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Foreword

The heat shock response was originally discovered over 40 years ago in the fruit
fly and heat shock proteins were subsequently identified in all organisms. It was
found that these protect organisms against exposure to suboptimal temperatures and
numerous other stresses many of which are also inducers of the response. Research
on the mechanisms of action of these stress proteins was aided by development
of molecular technologies, identification and cloning of new genes encoding stress
proteins in a variety of assay systems both at the cellular and organism levels and
it became clear that these proteins have essential constitutive functions in normal
unstressed conditions. While in vivo animal systems are necessary to make certain
firm conclusions, culture cell systems still offer an excellent platform to dissect the
molecular mechanisms of action of a protein and to uncover the signal transduction
pathways involved in the response. In my view, mortalin is an excellent example of
this. Besides its cloning in the normal and cancer cell hybrid screening assay, many
of its characteristics such as multiple subcellular residences, impact on p53 protein
activity and carcinogenesis, and involvement in neuro-degenerative pathologies have
been found since its discovery. The present book offers a single volume reading on the
discovery of mortalin biology by experts from different fields and different parts of the
globe. It is a unique volume compiling structural, evolutionary and functional aspects
of a single stress protein in a variety of model systems ranging from invertebrates to
human cells in culture and clinical samples. Besides making an easily understandable
reading, it will be very helpful in asking further questions and designing experiments
to advance mortalin-based diagnostics and therapeutics.

IBIS, Pavillon C.E. Marchand Robert M. Tanguay, D.Sc.
1030 Ave de la médecine Professor and Associate Head
Université Laval Dept. Molecular Biology
Québec, Qc, Canada G1V 0A6 Medical Biochemistry & Pathology
Phone: 418 656–3339 Lab Cell & Developmental Genetics
Fax 418 656–7176
E-mail: robert.tanguay@ibis.ulaval.ca

v



Preface

Since the discovery of heat shock response by Ferruccio Ritossa in 1962, the phe-
nomenon has been well characterized in a variety of cells and organisms as induction
of a family of proteins called “heat shock proteins” (HSP). Based on their molec-
ular weight, these proteins are classified into, at least, 6 major subfamilies named
as HSP100, HSP90, HSP70, HSP60, HSP40 and small HSPs. The fact that the
heat shock protein synthesis can be triggered by a variety of other stress condi-
tions such as, infection, inflammation, exercise, starvation, oxygen-, nitrogen- or
water-deprivation and exposure to chemical and physical toxins, they are also clas-
sified as “stress proteins”. Then came the surprise that the HSP also exist under
non-stressful conditions and perform housekeeping functions, such as folding and
assisting in the establishment of correct protein conformation, mediating protein-
protein interactions, intra-cellular trafficking of other proteins, preventing unwanted
protein aggregation and channelizing their degradation. A new term “chaperones”
evolved to express such functionality of this highly conserved class of proteins.

A new member of HSP70 family of proteins was first cloned in 1993 in a cell
hybrid protein-screening assay. Since it was identified to be associated with cellu-
lar mortal phenotype, it was named ‘mortalin’. Endorsing its multiple functionality,
mortalin made its manifestation in many independent experimental regimes, such
as those aimed to identify molecules involved in antigen processing, stress-survival
and mitochondrial functions. With nearly two decades of experimentation, mor-
talin has been recognized as an essential protein that not only acts as a chaperone
and stress-survival factor but also plays a key role in mitochondrial import motor
function, energy generation, ROS management, immune response, control of cen-
trosome duplication and activities of tumor suppressor protein p53. Stemming from
these multiple functions is its role in human cancers on one-hand and neurodegen-
erative diseases on the other. With an aim to introduce mortalin at the graduate and
advanced undergraduate levels, this book is organized as a chapter-wise description
of structure, evolution and functional role of mortalin in normal and diseased phys-
iology. We hope that this sketch of mortalin biology by the team of experts will
help in asking new questions, advancing knowledge and developing mortalin-based
diagnostic and therapeutic reagents and technologies.
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viii Preface

We are very grateful to all the authors for their interest, enthusiasm and devotion
to mortalin research that made this book necessary and possible. Without their hard
work to contribute chapters, it was not possible to accomplish this volume suitable
for general and specialized reading.

Sunil C. Kaul
Renu Wadhwa
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Chapter 1
Birth of Mortalin: Multiple Names, Niches
and Functions Connecting Stress,
Senescence and Cancer

Renu Wadhwa and Sunil C. Kaul

Abstract The mitochondrion, arising from the historical endosymbiosis during the
stressful period of the Great Oxidation Event 2.4 billion years ago, marks the exis-
tence of all eukaryotes. Retaining only a handful of genes from its ancestral symbiont
and yet performing life-essential tasks, it is heavily dependent on the nucleus and a
consortium of stress chaperones that maintain its structural and functional integrity by
regulation of transport of the nuclear-encoded proteins, their quality control by chap-
eroning and proteolysis, and energy-generation as a part of their housekeeping and
stress-survival functions. Mortalin, first identified in 1993 from cell fusion studies
as a marker of mortal cell phenotype, was characterized as an Hsp70 family stress
chaperone based on its sequence homology. Nearly two decades of experimental
data have revealed its residence beyond the mitochondrial boundaries, life essen-
tial functions in and outside the mitochondria and those that specifically promote
carcinogenesis on one hand and neurodegeneration on the other. Aimed to portrait
mortalin characteristics, both in structure and function and drive the mortalin biology
to drug discovery, this chapter reviews the events leading to its identification and role
in old age diseases including cancer along with its possibility of being a therapeutic
target.

Keywords Mortalin · Hsp70 family · Stress protein · Identification · Functions

1.1 Mortalin as a Member of Hsp70 Family of Proteins

Origin of heat shock proteins (Hsp-s, often called stress chaperones) preceded the
birth of the mitochondria that marked the Great Oxygenation Event and the origin
of the first eukaryote (Margulis 1975). Central to the mitochondrial evolution was
the transition from individualistic bacteria to host-dependent organelles. Phyloge-
netic studies suggest that the earliest bacterial symbiont may have probably carried
a genome of 630 distinct genes (Gabaldon and Huynen 2003) that got gradually lost

R. Wadhwa (�) · S. C. Kaul
National Institute of Advanced Industrial Science and Technology (AIST),
Central 4, 1-1-1 Higashi, Tsukuba, Ibaraki 305-8562, Japan
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4 R. Wadhwa and S. C. Kaul

and transformed to the present day human mitochondrion that encodes for only 13
polypeptides, 22tRNAs and 2 rRNAs (Anderson et al. 1981), and functions to actively
convert free atmospheric oxygen into water. For this gene-depleted present day or-
ganelle to function, its proteome will need to be synthesized in the cytosol; traverse
the mitochondrial boundaries, the outer (OM) and inner (IM) membranes; refold
back into their native forms; and finally, get sorted into various intra-mitochondrial
locations (Elstner et al. 2008; Huynen et al. 2009). Intuitively, the development of
machineries for import, post-import folding, maturation and segregation must have
originated as ‘adaptive’ evolutionary phenomenon. Mitochondrial chaperones, be-
ing the stress proteins that arose from harsh planetary conditions, are likely to be
the most competent guardians of the mitochondrial proteome: its import, protein
quality control and stress protective functions. They act both in housekeeping and
stress responses based on their ability to bind with unfolded (nascent) and misfolded
(denatured) proteins (Ecroyd and Carver 2008; Tatsuta 2009).

It was more than half a century ago when Ferruccio Ritossa reported the unusual
puffing patterns in the polytene chromosomes of Drosophila after 30-min exposure
of its larvae to elevated temperatures (37 ◦C) and their return to ambient tempera-
tures for recovery (Ritossa 1962). The term Hsp-s was later dubbed when follow-up
experiments revealed the increased expression of 70- and 26-kDa proteins suggest-
ing that these gene products may be indispensable molecules that assisted protein
refolding to overcome heat stress (Ananthan et al. 1986; Tissieres et al. 1974).
The concept of Hsp-s as molecular chaperones was built from the earlier ideas of
Laskey and colleagues that described chaperonization, an activity associated with
nucleoplasmin in Xenopus oocytes (Laskey et al. 1978). The term was expanded to
include a diverse class of proteins that aid polypeptide folding, transit across cellu-
lar and organelle membranes, assist the disassembly of macromolecular complexes
or aggregates, regulate their conformation and target them for proteolysis to assure
protein quality control that widely affect bio-signaling and functions (Ellis 1987;
Hartl 1991).

Hsp family of proteins is composed of at least 40 members in humans. They
are grouped into at least 6 major subfamilies named as Hsp100, Hsp90, Hsp70,
Hsp60, Hsp40 and small Hsp-s based on their molecular weights (Powers and Work-
man 2007). Hsp-s of the same family share similar domain structure, whereas
members of each specific family associate with unique pattern of expression
and cellular localization (Lindquist and Craig 1988). These are known for their
multifunctional ability such as housekeeping functions in maintaining the pro-
tein structure, gene transcription, signal transduction and immunity (Helmbrecht
et al. 2000), and induction in response to stress (like high temperature, chemi-
cal and physical stress resulting in augmentation of the biological functions for
sustaining cell survival) (Sherman and Multhoff 2007). The present chapter por-
traits events on identification, cloning and functional role of mortalin (a member
of Hsp70 family of proteins) in normal and abnormal, stressed and diseased,
scenarios.
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1.2 Mortalin-Multiple Births

1.2.1 Cell Fusion Studies for Markers of Mortality
and Immortality

In order to track proteins involved in regulation of cellular mortality and immortality,
normal and immortal mouse fibroblasts were fused to generate hybrid mortal cells
and screened for proteins associated with either the mortal or immortal phenotype.
An approximately 66-kDa cytoplasmic protein segregated with the loss of immortal-
ity in cybrids and was named ‘mortalin’ (Wadhwa et al. 1993a). An antibody raised
against the protein revealed its pancytoplasmic distribution in normal mortal cells.
Surprisingly, it also detected the protein in immortal mouse fibroblasts but was per-
inuclear in localization. Using the antibody, the cDNA for mortalin was cloned. It is
2850 bp in length, encoding a 74-kDa protein constituting 679 amino acids with a
high degree of homology with members of the Hsp70 family, including Escherichia
coli DnaK (51%), Saccharomyces cerevisiae SSC1p (65%), the constitutive cytoso-
lic Hsp70 from rat, Hsc70 (46%) and the rat endoplasmic reticulum isoform, BiP
(49%) (Wadhwa et al. 1993a). Although the complete crystal structure of mortalin
has not yet been resolved, based on the conserved homology and bioinformatics, its
three-dimensional structure was unraveled. Like most Hsp-s, mortalin has 2 prin-
cipal domains, the amino-terminal ATPase region and carboxyl-terminal region, as
illustrated by the kettle pot model (Kaul et al. 2007). A second cloning from mouse
immortal cells revealed that the mouse mortalin exists in two isoforms of opposing
phenotypes: the mortality-associated pancytoplasmic form (which was renamed as
mortalin-1, mot-1) and the immortalization-associated perinuclear mortalin (mot-2)
(Wadhwa et al. 1993b, 1996; Kaul et al. 1998). Mouse mot-1 and mot-2 cDNA
differed by only two amino acids (V618M and R624G) in the carboxy-terminus and
segregated in F1 and F2 progenies suggesting that these were encoded by two alleles
on chromosome 18 (Kaul et al. 1995; Wadhwa et al. 1996). The two minutely different
proteins were found to have different structural and functional characteristics to the
extent that overexpression of mot-1 in immortal NIH3T3 cells induced senescence,
while overexpression of mot-2 in the same cells mediated malignant transforma-
tion (Kaul et al. 1998; Wadhwa et al. 1993b). Recently, another variant of mouse
mortalin, D626G, was identified and awaits functional characterization (Chardonnet
et al. 2007). Studies on mortalin in humans revealed only one form of mortalin that
possessed malignant transformation activity as mouse mot-2 (Kaul et al. 1998, 2007).

1.2.2 Mortalin as CSA (C3H Strain Specific Antigen)

Nearly at the same time when mortalin took its birth in mortality/immortality
screen as described above, in a totally independent scenario, it was identified as a
strain-specific antigen, found only in C3H mice and was named CSA (C3H-specific
antigen). Mouse mortalin gene was sequenced and shown to contain 17 exons
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interrupted by 16 introns and has two dimeric repeats of the consensus sequence of
the heat-shock element in the 5′-flanking region (Michikawa et al. 1993); surprising
to this fact, the protein is heat un-inducible. Another feature that aligned well with
its mitochondrial residence was described as its first intron interrupted within the
amino-terminal leader sequence, a pattern found similar to that of cytochrome
c1, a well-known mitochondrial protein (Michikawa et al. 1993). Interestingly,
the presence of two isoforms of mortalin correlated with the immortalization
tendencies of fibroblasts derived from specific mouse strains. Fibroblasts from C3H
strain of mouse that contain mot-1 were difficult to immortalize as compared to
the mot-2 harboring fibroblasts from Balb/c and C57BL/6 strains. Despite these
differences, both types of mortalin are essential for cell survival (Domanico et al.
1993; Michikawa et al. 1993) and one out of these two residues, arginine at residue
578 of C3H mouse, contributed to the immunogenicity of the protein. Using
anti-CSA monoclonal antibody, the subcellular localization of CSA was shown to
be the mitochondria and the fact that new genetic marker in mice was located on a
gene encoding for a mitochondrial protein caught lot of attention.

1.2.3 Mortalin as PBP74 (Peptide-Binding Protein) in Immune
Regulation

Yet another lab looking for proteins involved in antigen-processing, identified
peptide-binding proteins (PBP72/74) by their ability to bind to a model antigenic
peptide from pigeon cytochrome C (Pc). PBP72/74 did not bind to the native Pc
and thus were suspected to recognize some feature of peptides not found in the na-
tive antigens. Antisera raised against PBP72/74 blocked the presentation of native
antigen and of the corresponding fragment. Although the role of PBP72/74 in anti-
gen processing is still a matter of research, it was interesting that the investigators
detected the protein on cell surface, endosomes, golgi, ER, plasma membrane and
the vesicular cytoplasmic structures. Cloning of PBP74 cDNA revealed that it is
identical to mortalin (Domanico et al. 1993). Recently, it was demonstrated that the
surface-expressed mortalin plays important role in antigen presentation and in innate
immunity (Pilzer and Fishelson 2005; Pilzer et al. 2005). It was shown to bind to
complement C8 and C9, shed in vesicles containing C9 and complement membrane
attack complex (MAC) and involved in MAC elimination. Anti-mortalin antibodies
increased cell sensitivity to MAC-mediated lysis suggesting that mortalin promotes
the shedding of membrane vesicles loaded with complement MAC and protects cells
from complement-mediated lysis.

1.2.4 Mortalin as Grp75 (Glucose Regulated Protein 75)
in Stress Response

To discover novel metabolic stress markers for the central nervous system, Massa
et al. screened candidate genes with degenerate RT-PCR primers (Massa et al. 1995)
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and reported a rat-brain cDNA that encoded the glucose-regulated protein 75 (Grp75).
It turned out to be a mitochondrial member of the Hsp70 family with sequence homol-
ogy to mortalin and mortalin/PBP74/CSA. In situ analysis of normal brain revealed
an abundance of Grp75 in neurons of the basal forebrain, reticular and subthalamic
nuclei, globus pallidus and amygdala. With focal brain ischemia, Grp75 mRNA was
upregulated in a peculiar fashion depending on the degree of injury. If ischemic focus
was small, induction occurred only within the affected area, whereas, with a more
extensive damage, Grp75 acquired a more global expression pattern. Consistent to
this, five isoforms of Grp-s at 74–75 kDa mass were found from proteomic pro-
filing of 2-deoxyglucose-treated murine and human fibroblasts. Cells treated with
2-deoxyglucose provide an in vitro model for glucose deprivation (Merrick et al.
1997). Stress from energy deprivation in the tibialis anterior muscle, a type II mus-
cle, after 10 days of chronic contractile activity, stimulated mortalin/Grp75 protein,
but not its mRNA (Ornatsky et al. 1995). Orsini et al. showed that a fraction of
cytosolic p66Shc (regulates lifespan in mammals and is a critical component of the
apoptotic response to oxidative stress) localizes within mitochondria where it forms
a complex with mitochondrial Hsp70/mortalin (Orsini et al. 2004). Mortalin was
shown to inhibit p66Shc function activated during oxidative stress (ultraviolet radi-
ation) that induced the dissociation of p66Shc-mortalin complexes. Another study
identified mortalin as one of the factors responsible for superior stress defense in
murine embryonic stem cells (Saretzki et al. 2004) suggesting that it is an important
component of the glucose and oxidative stress response of cells.

1.2.5 Mortalin as mtHsp70, a Mitochondrial Chaperone

Combination of immunological, biochemical and functional approaches both in vitro
and in vivo revealed that human mortalin was imported into and stayed in the mi-
tochondrial compartment (Dahlseid et al. 1994). By confocal immunofluorescence
microscopy, mortalin was found inside the organelle and co-localized with the mi-
tochondrial Hsp60. Deletion of the N-terminal 46-amino acid pre-sequence resulted
in a cytosolic localization of the epitope-tagged protein (Dahlseid et al. 1994). Bhat-
tacharyya et al. (1995) cloned human mtHsp70 gene by screening of an expression
library with a monoclonal antibody and demonstrated that the 3A3-reactive pro-
tein co-fractionated with mitochondrial proteins. The nucleotide sequence of the
respective cDNA clone matched with mortalin.

1.2.6 Mortalin as Tumor Necrosis Factor Receptor-Associated
Protein 1

Tumor necrosis factor receptor-associated protein 1 (TRAP-1) was originally iso-
lated from yeast two-hybrid system as a protein that interacted with the intracellular
domain of the type 1 tumor necrosis factor receptor (TNFR-1). It was also identified
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as a mitochondrial heat shock protein in Saos-2 (human osteosarcoma) cells adapted
to mild oxidative stress induced by diethylmaleate (DEM). A recent study men-
tioned mortalin to be TRAP-1/mtHsp70 stimulated by ischemia. To understand the
role of TRAP-1 in brain injury, it was overexpressed in astrocytes and was found to
drop ROS production with glucose-deprivation. In addition, TRAP-1 preserved mito-
chondrial membrane potential, maintainedATP levels and cell viability during stress.
Such findings endorsed TRAP-1 to be mortalin/mtHsp70/Hsp75/Grp75/PBP74 and
an interesting gene that provided protection against ischemia-like in vitro injury
(Voloboueva et al. 2007). It conferred greater resistance to hydrogen peroxide and
cisplatin, and inhibited release of apoptosis-inducing factor upon cisplatin treatment
(Montesano et al. 2007). Just like mortalin in other studies, TRAP-1 was detected in
the mitochondrial matrix and non-mitochondrial locations, including pancreatic zy-
mogen granules, insulin secretory granules, cardiac sarcomeres, nuclei of pancreatic
and heart cells, and on the cell surface of blood vessel endothelial cells (Cechetto
and Gupta 2000).

1.3 Mortalin: Inside and Outside the Mitochondria

Representing approximately 1% of the total protein content, mortalin is one of the
most abundant proteins in the mitochondrial matrix (Naylor et al. 1996). It fulfills two
special needs of the mitochondria: (i) constitutes an essential component of the import
machinery and (ii) protein quality control by assisting in functional folding and degra-
dation of unfunctional proteins. It has been identified as the only ATPase component
of the pre-protein mitochondrial import complex (Schneider et al. 1994; Brunner
et al. 1995) and plays a crucial role in mitochondrial biogenesis: the translocation
of cytosolic precursors, their partitioning within the matrix and across the two mi-
tochondrial membranes (Rehling et al. 2004). Along with the second mitochondrial
chaperone-Hsp60, mortalin has been shown to maintain mitochondrial homeody-
namics by taking care of degradation of the misfolded nonfunctional proteins and
ROS by mitochondrial stress response signaling mediated by the transcription factor
CHOP (Zhao et al. 2002; Yoneda et al. 2004). Unlike the well-understood ER stress
response signaling that is mediated ER-resident Hsp70 BiP/Grp78 and proximal sig-
nal transducers IRE1, PERK and ATF6, mechanism of mitochondrial stress response
is yet to be resolved.

Despite the fact that mitochondrion was frequently assigned as mortalin’s home,
it was seen traveling to many other subcellular sites and the idea of mortalin being
a mitochondrion’s permanent resident, indeed, was ramified to include its ‘adven-
turing’ tendencies. Ran et al. (2000) by undertaking subcellular fractionation and
immunoelectron microscopy in a variety of human cancer cell lines revealed that
mortalin exists in mitochondria of all the tested cells and travels to other subcellular
organelles, ER and Golgi, in a cell line specific way. Ma et al. (2006) detected it
in the nucleus of dividing cells at the time of chromosome duplication. Most re-
cently, mortalin is also found as a secreted protein and detected in the extra-cellular
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space similar to Hsp60 so besides its primary home as mitochondria, mortalin lives
in many subcellular sites that is thought to be relevant to its multiple functional-
ity. Some other examples of mitochondrial proteins found at unexpected locations
both in the normal and pathogenic states include the mitochondrion proteins aspar-
tate aminotransferase (mAsmAT) and Hsp60. mAsmAT is regarded as a transporter
of free fatty acids into the mitochondria (Passarella et al. 1990), albeit, containing
an N-terminal mitochondrial targeting sequence, was found on the cell surface and
into the culture medium. Hsp60 mitochondrial chaperone was initially discovered in
mammalian cells as a protein altered in Chinese Hamster Ovary (CHO) cells that
were made resistant to the microtubule (MT)-inhibitor podophyllotoxin (Singh et al.
1997; Soltys and Gupta 2000). Found in various extra-mitochondrial locations, it has
been shown to play role as an amino acid transporter, biosynthesis and packaging
of insulin, modulating chromatin packing by histone 2B, and the regulation of cell
cycle via the plasma membrane resident p21ras protein (Gupta et al. 2008; Gupta
and Knowlton 2005; Knowlton and Gupta 2003; Soltys and Gupta 2000). How mor-
talin could arrive at specific extra-mitochondrial destinations is yet to be understood.
Nevertheless, the phenomenon of multiple localizations and multiple functions may
reflect a molecular-evolutionary protein economics that argues for a single protein
to acquire distinct roles in more than one cellular compartment obviating the need to
create a new gene. A comprehensive review of some of the likely mechanisms that
could control the export of resident proteins from the mitochondrial matrix to other
intra- and extra-cellular sites from evolutionary perspectives can be found elsewhere
(Soltys and Gupta 1999, 2000).

Outside the mitochondria, mortalin is expected to collaborate with an expanding
list of binding partners, described in several reviews, that endows it an assumption
of wider cellular roles ranging from intracellular trafficking, control of centrosome
duplication, regulation of p53 activity, calcium and ROS signaling, differentiation
among many others (Deocaris et al. 2006, 2007a, b; Kaul et al. 2007; Takano et al.
2001; Wadhwa et al. 2003b, 2005).

1.4 Mortalin: Stress, Aging and Cancer

Sequence homology had placed mortalin in heat shock 70 family of proteins. Al-
though remained unresponsive to the heat shock (Wadhwa et al. 1993a), several
other stress conditions such as glucose deprivation, ionizing radiations, hypoxia and
increase in the reactive oxygen species (ROS) were shown to induce mortalin that
acts as a stress-survival factor (Carette et al. 2002; Hori et al. 2002; Liu et al. 2005;
Merrick et al. 1997; Yang et al. 2011b). Suppression of mortalin by antisense mor-
talin oligonucleotide was found to sensitize cells to ionizing radiation and oxidative
stress (Sadekova et al. 1997; Yang et al. 2011a, b). Another study proposed mortalin
as a DNA-PK regulated protein that plays a protective role against drug-induced
apoptosis and determines drug sensitivity (Um et al. 2003b).
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In worms, overexpression of mortalin led to increased longevity (Yokoyama
et al. 2002), and its knockdown led to accelerated aging syndrome (Kimura et al.
2007), associated with defects in mitochondrial import, a reduction in the levels
of ATP-2, Hsp60 and CLK-1. Mortalin-compromised worms showed progeria like
phenotypes including lower motility, defects in oogenesis, earlier accumulation of
auto-fluorescent material, and a shorter life span (Kimura et al. 2007). Since a close
correlation exists between stress resistance and longevity mechanisms, it may be
true for even more complex models, such as mice. In general, when stress and im-
pairment of the chaperone system are combined, the resulting gene-environment
interaction may amount to causative impetus to premature aging (Macario and Con-
way de Macario 2002). Caloric restriction (CR), the only effective experimental
manipulation known to retard aging in rodents and primates, restored age-impaired
chaperone induction, while reversing the age-induced changes in constitutive level
of Hsp (Berner and Stern 2004; Boxenbaum 1991; Kirkwood and Shanley 2000).
CR rats were seen to have increased mortalin expression level in the testis (Um et al.
2003a, b). These examples support the hypothesis that mortalin endows a better adap-
tation capacity to various forms of stresses and increases the longevity in an organism.
On the other hand, a sick version of mortalin (oxidized mortalin), in fact, was found
in brain tissues of a rodent model for Alzheimer’s disease (Berner and Stern 2004),
and this may likely be actively involved in etiology of the disease rather than as mere
molecular fossil of neurodegeneration. The oxidized form of mortalin was tested to
act as an anti-chaperone, promotes protein aggregation, and overrides the chaperone
activity of undamaged mortalin protein (Deocaris et al. unpublished data). Several
studies have endorsed the involvement of mortalin to age-pathologies including car-
diovascular diseases (Massa et al. 1995), diabetes (Matsuoka et al. 2005; Zhang et al.
2006) and neurodegenerative disorders, Alzheimer’s and Parkinson’s Diseases (PD)
(Calabrese et al. 2001; Choi et al. 2004; Jin et al. 2006; Osorio et al. 2007; Seyb
et al. 2006; Sirk et al. 2007). It was also shown to be one of the five proteins that
form complex with alpha-synuclein and DJ-1 (an oncogene and causative gene for
familial form of the PD) and is critically involved in the pathogenesis of PD (Jin et al.
2006, 2007; Shi et al. 2008). Li et al. showed that DJ-1 is associated with HSP70,
CHIP and mortalin and the complex is involved in regulation of oxidative stress (Li
et al. 2005). An association of wild type DJ-1, but not the mutants found in PD
patients, was enhanced by treatment of cells with H2O2. Van Laar et al. also showed
that the level of mortalin decrease during dopamine oxidation leading to selective
dopaminergic terminal degeneration in vivo and altered mitochondrial function in
vitro (Van Laar et al. 2008). In a quantitative proteomic study on comparison of the
nigral mitochondrial proteins of Parkinson’s disease (PD) patients with those from
age-matched controls, mortalin was detected as downregulated in the PD patients
(Jin et al. 2006). Indeed, manipulations of mortalin levels in dopaminergic neurons
resulted in significant changes in sensitivity to PD phenotypes via pathways involv-
ing mitochondrial, proteasomal and oxidative stress response functions (Jin et al.
2006) revealing that mortalin is involved in the PD pathogenesis.

Within the ROS-bathed cellular environment, mutations stochastically accumulate
with time contributing to genomic instability and cancers. Consistent with the major



1 Birth of Mortalin . . . 11

involvement of ROS-related mutational events, BertVogelstein’s group found that the
majority of mutations in ten human colorectal cancer cell lines were: (a) somatically
acquired mtDNA mutations (b) the detected mutations however were not associ-
ated with major perturbations of mitochondrial functions, as oxygen consumption
(Polyak et al. 1998). Given that cancer cells carry biologically risky and numerous
mitochondrial gene mutations that could exacerbate mitochondrial dysfunction, it
may be suggested that a strong chaperone buffering system within this organelle
could be one plausible strategy how cancer cells are able to tolerate high mutational
loads. Several studies have found that the level of mortalin was elevated in many
human tumors, the tumor-derived and in vitro immortalized cells. Remarkably, over-
expression of mortalin matched with the increase in aggressiveness of brain tumors
from astrocytoma to glioblastoma (Takano et al. 1997) and was sufficient to in-
crease the malignancy of breast carcinoma cells suggesting that an upregulation of
mortalin contributes significantly to tumorigenesis (Wadhwa et al. 2006). Compar-
ative proteomic analysis identified the correlation of mortalin overexpression with
poor patient survival in colorectal adenocarcinomas (Dundas et al. 2005) and post-
surgery hepatocarcinoma recurrence (Yi et al. 2008). In chronic myeloid leukemia
(CML), a hematopoietic stem cell disease containing an aberrant Bcr-Abl protein
tyrosine kinase activity, mortalin was identified as a major protein down-regulated
during the progression of a benign chronic phase to a rapidly fatal blast crisis. The
absence of correlation between mRNA and protein levels pointed at the possible
post-translational events that modify protein content (Smith et al. 2002). Another
proteomic study on bone marrow cells from CML patients also identified mortalin as
one of the 31 proteins that described a chronic phase molecular phenotype (Pizzatti
et al. 2006).

In a study on the disease models of hematopoiesis in which Zebrafish mutants with
abnormalities at various stages in blood development were used, positional cloning
of a developmental blood mutant (crimsonless (crs)- anemic) revealed that the mu-
tated gene was mortalin/HSPA9B that shows 84.8% identity and 89.4% similarity
with human mortalin (Craven et al. 2005). A single amino acid mutant (G492E)
within the substrate-binding domain of HSPA9B was shown to be the cause of the
crs phenotype. Interestingly, a near-identical mutation in the conserved glycine at
position 443 in DnaK (53.5% identity and 63.3% similarity to Zebrafish mortalin)
completely abolished pro-peptide binding and chaperone function (Burkholder et al.
1996). To verify that the mutation in HSPA9B is sufficient to cause the crs pheno-
type, investigators used both rescue and antisense morpholino knockdown strategies
(Craven et al. 2005). Injection of capped RNA encoding wild-type HSPA9B rescued
approximately 95% (53 of 56) injected mutant embryos. Conversely, inactivation of
Zebrafish mortalin using antisense morpholino-modified oligonucleotides recapitu-
lated the anemic phenotype demonstrating that a single amino acid change, G492E
that abolishes chaperone function of mortalin is the cause of crs phenotype in Ze-
brafish, a model of human MDS (Craven et al. 2005). The role of mortalin in cancer
is best explained by its interactions with tumor suppressor protein p53 (Deocaris
et al. 2007b; Kaul et al. 2001, 2005; Lu et al. 2011a, b; Ma et al. 2006; Wadhwa et al.
1998, 2010; Walker et al. 2006). Mortalin-p53 interactions were abrogated both in
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mammalian and clam cells by a cationic inhibitor (MKT-077) that binds to mortalin
and dissociates p53 from the complex resulting in the reactivation of wild type p53
function (Wadhwa et al. 2000; Walker et al. 2006; Deocaris et al. 2007c; Pilzer et al.
2009).

1.5 Mortalin: Therapeutic Target

Considering the wide diversity of mortalin functions, it is likely that mortalin-based
therapy would be useful in dampening the impact of some of the chaperone-associated
maladies involving both the chaperone-hyperfunction (such as in cancers) and
chaperone-deficiency (such as in neurodegenerative disorders) (Macario and Conway
de Macario 2007). A variety of reagents hold promises and await further studies on
validation. Some worth-mentioning here are mortalin injectibles, mortalin peptides,
small molecules and antibodies.

Given the growing interest on developing recombinant stress proteins for chap-
eronotherapy, the field is expected to expand and validate information on the use of
individual stress chaperones as chaperonotherapeutic tools. Some of the initial evi-
dence that an Hsp70 member might serve as a chaperonotherapeutic agent is from
the purified bovine brain Hsc70. When administrated exogenously, the chaperone
proved useful for repair of peripheral sensory nerve damage. In this particular exper-
iment, axotomy induced death in 33% of dorsal root ganglion neurons and 50% of
motoneurons, and damage-control by the recombinant Hsc70 was apparent in virtu-
ally all sensory neurons (Houenou et al. 1996). Gifondorwa et al. tested whether the
recombinant human Hsp70 could be used for treating amyotrophic lateral sclerosis
(ALS), a debilitating neurodegenerative disorder that results in the progressive loss
of motor neurons in the central nervous system (Gifondorwa et al. 2007). Using the
G93A mutant SOD1 mouse, the group intraperitoneally-injected Hsp70 (3 times/per
week) from postnatal day 50 until the end-stage of the disease. Such regimen was
observed to lead to increased lifespan, delayed symptom onset, and intact motor
functions. Interestingly, it also resulted in a more robust innervations of the neu-
romuscular junctions compared with control tissues. It was thus suggested that an
Hsp70-based chaperonotherapy might be used to delay the disease progression in
an ALS model via an unknown peripheral mechanism (Gifondorwa et al. 2007). An
alternative approach would involve the use of protein inducers (Macario and Conway
de Macario 2007). Given the roles played by stress chaperones in the maintenance of
proteome integrity during aging and stressed conditions, it would be of considerable
benefit to discover new compounds that will induce HSPs without any toxic effects.
One of the first Hsp70 inducing agents introduced is Bioclomol, a hydroxylamine
derivative developed by the Hungarian biotech company, Biorex Research and De-
velopment Co. Originally marketed to prevent microangiopathy in diabetes patients,
the drug amplifies induction of Hsp70 when cells are subjected to stressful conditions
(Hargitai et al. 2003). Two molecules are found to boost cellular production of mor-
talin: 2-deoxyglucose (Merrick et al. 1997) and glycerol (Deocaris et al. 2008).
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Interestingly, treatment of cells with a chemical chaperone, glycerol caused heat-
shock and oxidative stress responses, induction of mortalin and stimulation of
proteasomal system. In C. elegans, it resulted in decreased accumulation of old
age-associated lipofuscin suggesting that mortalin inducers may serve as anti-
aging reagents. Further studies are warranted to resolve the molecular effects and
mechanisms of action.

Mortalin was shown to bind to tumor suppressor protein and inactivate its tran-
scriptional activation function by cytoplasmic sequestration (Kaul et al. 2005).
Finding that the carboxy-terminal 312–352 residues of tumor suppressor protein
p53 bind to mortalin, shorter peptides were used as mortalin binding antagonists.
These peptides were seen to activate endogenous p53 function by displacing mortalin
from p53-mortalin complexes and relocating p53 to the nucleus. This was sufficient
to activate p53 function causing growth arrest in human osteosarcoma and breast
carcinoma cells (Kaul et al. 2005). Similar to the peptides, MKT-077, a cationic
rhodacyanine dye analogue and withanone, a phytochemical binds to mortalin and
abrogates its interactions with p53 resulting in the release of p53 from cytoplas-
mically sequestered p53-mortalin complexes and reactivation of its transcriptional
activation and apoptotic functions (Deocaris et al. 2007c). Thus, MKT-077 and
withanone are the anti-mortalin reagents and candidate anticancer drugs. Induction
of senescence like growth arrest by bromodeoxyuridine (Michishita et al. 1999) and
5-aza-2′ deoxycytidine (Widodo et al. 2007) caused shift in subcellular distribution
of mortalin from perinuclear to pancytoplasmic type. It was shown that mortalin was
direct target of these drugs and undergoes structural changes that may affect its func-
tion as chaperone, importer or regulator (Widodo et al. 2007; Deocaris et al. 2008).
Besides the peptides and the chemicals, mortalin-specific ribozymes and siRNA that
caused suppression of mortalin expression resulted in the growth arrest/apoptosis
of transformed human cells (Wadhwa et al. 2003a; Yoo et al. 2010). Anti-mortalin
antibodies were seen to have antitumor activity in nude mice xenografts. Cell inter-
nalizing feature of these antibodies was also exploited as a nanocarrier tool for gene
delivery and imaging (Shiota et al. 2007; Ohyabu et al. 2009; Yoshioka et al. 2011).

1.6 Summary

The concomitant, yet independent, discoveries of mortalin have reflected its multiple
functionality. Mortalin is indeed a two-billion year old resident of the mitochondria,
the living descendant of the first DnaK in endosymbiotic alpha-proteobacter that be-
come a power-generating organelle and acquired multiple roles reflecting an example
of molecular-evolutionary protein economics. Furthermore, this promiscuous chap-
erone is partnered with a larger array of binding partners, from transcription factors,
cell receptors, cytoskeleton elements and many others. Like a “molecular megalo-
maniac”, mortalin has expanded its biological roles. The qualitative and quantitative
nature of mortalin responses, as seen from the upregulation in various tumors to
the presence of sick (oxidized) forms in neurodegenerative diseases, render future
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experimental and clinical studies to unravel its mechanistic aspects. From the under-
standing that the typical tools used for the basic study of mortalin functions in the
laboratory, such as recombinant mortalin, mini-mortalins, ribozymes and siRNA,
internalizing-mortalin antibodies, etc., are also expected to evolve into the next gen-
eration chaperonotherapeutics—from mortalin peptide-based cytotoxics, vaccines,
tumor senescence-modulators and youth rejuvenators. As we come to appreciate
the rapidly growing chaperonology of mortalin, this stress protein has undoubtedly
emerged as an extremely versatile molecule. The importance of mortalin in cell bi-
ology is underscored by its high degree of structural and phylogenetic conservation,
and the fact that no cell survives in its absence. As newer genomic technologies,
like chaperonomics and systems biology, offer fresher perspectives, it is anticipated
that our present knowledge on the physiological roles of this chaperone may still be
limited. Nonetheless, the present book portraits the wealth of information on this
versatile stress molecule and picture the mechanisms on how it plays essential roles
in stress and survival.
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