). HSF1 was shown regulate the
LC3 lipidation — a critical step in the activation of autophagy (Dokladny et al. 2013),
suggesting a well-coordinated interaction between the two homeostatic pathways.
Besides the degradation of aberrant proteins, the heat shock-induced autophagy is
also known to clear SGs and processing bodies via autophagy (Buchan et al. 2013;
Walters et al. 2015; Mateju et al. 2017) (see Fig. 12.2).

12.1.6 Heat Shock Response in Infection

Heat shock response is not limited to exposure to external stress; it can be induced
to stimulate the host immune response during an infection including fever (Hasday
and Singh 2000). HSF1 serves as an important factor for immunoregulatory signal-
ing and the expression of several pro-inflammatory factors (reviewed in Hasday and
Singh 2000). Fever acts as a protective effect in response to the infection in the body
either by directly inducing heat shock response in the host or by the activation of
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pathogen heat shock proteins (Kluger 1978). A study by Kluger et al showed a sig-
nificant increase of survival in ectothermic vertebrates during infection with a gram-
negative pathogen. Similar findings were observed in goldfish, sockeye salmon,
crickets, grasshoppers, rainbow trout followed by experiments in mice model
(Kluger 2005). A 2°C increase of the core body temperature of mice infected with a
lethal form of herpes simplex virus leads to up to 85% increase in the survival of
infected animals (Schmidt and Rasmussen 1960; Bell and Moore 1974;, Jiang et al.
2000). Conversely, blocking fever in animals infected with microbes lead to the
poor survival of the host (Bernheim and Kluger 1976; Vaughn et al. 1980; Esposito
1984; Kurosawa et al. 1987). The HSR is thought to protect cells against the fever
by preventing the heat-induced protein denaturation and by activating proteolytic
processes. A more direct role for HSR in the pro-inflammatory response has also
been documented. For example, the HSF1 induced heat shock proteins are known to
modulate the activity of NF-kB at different levels (Leite et al. 2016). In general,
HSR is a primary defense mechanism that protects cells from apoptosis, by clearing
the abnormally misfolded proteins and inhibiting the pro-apoptotic proteins (Stefani
and Dobson 2003; Stankiewicz et al. 2005; Lanneau et al. 2008; Ali et al. 2010;
Upadhyay et al. 2016). The importance of the proteolytic processes in cell survival
has come from the studies on neurodegenerative disorders (Mittal and Ganesh
2010). A majority of these disorders are associated with the accumulation of abnor-
mally folded proteins in the neurons and activation of HSP was shown to protect the
neurons from the toxicity of these aggregates (Dong et al. 2005; Kumar et al. 2007,
Nagel et al. 2008; Jung et al. 2008; Kalia et al. 2010), indirectly by inhibiting the
pro-inflammatory and pro-apoptotic signaling pathways. Thus, the HSR response
found in various neurodegenerative disorders, ageing, dementia, and cancer possi-
bly represent a failed attempt by the cellular machinery.

12.2 Conclusions

The discovery of heat shock response pathway leads to the thorough characteriza-
tion of HSF1, its targets and the functional significance of heat shock proteins coded
by them. Studies have shown that the activation of HSR is not just limited to heat
shock, that it is a conserved pro-survival pathway and is activated by exposure to the
variety of stressor, including infection. The HSR is not just limited to the activation
of a set of genes coding for HSP. As discussed above, the HSR is accompanied by
global changes in the transcriptional, translational and post-translational changes in
the cell exposed to a stress. While much advancement has been made in understand-
ing the role of HSF1 in activating the genes coding for the HSP, our understanding
of the mechanism behind the HSR in modulating the global changes in the tran-
scription, translation, and post-translational processes have been very limited.
Secondly, most of the studies on HSR have restricted the analyses to cellular pro-
cesses and thus HSR was considered as a cell-autonomous process. Perhaps this is
due to the model systems used for the studies — such as cell lines and the yeast
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model. Thus there is a greater need for studies on HSR as a systemic response to
thermal stress in multicellular organisms. Indeed, the possible involvement of neu-
ronal signaling in cell-non-autonomous mode of heat shock response has been
shown in worms (Prahlad et al. 2008), that this may involve serotonergic signaling
(Tatum et al. 2015) and that such mechanism could operate for the protein homeo-
stasis processes (Sala et al. 2017). Thus, appropriate genetic screens are required to
understand cell-non-autonomous HSRs in mammalian species not only to under-
stand the HSR per se but also to relate HSR in disease conditions.
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HSP70 Mediated Stress Modulation
in Plants
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Abstract Stresses induced by abiotic and biotic factors badly effect sessile natured
plants. Several innate mechanism has been established by plants during evolution.
Expression of specialized proteins under harsh conditions to mitigate the effects is
one of the conserved mechanisms. Heat shock proteins (hsp) are one of those con-
served proteins. Among HSP, Hsp70 holds critical role in stress tolerance as well as
development. HSP70 are structurally conserved across the genomes and reported to
mitigate stress at cellular level. At the onset of stress, HSP70 releases HSF to trans-
locate and transcribe HSP resulting in increased tolerance. While, abundant HSP70
bind to HSF to down-regulate the expression of HSP. Hsp70 associated with mito-
chondria and endoplasmic reticulum respond to accumulation of unfolded proteins
(unfolded protein response) and repair them. Moreover, they are also associated to
control programmed cell death in plants by interacting with BAG proteins.
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ER Endoplasmic reticulum

HR Hypersensitive response

HS Heat shock

HSC Heat shock cognate protein
HSF Heat shock transcription factor

HSP Heat shock protein
Hsp-BP  Hsp binding proteins

HSR Heat shock response

NBD Nucleotide binding domain
NEF Nucleotide exchange factor
ROS Reactive oxygen species
SBD Substrate binding domain
sHSP Small heat shock proteins
UPR Unfolded protein response

13.1 Introduction

Ever increasing atmospheric temperature is becoming an emerging threat to life on
earth including sessile natured plants. The secondary effects of temperature could
be increase in the spells of drought. Along with climatic elements, plants also face
various biotic stress including pathogens (viruses, bacteria, fungi etc.) (Shao et al.
2007). Studies on evolution depicted that plants developed various innate stress
mitigation systems to address their adoption to dry and hot environment (Feder and
Hofmann 1999). A consortium of heat shock proteins (Hsp) could be regarded as
one of the most important and established system in this context. The proteins
degraded as a result of heat stress are repaired by HSP. A vast variety of these HSP
have been reported in plants and have been reported to play vital role in a vast range
of stresses. These heat shock proteins have been divided in various subclasses
including Hsp100, Hsp90, Hsp70, Hsp60 and small HSP (sHSP) (Saidi et al. 2009).
Among these, Hsp70 (DnaK-like) superfamily is involved in protein folding, degra-
dation, transport as well as modulation of stress response processes throughout the
cell (Wang et al. 2004). The members of Hsp70 superfamily characterized by the
presence of N-terminal adenosine triphosphatase (ATPase) domain, substrate-
binding domain, and C-terminal domain. Plants possess four types of Hsp70 based
on their subcellular localization viz. cytoplasm, mitochondrion, chloroplast and
endoplasmic reticulum (ER) (Karlin and Brocchieri 1998). Being ubiquitous, Hsp70
proteins perform chaperone and housekeeping role in plants (Gupta and Golding
1993). They have been characterized to play important role in transportation of
proteins across the organelles as well as folding of newly synthesized proteins
(Mayer and Bukau 2005). Heat stress triggers the production certain HSP70 where
they participate in repair of misfolded/denatured proteins (Hartl and Hayer-Hartl
2002). Here, we summarized the types, structure and molecular mechanisms of
plant Hsp70 proteins. A detail about some important interactions of HSP70 proteins
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Fig. 13.1 Role of HSP70 in stress modulation. Unfolded protein accumulation activates HSP70
where it works along with co-chaperone to refold the unfolded proteins. Free molecules of HSP70
suppress HSF and down regulate the expression of Hsps. Some members of HSP70 family may
interact with BAG (Bcl-2 associated athanogenes) to prevent programed cell death

with other proteins to regulate the mechanism of stress tolerance is also given, that
will provide an understanding of these fundamental pathways (Fig. 13.1).

13.1.1 HSP70 Family

The Hsp70 superfamily contains Hsp70 as well as Hsp110 (Hsp70 homoloues) pro-
tein families. It has been reported in various plant species (Ray et al. 2016). The
Arabidopsis genome has at least 18 members of Hsp70 superfamily containing 14
HSP70 while 4 belong to Hsp110/SSE. Five members of Hsp70 in Arabidopsis
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resides in cytosol; three found in endoplasmic reticulum (lumen), two are present in
mitochondria, three resides in chloroplast and location of last one is not known
(Sung et al. 2001a, b). In spinach genome, 12 Hsp70 family members has been
reported (Li et al. 1999). The expression profiling of both Arabidopsis and spinach
Hsp70 genes depicted that chaperone activity of this family is directly enhanced in
response to adverse environmental conditions like cold, heat, salinity and drought as
well as chemical stresses and ultimately resulted in improved stress tolerance in
plants. Functional analysis of rice Hsp70 genes revealed 32 representative members
including 24 Hsp70 while 8 Hsp110 (Sarkar et al. 2013).

13.1.2 Structure of HSP70

Hsp70 chaperones consist of highly conserved N terminal ATPase domain of ~44-
kD (also known as nucleotide binding domain, NBD), a substrate binding domain
of ~18-kD (SBD) and a highly variable C domain of ~10-kD (lid). C-terminal
domain is complex in structure and consisted of five elongated a-helices responsible
for structural changed during attaching and releasing of substrate (Sung et al. 2001a,
b). The C terminal lid is responsible for keeping the substrate at SBD, which itself
is associated to hydrophobic region expressed in non-native substrate. ATPase
domain executes regulatory functions (Dragovic et al. 2006). The SBD binds tran-
siently to hydrophobic region of binding protein, and is controlled by NBD. For the
functioning of Hsp70 protein, it involves two co-chaperones in form of J-domain
and nucleotide exchange factor (NEFs). Binding of J-domain stimulates hydrolysis
of ATP that in turn traps the exposed hydrophobic region of the substrate and blocks
conformation of SBD. NEFs take part in conversion of ATP-ADP by catalysis, the
release of ADP from Hsp70 leads to convert the open conformation Hsp70 by
releasing the substrate. Protein families like Mgel in yeast mytochondria, GrpE in
E. coli, Hsp binding proteins (Hsp-BP) and Hsp 110 acts as NEFs (Storozhenko
et al. 1996; Zhang et al. 2010).

13.1.3 HSP70 Motifs and their Functions

The motif for the mitochondrial group is PEAEYEEAKK, for the cytosolic group is
EEVD and for the chloroplast group is PEGDVIDADFTDSK (Guy and Li 1998).
The C terminal cytosolic motif EEVD of Hsp70 proteins interacts with co-
chaperones containing numerous degenerate 34 amino acid repeats known as tet-
ratricopeptide repeats. Hsp70 performs various biological functions with
co-chaperones or in association with other chaperones. While DnaK system effec-
tively solubilizes and refolds small protein aggregates. The aggregates of larger
proteins are solubilized with Hsp100/ClpB (Diamant et al. 2003).
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13.1.4 Subcellular Localization of HSP70

Hsp70 proteins perform specific functions with respect to the site of their presence
in the subcellular components. Plant HSP70 has been reported in nucleus, cytosol,
mitochondria, chloroplast and endoplasmic reticulum (Karlin and Brocchieri 1998).
Nuclear HSP70 protect DNA from damages, cytosolic HSP70 prevent protein
aggregation, assists in folding of de novo proteins (Cho and Choi 2009). HSP70
related to endoplasmic reticulum (ER) are usually known as luminal binding HSP70
or BiPs (Binding immunoglobulin Proteins) precursor and associated in unfolded
protein response (UPR). Mitochondrial HSP70 function in protein import/translo-
cation as well as mitochondrial biogenesis. Chloroplastic HSP70 protects against
photo-inhibition during heat stress (Mayer and Bukau 2005).

13.1.5 Expression of HSP70

Cytosolic HSP70 may be expressed constitutively or only under stress conditions.
The constitutively expressed HSP70 are called as cognate HSP70 or Hsc70s. The
location of HSP70 expression and their interaction with co-chaperones determines
the exact function. The expression of HSP70 has been reported under abiotic stress
like cold, heat, salt, and drought as well as biotic stresses (viral, bacterial or fungal
infections). Arabidopsis Hsp70 homolog AtHsp70—4 was responsive to most of the
biotic and abiotic stresses (Sung et al. 2001a, b). Several rice HSP70 respond vari-
ably to stresses like salt, drought, heat and light. Sometimes mRNA is highly upreg-
ulated by some stresses while remain unaffected or even down-regulated by another
type of stresses (Sarkar et al. 2013).

13.1.6 Function of HSP70
13.1.6.1 Nuclear HSP70

Nuclear HSP70 have been reported to play critically important functions. They have
been found associated with synthesis of ribosomal RNA and translocation of sub-
strates across nuclear membrane (Nollen et al. 2001). Nuclear HSP70 have also
been reported in repair of nuclear damage caused by heat stress and protect nuclear
components against heat stress. A nuclear Hsp70 (NtHsp70-1) in Nicotiana taba-
cum was found useful in preventing nuclear DNA from degradation and fragmenta-
tion due to heat stress (Cho and Choi 2009).
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13.1.6.2 Cytosolic HSP70

The members of cytosolic HSP70 could be divided in to two groups based on their
functions. The group responsible for intracellular targeting and protein folding are
known as heat shock cognate 70 (Hsc70) protein. While, those involved in mitigat-
ing the effects of different stresses by refolding of denatured and aggregated pro-
teins are called as HSP70 (Kominek et al. 2013). Cytosolic Hsc70s are reported to
interact with Hip - a tetrameric protein where it stabilizes the ADP status of Hsc70
and increase the substrate holding activity of Hsp70. The Hsp70 works in collabo-
ration with small heat shock proteins (SHSP) and acts as molecular chaperone dur-
ing heat stress (Rousch et al. 2004). Hsp70 and sHsp17.6 has been reported during
temperature stress (heat or cold) pretreatment in grape plants (Zhang et al. 2008).
Cytosolic Hsp70 controls the abscisic acid (ABA) induced antioxidant response in
maize. Abiotic stresses enhance the production of H,O, that in turn increase anti-
oxidant enzymatic activity by promoting the accumulation of Hsp70 and ABA
level. The cytosolic Hsp70 in plants plays vital role in overcoming the stresses
caused by salinity, heat, drought, ROS and ABA (Park and Seo 2015). Moreover,
HSP70 also demonstrated their function in microbial pathogenesis like viral, or
fungal infections. A cytoplasmic Hsp70 (NbHsp70c-1) from Nicotiana benthami-
ana effect viral infection by assisting virus in assembling proteins (Chen et al.
2008). Moreover, this protein was also found essential for INF1-mediated hyper-
sensitive response (HR) against Phytophthora infestans (Kanzaki et al. 2003).
Cytoplasmic HSP70 also regulates the activity of heat shock factor (HSF) and
modulate the expression of heat shock response (HSR) machinery (Rana et al.
2016). Besides the general chaperonin activity, HSP70 assist in expression of other
stress associated genes. Hsp70 binds with HSF (heat shock factor) and keep it
monomerized. This prevents the activation of HSF and which ultimately cannot
translocate in to the nucleus. It therefore downregulates the expression of HSP
(Rana et al. 2016). Hsp70 also functions as modulator of signals transduction like
protein kinase A, Protein kinase C and protein phosphatase. Hsp70 chaperones may
broadly participate in modulating the expression of several down-stream genes in
signal transduction pathway under both normal and stressed conditions (Wang
et al. 2004).

13.1.6.3 Endoplasmic Reticulum HSP70

The main cause of endoplasmic stress is the accumulation of miss-folded or unfolded
proteins in endoplasmic reticulum (ER) lumen. Stress activates the protective
unfolded protein response (UPR) signaling pathway (Kleizen and Braakman 2004).
The UPR includes ER resident molecular chaperone Hsp70 known as Binding
immunoglobulin protein (BiPs). The chaperone recognizes miss-folded or unfolded
proteins and expels them out of endoplasmic reticulum for degradation.
Overexpression of BiP in transgenic tobacco (Nicoriana tabacum L. cv. Havan)
resulted in drought tolerance and prevented dehydration of cell (Alvim et al. 2001).
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Similarly BiP prevents drought induced leaf senescence in soybeans as demon-
strated in transgenic line overexpressing BiP (Valente et al. 2008).

13.1.6.4 Mitochondrial Hsp70

Mostly synthesis of mitochondrial protein precursors takes place in cytosol and then
transported into mitochondrial matrix. Mitochondrial Hsp70 (mtHsp70) plays an
important role in mitochondrial biogenesis. As the protein precursor arrives in mito-
chondrial matrix, mtHsp70 binds with them and initiate refolding off substrate (Shi
and Theg 2010). The mitochondrial Hsp70 has been reported to play significant role
in development of mitochondrial matrix as well as protein import in pea (pisum
sativum L.) (Dudley et al. 1997). Mitochondrial Hsp70 has also been characterized
as chaperone and play important role abiotic stresses like salinity, high or low tem-
perature, drought, and UV radiation (Liu et al. 2014).

13.1.6.5 Chloroplast HSP70

The heat shock protein Hsp70 is not merely associated with heat stress but also
show expression under high light intensity, oxidative stress and pathological stresses
(Yu et al. 2015). Chlamysomonas Hsp70 protects the cell from photo-inhibition
while a chloroplast homolog TaHsp70 in bread wheat (Triticum aestivum L.) plays
critical role in hypersensitive response (HR) provoked by stripe rust through jas-
monic acid signaling pathway (Duan et al. 2011). Arabidopsis cpHsp70-1 is respon-
sible for root growth under heat stress conditions during seed germination. It is
reported that cpHsp70—1 and cpHsp70-2 are important for plant development and
have diverse roles (Su and Li 2008). Rice (Orzya sativa) OsHspCP1 plays vital role
during heat stress in development of chloroplast (Kim and An 2013).

13.1.7 HSP70 as Chaperone

Heat stress triggers the expression of HSP70 (70-kilo Dalton heat shock protein)
chaperone, these chaperones along with other co-chaperones i.e., Hsp40, Dnal,
GrpE etc. produces a cellular machinery that helps in folding of de novo protein
(Goloubinoff 2017). They also play an important role in refolding of non-native
proteins and inhibit aggregation of protein under normal as well as stressed condi-
tions (Kotak et al. 2007). HSP70 are also responsible for transportation of proteins
and helps in proteolysis of denatured aggregated proteins through proteasomes or
by lysosomes. The Hsp70 family members concerned with protein folding and
translocation of precursors are expressed constitutively while other members are
expressed only in stress conditions, as they enhance the capability of refolding and
proteolysis rate of native protein (Hartl et al. 2011).
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13.1.8 HSP70 and Unfolded Protein Response (UPR)

The mechanism of unfolded protein response (UPR) in animals and yeast are well
understood where Hsp70/BiP proteins keep the aggregated proteins unfolded specially
in ER to reduce accumulation of protein in stress situations (Hartl et al. 2011).
Overexpression of BiP in tobacco reduces the induction of UPR and results in increased
tolerance against tunicamycin (a UPR pathway activator) (Alvim et al. 2001).

13.1.9 HSP70 as Transporter

It has been reported that several members of Hsp70 molecular chaperone are associ-
ated with import of protein and its translocation to mitochondria and chloroplast
(Haynes and Ron 2010). They are also involved in intercellular movement of protein
and viruses from plasmodesmata (Aoki et al. 2002). The cytosolic Hsc70, with assis-
tance of other chaperone e.g. 14-3-3 protein, a novel molecular chaperone protein,
interact with protein precursor of mitochondria or chloroplast to keep them in
unfolded state (Wang et al. 2004). Hsc70 may act as motor for transportation of pro-
tein precursor through membranes. The protein once reaches in stroma or matrix, the
chloroplactic or mitochondrial Hsp70 proteins (cpHsp70 and mtHsp70 respectively),
along with their co chaperones, react with protein precursors and cleaves the signal
peptide or leader with the help of peptidase(Ueki and Citovsky 2011). The structural
motif present on Hsc70 chaperone protein is compulsory for intercellular transport
and shows interaction with plasmodesmatal translocation pathway (Aoki et al. 2002).

13.2 Conclusions

Conclusively, Hsp70 modulate the expression of HSP by binding to HSFs, while
controls programmed cell death by interacting with BAG proteins during stresses.
Moreover, HSP70 repair misfolded proteins and transport organelle proteins into
their respective compartments.
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Chapter 14
Small Heat Shock Proteins in Stress
Response of Higher Eukaryotes

Annika Strauch and Martin Haslbeck

Abstract Small heat shock proteins (sHsps) are promiscuous molecular chaperones
which form dynamic, spherical oligomers. Besides their main function in balancing
proteostasis upon stress, sHsps are implicated in a variety of regulatory cascades
especially in eukaryotic cells. The chaperone activity of sHsps is regulated by spe-
cific triggers as heat/cold stress, starvation, pH changes, chemical, biomodulators or
posttranslational modifications. In this context, switching between activation and
inactivation is achieved by modulating the composition of the ensemble of sHsp
oligomers. This scheme of regulation allows a tremendous variability in contact sites
and, thus, high flexibility in the specific, mechanistically properties of single sHsps.
Regarding the evolutionary diversification and high sequence variability of sHsps it
is not surprising that their cellular functions seem to be manifold. Here we summa-
rize the current knowledge on the common structural and functional properties of
sHsps. Focusing on Drosophila melanogaster as an exemplary model, we especially
revisit the expression of sHsps at different stress conditions as well as changes in
their expression throughout the development and aging of higher eukaryotes.
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Da Dalton

Hsp Heat-shock protein

Hsps Heat-shock proteins

MAPK  Mitogen-activated protein kinase
mRNA  Messenger ribonucleic acid
NTR N-terminal region

NMR Nuclear magnetic resonance

pH Potential of hydrogen
PQC Protein quality control
PTM Post-translation modifications

sHsp Small heat-shock protein
sHsps Small heat-shock proteins

14.1 Introduction

sHsps were among the first proteins detected as part of the cellular stress response.
Early experiments studying gene expression after heat stress induced appearance of
expanded chromosomal puffs in Drosophila (Jamrich et al. 1977; Ritossa 1962;
Tissieres et al. 1974). In the following years, the corresponding stress genes were
analyzed and sHsps were identified as part of the heat stress response (Ashburner
and Bonner 1979; Craig and McCarthy 1980; Wadsworth et al. 1980). sHsps were
initially named according to their low molecular mass of the respective monomers
(Jakob et al. 1993), and besides Hspl100, Hsp90, Hsp70/Hsp40 and Hsp60
(Chaperonins) they present one of the five main families of molecular chaperones
(Lindquist and Craig 1988). However, they present the least conserved family of
molecular chaperones (Basha et al. 2012; Kriehuber et al. 2010; Waters et al. 2008).

sHsps have been found in all three domains of life and are the most omnipresent
molecular chaperones besides proteins of the Hsp60 family (Kriehuber et al. 2010).
Interestingly, sHsps have also been found in cyanophages (Bourrelle-Langlois et al.
2016; Maaroufi and Tanguay 2013) but it remains elusive what function they fulfil
in the replication cycle of the phage. Another striking feature is the high variation of
the number of sHsps genes in different organisms (Kriehuber et al. 2010). The gen-
eral trend is an enrichment of sHsps genes throughout evolution. E.g. man encodes
10 sHsps (Fontaine et al. 2003; Kappe et al. 2003), Drosophila melanogaster
encodes 12 (Morrow and Robert 2015) and Caenorhabditis elegans 16 (Candido
2002) while bacteria and archaea usually encode only 1-2 sHsps (Kriehuber et al.
2010). Nevertheless, it should be noted that some pathogen microorganisms like
Helicobacter pylori, Borrelia burgdorferi and Neisseria meningitidis (Kappe et al.
2002; Narberhaus 2002) do not encode a single sHsp gene (Fig. 14.1). The highest
number of sHsps genes is found in plants which can encode up to 37 sHsps (Basha
etal. 2012; Waters 2013; Waters et al. 2008; Zhang et al. 2015). The potential reason
for the high number of sHsps in plants is thought to be the fixed location of plants
and the inability to avoid stress situations by simply moving away. As the main
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Fig. 14.1 Number of sHsps in different organisms. The bar graph represents the number of
sHsps in several organisms which were further classified in bacteriophages, bacteria, archaea,
plants and other eukaryotes. A clear trend concerning the number of sHsps is obvious: archaea,
bacteria and bacteriophages mostly encode one or two sHsps while the number of sHsps in eukary-
otes is notably higher

function of sHsps is to act as a first line of defense in the stress response where they
promiscuously stabilize other cellular proteins.

However, this interpretation does not essentially explain why e.g. a motile worm
like C. elegans would need 16 (Candido 2002) or a fly like D. melanogaster 12
(Morrow and Robert 2015) different genes for sHsps while e.g. yeast as a stationary
eukaryote only encodes for two different sHsps (Petko and Lindquist 1986; Wotton
etal. 1996). The general characteristics of sHsps can be summarized in terms of the
following hallmarks (Basha et al. 2012; Haslbeck et al. 2005; Haslbeck and Vierling
2015):

(i) The presence of a conserved a-crystallin domain of 80-100 amino acids in
length, which represents the signature motif for sHsps.
(i) A molecular weight between ~ 12 and 43 kDa of the monomer.
(iii) The ability to form dynamic, oligomeric assemblies commonly consisting of
12 to 32 subunits or at least dimers.
(iv) ATP-independent chaperone activity in terms of aggregation suppression of
diverse substrate proteins.

Within the proteostasis network of the cell, sHsps act as an ATP-independent buffer
system. Able to recognize and bind unfolding proteins in various situations, sHsps
protect them from irreversible aggregation. sHsps keep their substrates in a folding
competent state and beyond that, enable the release and reactivate of the substrates by
the ATP-dependent, Hsp70 and/or Hsp100 chaperone systems (Basha et al. 2012;
Haslbeck et al. 2005). Besides this stress protection sHsps seem to be also involved in
several regulatory processes throughout the life cycle of especially eukaryotic cells.
In eukaryotes and especially in human, the two most prominent members of the
family of sHsps are aA- and aB-crystallin, which make up to 30 % of the total pro-
tein amount of the eye lens (Horwitz 2003; Slingsby et al. 2013). In eye lens the
protein concentration is up to 450 g/mL in order to reach the required refraction
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index for clear vision. The two sHsps help to maintain the visual properties of the
lens by enhancing the solubility of aggregation-prone lenticular proteins in this
crowded environment (Fagerholm et al. 1981). aA-crystallin is predominantly
expressed in the eye and only detected in small amounts in a few other tissues e.g.
liver, kidney and pancreas (Deng et al. 2010; Kato et al. 1991; Uhlen et al. 2015;
Wilhelm et al. 2014). aB-crystallin is additional expressed in many other tissues
highlighting its more general importance (Arrigo 2013; Carra et al. 2013; Kannan
et al. 2012; Mymrikov and Haslbeck 2015; Wilhelm et al. 2014). Together with
Hsp27, another omnipresent sHsp in the cytosol of human cells, aB-crystallin is
implicated in a variety of diseases which are typically also characterized by the de-
regulation of the physiological expression level of the human sHsps (HSPBs)
(Bakthisaran et al. 2015; Mymrikov and Haslbeck 2015).

The affected diseases range from different myopathies, ischemia, diabetes, mul-
tiples sclerosis to neurological disorders such as Alzheimer’s, Parkinson, Creutzfeld-
Jacob as well as diverse cancers and inflammatory disorders (Arrigo and Gibert
2014; Bakthisaran et al. 2015; Kannan et al. 2012; Sun and MacRae 2005). The
common trait of the available data indicates that elevated levels of mammalian
sHsps protect against the proteotoxic damage induced throughout disease progres-
sion (Bakthisaran et al. 2015; Kampinga and Garrido 2012). However, enhanced
levels of sHsps are not always favorable for the organism e.g. by supporting the
growth of tumor cells and reducing the susceptibility for cancer therapy (Arrigo and
Gibert 2014; Arrigo et al. 2007; Bakthisaran et al. 2015; Ciocca and Calderwood
2005; Kang et al. 2008). On the other hand, reduced or insufficient levels of sHsps
can also lead to diseases (Andley et al. 2001; Ojha et al. 2011). Thus, for most dis-
eases, sHsps are presumably not causative and do not directly regulate disease pro-
gression. The observed effects and implications of sHsps are thought to be secondary
and correlated to the general fate of the cell (Arrigo 2013; Kampinga and Garrido
2012). However, exceptions are represented by diseases which are caused by muta-
tions in a sHsp like cataract which is caused by the R120G mutation of aB-crystallin
or neuropathies caused by the K141N mutation in HSPB8 (Irobi et al. 2004; Perng
et al. 1999; Sun and MacRae 2005).

14.1.1 Architecture of sHSPs

sHsps share a conserved organization of their structure. In this context the two most
prominent features are the conserved a-crystallin domain (ACD) which represents
a dimerization motive and the ability of sHsps to form dynamic, oligomeric assem-
blies (Fig. 14.2) (Delbecq and Klevit 2013; Haslbeck et al. 2005). In the primary
sequence the conserved ACD is flanked by highly variable N-terminal (NTR) and
C-terminal regions (CTR) (Fig. 14.2a) (Caspers et al. 1995; de Jong et al. 1998;
Kriehuber et al. 2010). This overall high sequence variability is especially remark-
able in comparison to other molecular chaperone families which are highly con-
served like the Hsp70 family (Brocchieri et al. 2008; Karlin and Brocchieri 1998)
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A A-x-X-X-G-v-L  IN-x-IV

a-Crystallin  C-terminal
domain region

Fig. 14.2 Structure of sHsps. The domain organization of sHsps is divided into a N-terminal
region (light green), a-crystallin domain (turquoise) and the C-terminal region (orange). The A-x-
x-x-G-v-L motif (blue) and the I/V-x-I/V- motif (black) are further highlighted. Moreover one
aB-crystallin monomer (extracted from PDB 2YGD) is colored according to the domain organiza-
tion. Oligomeric structure of aB-crystallin (PDB: 2YGD). The N-terminal region (light green),
a-crystallin domain (turquoise), C-terminal region (orange) and the I/V-x-I/V (black) are high-
lighted. Two dimeric building blocks were extracted from the oB-crystallin structure (PDB:
2YGD) and aligned, thereby it should be highlighted that the N- and C-terminal regions show
different structural arrangements within the oligomer. The upper monomers are colored silver and
bronze. The lower monomers were colored according to the domain organization in (A) with light
variations in the color intensity

and Hsp90 family (Gupta 1995). The conserved ACD (or Hsp20 domain) is around
94 amino acids long (Kriehuber et al. 2010) and represents the signature motif of
sHsps. It shows the highest sequence identity within the typical primary sequence
of sHsps and in several sequence alignments it has been shown that especially the
A-x-x-x-n-G-v-L sequence motif, located at the end of the ACD, represents the
most conserved part (Caspers et al. 1995; de Jong et al. 1998; Narberhaus 2002).
Nevertheless, it should be noted that the overall conservation of the ACD is quite
low when compared to other protein domains. While the ACDs of the human eye
lens sHsps, aA-crystallin and aB-crystallin show a sequence identity of around 50
%, the comparison of the ACD of human aB-crystallin and the ACD of yeast Hsp26
shows a sequence identity of only 20 %.

The a-crystallin domain forms a compact immunoglobulin-like p-sandwich
which is composed of seven antiparallel strands 3 to 9. (Fig. 14.2 ¢) These seven
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strands are arranged in two P-sheets. One sheet is made up of three P-strands
(B3-p9-p8) and the other one is composed of four B-strands (f4-p5-p6+p7). The two
sheets are connected via a short inter-domain loop (Delbecq and Klevit 2013; Jehle
et al. 2011; Van Montfort et al. 2001a; van Montfort et al. 2001b). Recombinant
expression and structural analysis of the several isolated ACDs of different mam-
malian sHsps revealed the formation of dimers via the interaction of the B6+f37
interface (Bagneris et al. 2009; Baranova et al. 2011; Laganowsky et al. 2010).
Interestingly, such a “f7-interface” dimer is also present in Sip-1, sHsps from the
nematode C. elegans (Fleckenstein et al. 2015). TSP36 from the parasitic flatworm
Taenia saginata on the other hand exhibits an alternative assembly theme for the
dimer (Stamler et al. 2005). In this so called “p6-swapped” dimer the two mono-
mers are assembled by a reciprocal swap of the p6-strand. Thereby the p6-strand is
interacting with the B2-strand of the neighboring monomer. This type of dimer is
also common in plants, yeast, archaea and bacterial sHsps (Bepperling et al. 2012;
Hanazono et al. 2013; Kim et al. 1998; van Montfort et al. 2001b).

Besides a high variability in sequences, the NTR also shows a variation in length
(Kriehuber et al. 2010). On average the NTR is 56 amino acids long (Kriehuber
et al. 2010), but the length varies between 25 or even less amino acids in the special
case of the Hsp12 sub-family of sHsps from C. elegans (Candido 2002) and up to
240 amino acids in yeast Hsp42 (Haslbeck et al. 2004a; Specht et al. 2011; Wotton
et al. 1996). In contrast to the ACD, structural information on the NTR are limited.
So far, only the crystal structure of Hspl14.1 of Sulfolobus solfataricus is available
were the NTR is fully resolved. Here the NTR forms a long a-helix which interacts
with the respective helix of the neighboring dimer in higher oligomers of Hsp14.1.
Additionally, the pseudo atomic structure of aB-crystallin indicates the formation
of helical elements in the NTR (Braun et al. 2011; White et al. 2006). Nevertheless,
according to investigations by NMR, mass spectrometry and proteolysis, the struc-
ture of the NTR seems to be highly flexible (Jehle et al. 2011). Recombinant
expressed NTRs from aA- and aB-crystallin and other sHsps were described to be
insoluble. The low solubility of the NTR is commonly ascribed to its highly hydro-
phobic nature which bases on typically high content of phenylalanines and other
hydrophobic amino acids (Asomugha et al. 2011; Merck et al. 1992).

Another typical feature of the NTR of eukaryotic sHsps is the presence of phos-
phorylation sites which are commonly used to regulate and modulate the assembly
of higher oligomers as described in more detail below. Recently a previously
uncharacterized, alternative splice variant (isoform 2) of human aA-crystallin with
an exchanged NTR was described (Preis et al. 2017). In contrast to the canonical
aA-crystallin this variant predominantly forms a monomer—dimer equilibrium and
displays only low chaperone activity. However, the variant with the alternative NTR
is able to integrate into oligomers of canonical aA- and aB-crystallin as well as their
hetero-oligomers, enhancing their chaperone activity. Thus, alternative mRNA
splicing of aA-crystallin introduces a new NTR and modulates the structural and
functional properties of oligomeric ensemble (Preis et al. 2017). The CTR is the
shortest of the three parts of the primary sequence of sHsps with an average length
of 10 amino acids (Kriehuber et al. 2010). The CTR can be divided into the highly
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conserved I-x-I/V motif, a C-terminal tail which describes the sequence from the
ACD to the I-x-I/V and the so-called C-terminal extension which represents the
sequence part between the [-x-1/V to the C-terminus (Fig 14.2c) (Haslbeck et al.
2016; Hilton et al. 2013; Treweek et al. 2015). The I-x-I motif binds into the hydro-
phobic groove formed by the f4- and f8-strands of the ACD of a neighboring mono-
mer (Kim et al. 1998; van Montfort et al. 2001b).

14.1.2 Formation of Oligomeric Structures

The dimers formed by the ACD typically represent the basic building blocks which
are assembled to higher oligomers hierarchically by contacts in the NTR and
CTR. E.g. in the case of human AB-crystallin, a 24-mer is formed by three dimers
assembling into a hexamer via contacts formed by the CTR and four such hexamers
further associate into the 24-mer through contacts within the NTR. Interestingly,
this hierarchical assembly principle seems to be conserved among sHsps indicating
that the assembly type and the total number of subunits in the oligomers can be
modulated by the respective variations in the N- and CTR (Fig. 14.2b) (Braun et al.
2011; Delbecq and Klevit 2013).

In context of oligomer assembly it is also remarkable that sHsps populate differ-
ent oligomeric states at equilibrium (Fig. 14.3). The oligomers are commonly poly-
disperse and represent dynamic ensembles which constantly exchange subunits
whereby the degree of heterogeneity varies for different members of the family
(Ehrnsperger et al. 1999; Fleckenstein et al. 2015; Mymrikov et al. 2017; Peschek
et al. 2009). This ability of sHsps to generate oligomers of different sizes from a
single sequence is linked to the above described hierarchical and modular architec-
ture and seems to be correlated directly with their chaperone activity (Basha et al.
2012; Delbecq and Klevit 2013; Fleckenstein et al. 2015; Garrido et al. 2012;
Haslbeck et al. 1999; McHaourab et al. 2009).

sHsp @ sHsp-substrate
oligomer ensemble complexes

Fig. 14.3 Mechanism of the chaperone function of sHsps. Under stress conditions sHsps bind
partially unfolded proteins in an energy-independent manner and keep them in a folding-competent

state in sHsps/substrate complexes. The substrates are subsequently refolded by downstream ATP-
dependent chaperone systems. (Figure and figure legend taken from Haslbeck et al. (2015))

) ,‘(\
AN
+ATP @

sHsp

£




298 A. Strauch and M. Haslbeck

E.g. as already mentioned, an a-helix in the NTR of S. solfataricus Hspl4.1
forms the contact to the neighboring dimer. Interestingly, crystallisation of a func-
tionally inactive variant of the proteins (point mutation A102D) and the deletion of
the C-terminal four amino acids resulted in bending of the helix in the NTR which
correlates with changes in the oligomeric state and chaperone activity of Hsp14.1
(Liu et al. 2015a; Liu et al. 2015b). Additionally, in the two human a-crystallins, the
SRLFDQFFG sequence motif is present in both proteins and locates to one of the
proposed a-helixes within the first thirty amino acids of the NTR. Deletion of this
motif led to a reduction in oligomeric size but also to an increase of chaperone activ-
ity (Pasta et al. 2003) similar to the changes induced by alternative splicing of the
NTR (Preis et al. 2017). This further indicates that helixes formed in the NTR are
important for higher order oligomerization. Similarly, the A truncated variant of
Hsp26 from Saccharomyces cerevisiae, leaking the first 30 amino acids showed a
lower chaperone activity and reduced stability of complexes with non-native protein
compared to the wild type protein (Haslbeck et al. 2004b) indicating that the assem-
bly hierarchy was evolutionary conserved.

14.1.3 Function of Small Heat Shock Proteins

Already in the early 1990s, first in vitro studies demonstrated that sHsps bind
denatured proteins and prevent them from irreversible aggregation in an ATP-
independent manner (Basha et al. 2004; Horwitz 1992; Jakob et al. 1993; Studer
and Narberhaus 2000). Meanwhile, the general mechanistic concept views sHsps
as the molecular chaperone system which acts fast and directly when cells and
organisms encounter stress conditions (Fig. 14.3) (Bepperling et al. 2012;
Haslbeck et al. 2004a; Haslbeck and Vierling 2015; McHaourab et al. 2009;
Treweek et al. 2015). They stabilize aggregation-prone proteins usually by the
formation of rather stable sHps-substrate complexes but cannot rescue already
aggregated substrates. This is why sHsps are often called holdase in comparison
to the ATP-dependent foldase like Hsp70 which are able to actively refold sub-
strate proteins (Hartl et al. 2011; Richter et al. 2010). Similar to the sHsps itself,
the formed sHsp-substrate complexes form a polydisperse ensemble of different
species in dependence of the ratio of substrate to sHsp (Fig. 14.3) (Haslbeck
et al. 2016; Lee et al. 1997). Nevertheless, non-native proteins trapped in sHsp-
substrate complexes remain folding-competent and can be refolded by the ATP-
dependent Hsp70/Hsp40 and or Hspl100 system (Ehrnsperger et al. 1997; Lee
et al. 1997; Lee and Vierling 2000; Stege et al. 1994). Thus, within the protein
homeostasis network of the cell, sHsps function as a buffer system protecting
them from irreversible aggregation until other ATP-dependent chaperone sys-
tems are capable of restoring protein homeostasis (Fig. 14.3) (Haslbeck and
Vierling 2015).
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However, besides this tightly binding and complexing of substrate proteins,
many sHsps additionally or alternatively are able to transiently bind substrate pro-
teins (Lambert et al. 2013; Lindner et al. 2001). The substrates then are released
spontaneously from the sHsps and refold on their own or with the help of ATP-
dependent chaperones. Some sHsps, e.g. the dimeric Hsp17.7 from Deinococcus
radiodurans seems to interact only transiently with its substrate and is unable to
from stable sHsp/substrate complexes (Bepperling et al. 2012). Besides the involve-
ment of sHsps in protecting the proteome during stress conditions, they also are
incorporated at the cellular decision points between protein refolding and degrada-
tion of substrates (Fernandez-Fernandez et al. 2017). In this context the cytosolic
Hsp70 proteins seem to act as master regulators and sHsps are especially involved
when chaperone assisted macroautophagy (CAMA) is triggered (Arndt et al. 2010;
Behl 2016; Chiang et al. 1989; Fernandez-Fernandez et al. 2017; Young 2010). In
macroautophagy a specific protein complex presents ubiquinated proteins to the
forming phagophore for further degradation. In the human cytosol the basic compo-
nent of this presentation complex is Hsp70 which is assisted by BAG-3, a cochap-
erone acting as a molecular link to HspB8 (Ganassi et al. 2016). BAG-3 and the
human sHsp HspB8 form a stable complex which is essential for CAMA (Carra
et al. 2008; Fuchs et al. 2009). However, it remains elusive if substrate proteins
attached to HspB8 are also transferred to the phagophore or if only ubiquinated
proteins are transferred which are linked via CHIP, an additional Hsp70-cochaperone
which is also integrated in the complex.

Besides this involvement in the regulation of protein degradation, sHsps seem to
serve to monitor and regulate cell fate more directly. Whenever the constitutively
present amount of sHsps in the cell is needed to complex unfolding proteins during
stress defense, their availability for specific client binding decreases. Such a regula-
tory role of a sHsp in proteostasis is represented by the stabilization of procaspase-3
by human Hsp27 and aB-crystallin. This interaction is independent of a general
stress condition (Acunzo et al. 2012; Pandey et al. 2000; Voss et al. 2007). To gener-
ate caspase-3, an essential activator of apoptosis, the N-terminal prodomain has to
be cleaved off. The sHsps binding to the prodomain and inhibiting its cleavage and
thus act as negative regulators of apoptosis (Acunzo et al. 2012; Pandey et al. 2000).
The binding of procaspase-3 by Hsp27 is further controlled by the phosphorylation
state of Hsp27. Specific phosphorylation of Hsp27 by MAPK-activated protein
kinase 2/3 (Arrigo 2011; Ehrnsperger et al. 1999; Landry et al. 1992) which is also
enhanced upon stress, triggers the release of procaspase-3 and induction of apopto-
sis (Gonzalez-Mejia et al. 2010). Additionally, Hsp27 binds to several other proteins
of the apoptotic cascade (Acunzo et al. 2012; Bakthisaran et al. 2015; Voss et al.
2007) rendering it to a sensory and regulatory tool for the fate of the cell (Acunzo
et al. 2012). Further examples for such regulatory implication of sHsps in proteos-
tasis would be diapause prolongation in Artemia (MacRae 2016) and modulation of
the intermediate filament network of cells (Elliott et al. 2013; Kayser et al. 2013;
Quinlan and Ellis 2013).
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14.1.4 Activation of Small Heat Shock Proteins Upon Stress
Conditions

On the basis of the efficient and promiscuous binding of sHsps to non-native pro-
teins, one might imagine that the constitutive presence of sHsps might lead to domi-
nant negative effects in cellular proteostasis. In this context, compelling evidence
indicates that the promiscuous substrate binding activity of sHsps is tightly regu-
lated by external triggers which induce transition into a state of increased chaperone
activity (Basha et al. 2004; Haslbeck and Vierling 2015; Haslbeck et al. 1999;
Stromer et al. 2003; Treweek et al. 2015). The activation is achieved by changes in
the distribution of species in the ensemble of the sHsp oligomers. Commonly a
higher content of smaller species, often including dimers (Basha et al. 2010; Delbecq
and Klevit 2013) leads to higher activity. Up to now at least the following triggers
have been described to enable activation of sHsps (Bakthisaran et al. 2016;
Bakthisaran et al. 2015; Benesch et al. 2008; Gaestel 2002; Haslbeck et al. 2015;
Studer and Narberhaus 2000):

(i) the presence of unfolded or partially folded substrates,

(ii) the stress situation (e.g. changes in the environmental temperature and pH),
(iii) post-translational modifications (PTMs, in particular phosphorylation) and
(iv) hetero-oligomerization

The dynamic nature of sHsp oligomers always allows potential substrate bind-
ing sites, which are sequestered in the oligomers, to become exposed to a certain
extent (Giese and Vierling 2002; Lindner et al. 2001; McHaourab et al. 2009;
Shashidharamurthy et al. 2005; Yang et al. 1999). The presence of unfolding sub-
strate proteins that interact with these binding sites leads to a shift in the equilib-
rium of the sHsp ensemble towards the more active species. In the cellular
environment these sHsp ensemble dynamics act as a sensing mechanism that moni-
tors the presence of non-native proteins and triggers activation (Benesch et al.
2008; Shi et al. 2013).

That heat stress temperature (or more generally, a stressor itself) is an activating
trigger, was shown for several sHsps. The shift from physiological to heat stress
temperatures, which usually requires only an increase of a few degrees leading to
enhanced dissociation and, thus, activation of the sHsps. Similar to the presence of
substrate, the temperature stimulus represents a very effective and rapid trigger for
the activation of sHsps which allows organisms to rapidly stabilize the proteome
without the need for new protein synthesis (Basha et al. 2012; Haslbeck et al.
2015). Besides heat stress, cold stress is also inducing the expression of sHsps.
This was mostly reported and analyzed for plant sHsps like carrot Hsp17.7 (Song
and Ahn 2011) as well as Camellia sinensis Hsp17.7, Hsp18.1 and Hsp21.8 (Wang
etal. 2017).

Additionally, changes in pH seem to be a common trigger to activate sHsps. The
cellular pH of eukaryotes typically ranges between 4.7 and 8. The lowest pH values
are observed in the endosomes and secretory granules while the highest are found in
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the mitochondria. The pH in the cytosol, endoplasmic reticulum and nucleus is usu-
ally 7.2 (Casey et al. 2010). The overall pH of normal tissues (e.g. cerebral tissue)
is between 7.0 and 7.2 (McVicar et al. 2014). C. elegans Sipl represents a sHsp
which is exclusively expressed in oocytes and embryos (Fleckenstein et al. 2015).
Interestingly, the chaperone activity of Sip1 is optimal at the acidic conditions (pH
6.3) as they are present in the nematode eggs. Similarily, the chaperone activity of
human aB-crystallin seems to be mediated by a single conserved histidine which
acts as a pH switch in the physiologically relevant pH range of 6.5-7.5 (Rajagopal
etal. 2015). Additionally, human Hsp27 responds to pH via a pH-dependent proton-
ation of the structurally analogous histidine (Clouser and Klevit 2017). Like for
Sipl and aB-crystallin, this protonation reduces the stability of the dimer interface
of the ACD, changes oligomeric size and modestly increases chaperone activity.
Together this suggests a conserved mechanism of pH-dependent structural regula-
tion among the human sHsps.

14.1.4.1 Phosphorylations/ PTMs

Phosphorylation or generally, post-translational modifications, appear to be a more
specific trigger to regulate sHsps in eukaryotes. All human sHsps are regulated by
phosphorylation in response to stress (Derham and Harding 1999; Gaestel 2002;
Kantorow and Piatigorsky 1998; Kostenko and Moens 2009). E.g. human Hsp27 is
phosphorylated at three sites, S15, S78 and S82, by a MAP-kinase cascade (Arrigo
2011; Kostenko and Moens 2009). Again, sHsp phosphorylation shifts the distribu-
tion of the sHsp ensemble towards smaller species (Haslbeck and Vierling 2015;
Jovcevski et al. 2015) indicating that phosphorylation primarily affects N-terminal
contacts in the oligomer. The negative charges incorporated in the NTR upon phos-
phorylation are thought to destabilize the respective subunit interfaces. In the
pseudo-atomic model of aB-crystallin, the three phosphorylation sites are found in
special proximity which would allow destabilizing the oligomer in a titratable man-
ner upon enhanced phosphorylation (Jehle et al. 2011; Peschek et al. 2013).

Also non-mammalian sHsps are phosphorylated, e.g. phosphorylated species of
Hsp22 from maize mitochondria (Lund et al. 2001) and yeast Hsp26 have been
described (Bentley et al. 1992; Bodenmiller et al. 2010; Ficarro et al. 2002).
However, it remains unknown whether phosphorylation of non-mammalian sHsps
has a similar regulatory influence on their activity. Other post-translational modifi-
cations including deamination, oxidation, glycation or the attachment of methylgly-
oxal, have also been described to have regulatory influence on the chaperone activity
of sHsps (Chalova et al. 2014; Chen et al. 2001; Eaton et al. 2002; Oya-Ito et al.
2006; Satish Kumar et al. 2004). Similar to post translational modifications, hetero-
oligomer formation as regulatory tool of sHsps activity is especially crucial to
eukaryotic cells where many different sHsps are present in dependence of the
respective cell and tissue type.

The most prominent sHsp hetero-oligomer is formed in the human eye lens by the
aA- and aB-crystallin (Horwitz et al. 1999; Kannan et al. 2012) but hetero-oligomer
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formation was also shown for most other human sHsps (Arrigo 2013). In a human
muscle cell, eight cytosolic sHsps are present in moderate to high amounts in paral-
lel. Interestingly, not all of them are able to form hetero-oligomers. They can be
divided roughly into two classes based on their expression and their potential to
interact with each other. Most of the members of these two classes only form hetero-
oligomers with sHsps from the same class, but some members inter-connect the two
classes by their ability to interact with members of both classes (Arrigo 2013;
Bakthisaran et al. 2015; Fontaine et al. 2005; Mymrikov and Haslbeck 2015;
Mymrikov et al. 2012; Sun et al. 2004).

Intriguingly, not only the activity per se but also the substrate spectra of the
human sHsps become modified when they are incorporated into hetero-oligomers
(Arrigo 2013). It also should be noted that the phosphorylation of the human sHsps
additionally influences their hetero-oligomer formation properties and, thus, the
two stimuli in combination allow a highly complex and variable adjustment of the
activity of the respective sHsps (Arrigo 2013). This suggests that the formation of
hetero-oligomers is tightly regulated and the co-existence of homo-oligomeric and
hetero-oligomeric ensembles is possible. Furthermore, the at least theoretically pos-
sible high number of different combinations of hetero-oligomers allows a tremen-
dous variability in activity. Thus, this variability in activity might be the basis for the
modulation of substrate recognition and define different cell type and situation
dependent substrate spectra. Hereby, the expression of the respective sHsps in a
specific cell type represents the first level of modulation of the potentially possible
ensemble of homo- and hetero-oligomers.

14.1.5 Expression and Cellular Localization of sHSP

As already mentioned for the two a-crystallins the expression of sHsps is not lim-
ited to one tissue. In the human skeletal muscle eight different sHsps are present. In
nerve cells (e.g. sciatic nerve) especially the levels of aB-crystallin and Hsp20
(HspB6) are enriched (Bakthisaran et al. 2015; Verschuure et al. 2003). Other
human sHsps like aA-crystallin, which is predominantly expressed in lens and only
in small amounts in other tissues, or HSPB9 and HSPB10 which are both highly
specific to testis. (Bakthisaran et al. 2015; Fontaine et al. 2003; Kappe et al. 2001;
Xun et al. 2015). But tissue or stage specific expression is a common feature also for
sHsps of other eukaryotes. E.g. Sipl from C. elegans represents a sHsp which is
exclusively expressed in oocytes and embryos (Fleckenstein et al. 2015). Also, p26,
a sHsp from the brine shrimp Artemia, is only found during embryonic diapause
(King and MacRae 2012; MacRae 2016). Comparable results were also found for
the Hsp22 from Calanus finmarchicus, a marine copepod (Aruda et al. 2011). Even
in plants, expression and differentially regulation during developmental has been
reported for several sHsps (Kobayashi et al. 1994; Volkov et al. 2005; Wehmeyer
and Vierling 2000).
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Similarly, D. melanogaster Hsp23, Hsp26 and Hsp27 are also expressed in high
levels during embryonal stages (Arrigo and Ahmad-Zadeh 1981; Glaser and Lis
1990; Glaser et al. 1986; Marin et al. 1993; Pauli et al. 1989; Zimmerman et al.
1983) while for Hsp22 only low amounts of mRNA were detected (Pauli et al.
1989). But it should be noted that in contrast to Sipl which is exclusively expressed
in the oocytes and during embryonal development (Fleckenstein et al. 2015; Linder
et al. 1996), the four Drosophila sHsps were expressed during several developmen-
tal stages including larval and pupal stages as well as in adult flies (Glaser et al.
1986; Marin and Tanguay 1996; Pauli et al. 1989), further highlighting the complex-
ity of the sHsp-network. In this context the analysis of the Sip! interactome showed
that it has a specific substrate spectrum, including many proteins that are essential
for embryonic development (Fleckenstein et al. 2015). Additionally, the substrate
spectra of individual sHsps of one organism show substantial overlaps but are not
identical what further highlights the specific need for a distinguished developmental
stage (Fleckenstein et al. 2015; Haslbeck et al. 2004a; Mymrikov et al. 2017).

In addition to the developmental and tissue regulated expression, different cel-
lular localizations have been reported for sHsps from diverse organisms. Again,
plants show the highest diversity regarding the subcellular localization of sHsps.
Here sHsps are found in the cytosol, chloroplasts, mitochondria, nucleus and per-
oxisomes (Ma et al. 2006; Sanmiya et al. 2004; Wang et al. 2004b; Waters 2013;
Waters and Vierling 1999). For example, Arabidopsis thaliana encodes for two
sHsps which are localized to the peroxisomal matrix, three which localize to mito-
chondria, one localizing to the endoplasmic reticulum and one found in chloroplasts
(Ma et al. 2006; Siddique et al. 2008). However, the sub-cellular distribution of
sHsps to several compartments and organelles is not limited to higher eukaryotes. In
the parasitic unicellular alveolate Toxoplasma gondii, five sHsps are expressed.
They are found in mitochondria, located to the outer leaflet of the inner membrane
complex, membrane—associated or present in the cytosol (de Miguel et al. 2009; de
Miguel et al. 2005).

But one of the most prominent examples is D. melanogaster. Here Hsp22 and
Hsp27 together with Hsp23 and Hsp26 present the best analyzed sHsps concerning
their localization. Hsp22 has been reported to localize to mitochondrial matrix
(Morrow et al. 2000), Hsp27 to the nucleus (Beaulieu et al. 1989; Kallappagoudar
et al. 2010; Michaud et al. 2008) while Hsp23 and Hsp26 are both located to the
cytoplasm (Arrigo and Ahmad-Zadeh 1981; Marin et al. 1993). In addition, it was
shown that the localization of Hsp27 is not restricted to the nucleus. During oogen-
esis the D. melanogaster sHsp is also found in the cytoplasm (Marin and Tanguay
1996) indicting that developmental regulation and sub-cellular localization are
intercalated.

Changes of the cellular localization have also been reported in context of human
sHsps, e.g. Hsp27 (HspB1) is also found in the nucleus upon heat stress (McClaren
and Isseroff 1994; Vos et al. 2010). Likewise the pseudophosphorylated (S19D,
S45D and S59D) mutant of aB-crystallin is imported into the nucleus (den
Engelsman et al. 2013). Also baker’s yeast Hsp26 changes its localization from
primary cytosolic to nucleolar upon heat stress (Rossi and Lindquist 1989). It should
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be kept in mind that besides the developmental and tissue specific expression at
physiological conditions, the expression of sHsps can be dramatically enhanced
upon several stress triggers. Besides heat stress, which might be the most prominent
and intensive studied trigger for molecular chaperones, other stress conditions like
cold, acidification, heavy metal ions or osmotic stress lead to enhanced expression
levels of sHsps. E.g. in D. melanogaster the expression of all sHsps, albeit on a low
level for CG14207, inducible by heat stress (Arrigo and Ahmad-Zadeh 1981; Ingolia
and Craig 1982; Landis et al. 2012; Marin et al. 1993; Vos et al. 2016). Because of
this stress protective effect of sHsps, their heterologous expression can lead to an
increased stress resistance. E.g. the expression of the carrot Hsp17.7 in S. cerevisiae
leads to an improvement of cell viability, protein solubility and an increase in
growth at several stress conditions (Ko et al. 2017). But it should be noted that such
a heterologous protection is not generally applicable.

In context of stress situations, aging represents one of the most challenging
events for an organism regarding proteostasis (Ben-Zvi et al. 2009; Labbadia and
Morimoto 2015; Taylor and Dillin 2011). Increasing age leads to higher genome
instability and oxidative stress. This is further highlighted by a collapse of the pro-
teostasis maintenance of cells and tissues which therefore affects the whole organ-
ism (Ben-Zvi et al. 2009; Fedarko 2011; Hoeijmakers 2009; Johnson et al. 1999;
Taylor and Dillin 2011). Age induced changes in the general metabolism force the
cell to spend a lot of energy on balancing cellular homoestasis. Thereby proteome
stability and maintenance of the protein quality control (PQC) seem to be the most
important processes which need to be stabilized (Powers et al. 2009). Overexpression
of several sHsps is correlated to an extended life span which was reported for D.
melanogaster Hsp22, Hsp26 and Hsp27. In contrast, the depletion of the respective
genes leads to a reduced life span (Morrow et al. 2004a; Morrow et al. 2004b; Wang
et al. 2004a). Moreover, it was shown for Hsp22 that overexpression increases the
resistance against oxidative stress (Morrow et al. 2004b). A similar effect was also
reported for overexpression of the human Hsp27 in a neuronal cell line (Rogalla
et al. 1999).

Studies analyzing the transcriptome of aged D. melanogaster flies found an
induction of genes of the oxidative stress response (Landis et al. 2004; Zou et al.
2000) and the innate immune response (Pletcher et al. 2002) while the expression of
gene for the mitochondrial metabolism and the electron transport chain are reduced
(Landis et al. 2004; Pletcher et al. 2002). Comparable aging-dependent expression
patterns were also found in C. elegans (McCarroll et al. 2004) and human tissues
(Lu et al. 2004; Rodwell et al. 2004; Zahn et al. 2006). In this study, increased
expression levels for certain sHsps seems to be a common feature (Walther et al.
2015). In D. melanogaster the expression of the mitochondrial Hsp22 is strongly
induced already at an advanced age (Fig. 14.4) (King and Tower 1999; Landis et al.
2004; Morrow and Tanguay 2003) whereas the expression of the other three main
sHsps remains unchanged (King and Tower 1999; Morrow and Tanguay 2003).

Interestingly, the changes in gene expression upon aging and oxidative stress are
comparable (Landis et al. 2012). Moreover, the ability for the cell to respond to
oxidative stress has been shown to be decreased during aging. Increasing
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T heat
T aging

T development

Fig. 14.4 Cellular distribution of D. melanogaster sHsps. The four main sHsps from D. mela-
nogaster and their cellular localization. Hsp23 (dark blue) and Hsp26 (light blue) are located in the
cytosol. Hsp22 (dark orange) is located in the mitochondria matrix and Hsp27 (green) is located in
the nucleus. Vertical arrows indicate the enhanced expression levels of the four sHsps induced heat
(red), aging (black) and during development (blue). Further under heat stress Hsp27 is also found
in the cytosol which is indicated by the red dashed arrow. The cellular structure and organelles
were simplified: nucleus (blue), endoplasmic reticulum (dark brown), ribosomes (black), Golgi
apparatus and lysosomes (light brown)

malfunction of mitochondria and accumulation of altered mitochondria in several
tissues during aging have been reported (Calleja et al. 1993; Sohal 1975; Tower
2011; Walker and Benzer 2004). Altogether, in the course of aging, sHsps possess
a stabilizing function which is especially crucial in organisms at high age.
Furthermore, at high age molecular chaperones are vitally important for the organ-
ism to prevent protein aggregation or to slow down formation of amyloid deposits,
e.g. AP plaques in Alzheimer's diseases (Ojha et al. 2011; Wilhelmus et al. 2006).
Increased formation of deposits of aggregated protein and plaques are common in
the aging organism (David et al. 2010; Reis-Rodrigues et al. 2012; Walther et al.
2015). Additionally, mutated aA-crystallin has been associated with an early-onset
of cataract (Litt et al. 1998).

14.2 Conclusions

sHsps are virtually ubiquitous molecular chaperones. They share a conserved hier-
archical organization of their oligomeric-structures which is based on the ACD, a
conserved dimerization motif, and divergent NTRs and CTRs. The NTRs and CTRs
dictate differences in the oligomer structure and its dynamics. Additionally, espe-
cially the NTRs are most likely responsible for substrate interaction. Currently we
are far from understanding why in higher eukaryotes the number of sHsp genes is
enriched. The expression of the different sHsps is strictly regulated and highly



306 A. Strauch and M. Haslbeck

dependent on the cell or tissue type and the developmental stage of the organism.
Additionally, the different sHsps show a characteristic cellular localization to organ-
elles. Furthermore, the expression is enhanced and the distribution patterns are
mediated in response to stress situations and throughout development. Initial results
show that the substrate spectra of the respective sHsps diverge and are specifically
adjusted in response to the specific needs of the respective cell. In the cell, the fam-
ily of sHsps forms a highly regulated and interconnected network which is also
tightly connected to the other chaperone systems. The detailed mechanisms of sub-
strate recognition by sHsps still remain elusive and it is still enigmatic if and how
such a seemingly tightly balanced network is involved in the regulation of the fate
of a cell. As the sHsps network seems to be implicated in a whole diversity of dif-
ferent diseases as well as aging, they seem to represent interesting drug targets.
However, a lot of additional work is needed to understand if and how the tuning of
the function of specific sHsps can be used to influence disease propagation.
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