Chapter 12
Heat Shock Protein 90: Truly Moonlighting!

Check for
updates

Eusebio S. Pires

Abstract Hsp90 is an essential and abundantly expressed molecular chaperone in
any living cell. The multiplicity of Hsp90 cellular functions is driven by its interac-
tion with a broad range of partner proteins and thereby establishing itself as a moon-
lighting molecule. There are newer insights emerging to ascertain the cellular and
physiological roles of Hsp90, such as (and not limited to) chromatin remodeling,
gene regulation and developmental pathways. Hsp90 has been recognized as an
important therapeutic target and has been linked to an increasing number of dis-
eases, including cancer. Development of Hsp90 therapeutic reagents would be valu-
able research tools towards the maintenance of the proteome in health and disease.
This review revisits the expression, structure-function, and clinical significance of
the Hsp90 and its forms and reinforces its impact as a disease target.
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Abbreviations

AOA Anti-ovarian antibodies

GVBD Eggs, germinal vesicle breakdown oocyte
Hsp Heat shock proteins

IHC Immunohistochemistry

IVF-ET In vitro fertilization- embryo transfer
LC-MS Liquid chromatography/mass spectrometry

MALDI-TOF/TOF  Matrix-assisted laser desorption/ionization time-of-flight/
time-of-flight

POF Premature ovarian failure

POI Primary ovarian insufficiency
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12.1 Introduction

Heat shock proteins (Hsp) or chaperonins, as they were previously called, are group
of evolutionary conserved proteins that show high sequence homology between dif-
ferent species, from bacteria to humans (Morimoto 1993). These molecular chaper-
ones are proteins that interact with and help other client proteins to acquire a
functionally active form, and they then dissociate from the client once the final
active structure is formed. They are classified based on molecular size, sequence
similarities, location within the cell and function. Despite the significant degree of
evolutionary conservation, HSP’s are highly immunogenic and it has been postu-
lated that they could activate antigen presenting cells, serving as a danger signal to
the immune system (Gallucci and Matzinger 2001).

Of the several Hsp, Hsp90 (with an approximate molecular weight of 90 kilo
Daltons) is an abundant, constitutively expressed chaperone constituting around
1-2% of total cellular protein under non-stress conditions (Falsone et al. 2005). In
eukaryotes, Hsp90 is found in the cytosol, the nucleus and in organelles such as the
endoplasmic reticulum. The nuclear localized Hsp90 represents a small fraction of
cytosolic Hsp90 under physiological conditions. Studies have shown that Hsp90 is
not only present inside the cell, but also on the cell surface of various cell types and
secreted into the extracellular space suggesting distinct extracellular chaperoning
activity (Li et al. 2012). Hsp90 has a crucial role in cellular signaling, as it partici-
pates in the folding of steroid hormone receptors, protein kinases and other signal-
ing components. However, the well determined function of Hsp90 proteins is to
suppress the aggregation of unfolded proteins. The full functional activity of Hsp90
is gained in concert with other co-chaperones, thereby playing an important role in
the folding of newly synthesized proteins and stabilization and refolding of dena-
tured proteins after stress. Apart from its co-chaperones, Hsp90 binds to an array of
client proteins, where the co-chaperone requirement varies and depends on the
actual client (Sreedhar et al. 2004). A current updated list of Hsp90 and its partner
proteins is maintained by Dr. Didier Picard (http://www.picard.ch/downloads/
downloads.htm). Hsp90 clients were shown to be functionally and structurally
diverse thereby making it a central modulator of important processes that range
from stress regulation and protein folding to DNA repair, development, the immune
response, neuronal signaling and many other processes (Schopf et al. 2017). Very
recently, studies by the late Susan Lindquist” team demonstrated that Hsp90 can
modify the consequences of genetic variation in human, something long hypothe-
sized but never proven. The study provided insights into the mechanisms by which
Hsp90 buffering can alter the course of human diseases, broadly protective in nature
and mitigating the deleterious effects of missense mutations. The study suggested
that by buffering these kinds of human genetic variation, Hsp90 enables
gene-environment interactions which are capable of shaping disease trajectories
(Karras et al. 2017) thus indicating clinical significance.


http://www.picard.ch/downloads/downloads.htm
http://www.picard.ch/downloads/downloads.htm
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12.2 HSP90 Nomenclature, Isoforms and Structure

This HSP90 family encodes five members as seen in the Table 12.1 namely HSPC/,
HSPC2, HSPC3, HSPC4 and HSPCS5. Their chromosomal location all varies and
are known by various nick names in literature (Kampinga et al. 2009, Website:
HUGO gene nomenclature committee). They can be found in different cell compart-
ment such as cytosol, endoplasmic reticulum and the mitochondria (Csermely et al.
1998). Most studied members of this group are the cytoplasmic isoforms and an ER
specific HSPC4. This protein from even the most distantly related eukaryotes has
50% amino acid identity and all have more than 40% identity with the Escherichia
coli protein (Bardwell and Craig 1987) and has sequence similarities with other
mammalian species as shown in Fig. (12.1a, b). There are two major cytoplasmic
forms of Hsp90: Hsp90a [inducible form] and Hsp90f [constitutive form] which
possibly arose by gene duplication roughly 500 million years ago (Gupta 1995). In
contrast to bacteria, which typically contain only a single Hsp90 gene, budding
yeast and humans contain two HSP90 genes that encode cytosolic proteins: Hsc82
and Hsp82 in S. cerevisiae, and Hsp90a and Hsp90p in H. sapiens (Schopf et al.
2017). A minimum of two additional gene duplication events, which took place at a
later time, are required to explain the presence of two different forms of HSP90 that
are found in these fungi and vertebrate species. In humans, sequence similarities
between the alpha and the beta form are around 93.4% using the EBI tool: EMBOSS
pairwise alignment algorithm. Hsp90a is a 732-amino acid long protein while
Hsp90p has 724 amino acids and 8 amino acids (7-11 and 237-239) present in
Hsp90a are missing in Hsp90p as seen in Fig. (12.1c, d). Although both are ubiqui-
tously expressed, Hsp90a is heat-inducible in specific tissues, while Hsp90f
typically has a more constitutive pattern of expression (Sreedhar et al. 2004).

Table 12.1 Nomenclature of the HSP90 genes. The table illustrates the HSP90 genes contained
within the family. Five forms of the protein are encoded by genes HSPC/-5. Among these HSP90a
and HSP90p are the two widely studied and described isoforms

Gene Genes within Gene
name HSPI0 family Aliases Locus Scientific name ID
HSPCI | HSP90AA1 Hsp89, Hsp90, 14q32.31 | Heat shock protein 90 3320
FLJ31884, HSPOON, alpha family class A
HspCl member 1
HSPC2 | HSP9OAA3P HSP90Alpha, 1q23.1 | Heat shock protein 90 3324
HSPCA alpha family class A
member 3, pseudogene
HSPC3 | HSP9OABI1 HspC3 6p21.1 Heat shock protein 90 3326
alpha family class B
member 1
HSPC4 | HSP90B1 GP96, GRP9Y4, 12q23.3 | Heat shock protein 90 7184
beta family member 1
HSPC5 ' TRAP1 HSP75, HSPOOL 16p13.3 | TNF receptor associated | 10,131
protein 1



https://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=5253
https://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=5254
https://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=5258
https://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=12028
https://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=16264
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Fig. 12.1 Distance relation of Hsp90f across species and Hsp90a versus Hsp90f structure.
(a) Hsp90 protein shows high sequence homology between different species, from bacteria to
humans as seen in the dendogram which shows the distance relation between the species with
respect to human Hsp90p. (b) Percentage sequence similarity with respect to human Hsp90p and
other species. The rodents show the highest sequence similarity with respect to human Hsp90p
protein. (¢) Hsp90a is a 732-amino acid long protein while Hsp90p has 724 amino acids. (d) It can

be clearly seen in the stick diagram that 8 amino acids (7-11 and 237-239) present in Hsp90« are
missing in Hsp90f
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These regulatory differences translate into varied responses to extracellular signals
and stress events, with Hsp90a adopting a cytoprotective role by mediating a rapid
response, whereas Hsp90p is associated with long-term cellular adaptation. Owing
to its higher levels of expression, Hsp90p is the predominant Hsp90 isoform
involved in normal cellular function, including the maintenance of cytoskeletal
architecture, cellular transformation, and signal transduction. An important differ-
ence is that the a-form readily dimerizes, whereas the p-form does so with much
less efficiency. Hsp90 is mainly a constitutive dimer [ao or ff], however, monomers
[ox or B], heterodimers [af] and higher oligomers of both forms also exist (Sreedhar
et al. 2004). Hsp90 contains three conserved domains: a N-terminal ATP-binding
domain, a middle domain and a carboxy-terminal domain. All examined forms of
Hsp90 bind and hydrolyze ATP (Zuehlke and Johnson 2010). The N-terminal of
Hsp90 and the highly charged central region are responsible for the binding of dif-
ferent target proteins. A binding site for ATP/ ADP also can be found in the
N-terminal region, while the C-terminal domain contains a dimerization site
(Csermely et al. 1998). Some of the biological differences between the Hsp90a and
Hsp90p isoforms are likely to be determined by client proteins and by cochaperones
associated with Hsp90 chaperone machinery (Rohl et al. 2013; Millson et al. 2007).
It is intriguing therefore that the cochaperone, GCUNC45, previously implicated in
the Hsp90 chaperoning of the progesterone receptor, was found to bind preferen-
tially to Hsp90p over Hsp90a, resulting in an efficient blockade of progesterone
receptor chaperoning in vitro (Chadli et al. 2006, 2008).

12.3 Hsp90 Expression Profile

The isoform specificity is not restricted only to the biochemical level but extends to
the functional role of Hsp90 in cell differentiation and development. On one hand
Hsp90a has been shown to play a regulatory role in muscle cell differentiation of
zebra fish while on the other hand it is shown to inhibit cellular differentiation of
embryonal carcinoma cells to trophectoderm (Lele et al. 1999; Sreedhar et al. 2004).
Hsp90p has been shown to play a major role in trophoblast differentiation, and
Hsp90pB-deficient homozygous mice with normal expression of Hsp90a failed to
differentiate to form placental labyrinths (Voss et al. 2000). Hsp90p overexpression
is observed throughout the germ cell lineage from very early stages of development
to adult oocytes and spermatocytes (Hilscher et al. 1974) thereby indicating expres-
sion in different stages of development, and suggestive of the fact that Hsp90p is
required for early embryonic development. Thus, there are several differences
between Hsp90 isoforms in cell differentiation and embryonic development in vari-
ous organisms. Hsp90a expression is lower compared to Hsp90p in most cells.
Hsp90a is highly inducible in contrast to Hsp90p whose expression is thought to be
constitutive (Hilscher et al. 1974; Gruppi et al. 1991).

Earlier studies from my group (Pires and Khole 2009a; Pires et al. 2011a) using
isoform specific antibodies showed that Hsp90f is the predominant form in the
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Fig. 12.2 Hsp90a and Hsp90p gamete specific expression. Hsp90p is the predominant isoform
present in the ovary. Western blot using commercially available antibodies demonstrates the
predominance of the beta isoform of Hsp90 in ovarian protein extracts (lane ). No immunoreac-
tivity to the 90 kDa locus was seen when the strip was probed with Hsp90a commercially available
polyclonal antibody (lane 2), thereby suggesting Hsp90p to be the predominant isoform in ovary.
Mouse testes extract was used as a positive control for Hsp90a (lane 3). A ‘no primary’ control

showed no immunoreactivity to any of the ovarian proteins (lane 4). GAPDH served as an equal
loading control
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ovary, while the testes express Hsp90a form. This data was supported by a Western
blot as shown in Fig. 12.2, which clearly demonstrates the predominance of the beta
isoform of Hsp90 in ovarian protein extracts (lane 1). No immunoreactivity to the
90 kDa locus was seen when the blot was probed with commercially available
Hsp90a polyclonal antibody (lane 2), thereby suggesting Hsp90p to be the predomi-
nant isoform in ovary. Mouse testes extract was used as a positive control for
Hsp90a (lane 3). Data from mass spectrometry analysis of the immunoreactive
dominant EP90 protein demonstrated dominance of Hsp90p peptides where 15 of
the 18 LC/MS generated peptides and 9 of the 12 MS/MS generated peptides, other
2 peptides in each MS run belong to Hsp90a (Pires and Khole 2009a).
Immunohistochemical (IHC) analysis using immunoreactive patient serum contain-
ing Hsp90 AOAs against a panel of multiple rodent tissue sections as seen in
Fig. (12.3) shows strong immunoreactivity not only to oocyte ooplasm (panel O) but
also to spermatogonial and spermatocytes of testes (panel N) and cilia of principal
cells in epididymis (panel M). Since the mass spectrometry data revealed major beta
peptides and minor alpha peptides, antibody cross reactivity to the alpha form in the
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Fig. 12.3 Multiple tissue immunohistochemistry with Hsp90 specific immunoreactive
patient serum antibodies. IHC using a Hsp90f AOA positive patient serum against a panel of
multiple rodent tissue sections shows immunoreactivity oocyte ooplasm (panel O), to spermato-
cytes of testes (panel N) and cilia of principal cells in epididymis (panel M) indicating that the
protein could be a reproductive specific protein
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male reproductive system is of a high probability keeping in mind the polyclonal
nature of human serum antibodies.

12.4 Clinical Significance of Hsp90

12.4.1 Hsp90 Expression in Diseases

Tumor cells seem to be in a ‘stressed’ state, which puts additional pressure on con-
trolling proteostasis. Hsp90 plays an important part in the survival of cancer cells,
also because of their extensive dependence on Hsp90-assisted signaling pathways
(Schopf et al. 2017). In breast cancer, Hsp90 up-regulation has been found as being
linked to the expression of the estrogen receptor and Her-2/Erb-B2 associated with
bad prognosis and decreased survival (Pick et al. 2007). A study with 52 epithelial
ovarian carcinomas revealed an association of the Hsp90 expression with higher
stages, but not with prognosis indicating that it might be a reliable indicator of
aggressiveness (Elpek et al. 2003).

Studies on the predictive role of Hsp90 in prostate cancer are shown to be incon-
sistent. On the one hand, abnormal up-regulated levels of Hsp90 have been observed
in human prostatic carcinoma cells with a stage-dependent and malignancy-
dependent expression (Cardillo and Ippoliti 2006; Cornford et al. 2000). On the
other hand, no significant association between Hsp90 expression and conventional
diagnostic factors could be detected in 193 patients with clinically organ-confined
prostate cancer who underwent radical prostatectomy without any neoadjuvant ther-
apies (Miyake et al. 2010).

In a study on Hsp90a-deficient male mice (Grad et al. 2010), testicular atrophy
and infertility was observed which was mediated likely due to apoptosis of sper-
matocytes, indicating that the Hsp90a isoform is required for spermatogenesis. A
conditional deletion of Hsp90a showed that the chaperone is essential for germ cell
development in mature adult testes (Kajiwara et al. 2012). Hsp90 was shown to be
localized in the neck, midpiece, and tail regions of human sperm, and its expression
increased during capacitation thus suggesting roles in intracellular calcium homeo-
stasis, protein tyrosine phosphorylation regulation, and progesterone-stimulated
sperm function (Li et al. 2014). Hsp90 (pro-apoptotic in nature) was shown to play
an important role in apoptosis in mitochondrially-mediated aging and male infertil-
ity (Purandhar et al. 2014). This study clearly indicated a lucid expression and func-
tional role of the Hsp90 during spermatogenesis and/or the process of aging.

12.4.2 Hsp90 in Ovarian Autoimmunity

With a continuous interest in ovarian biology (Pires et al. 2013), female reproduc-
tive tract diseases (Pires et al. 2015) and the role Hsp90 plays in reproductive immu-
nology (Pires 2010; Pires 2017), our laboratory focused on identifying targets that
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played a role in female reproduction and infertility. Efforts were spent on establish-
ing a diagnostic test to detect serum anti-ovarian antibodies (AOA) which could
have a pathological role in this disease thereby leading to premature ovarian failure
(POF) or insufficiencies (POI) and we were keen in identifying the proteins under
target (Pires et al. 2006). The specificity of existing immunoassays detecting these
AOAs were questioned. We reported earlier on the presence of naturally occurring
anti-albumin antibodies as the likely factor for non-specificity (Pires et al. 2006).
Having developed a novel blocking recipe, we show substantial elimination of this
non-specificity. Subsequently using patient sera we reported multiple targets at the
protein and histological levels. Our study demonstrated that 15 of 50 (30%) patients
with POF/POI and 13 of 50 (26%) in vitro fertilization- embryo transfer IVF-ET)
patients showed the presence of these AOAs (Pires et al. 2011b). Western blotting
showed a large number of patients making AOAs to a 90-kDa protein, followed by
97-kDa and 120-kDa proteins (Pires et al. 2007; Pires and Khole 2009a, b). The
immunodominant 90-kDa protein was found to be conserved across species, was
serine—threonine phosphorylated, and was expressed from the primordial stage to
the Graafian-stage ooplasm of the oocytes during follicular development (Pires and
Khole 2009a).

Using high-throughput proteomic technologies like liquid chromatography/mass
spectrometry (LC-MS), matrix-assisted laser desorption/ionization time-of-flight/
time-of-flight (MALDI-TOF/TOF), and tandem mass spectrometry analysis
revealed the identity of this protein to be Hsp90p (Pires and Khole 2009a). Using an
immunoreactive Hsp90p patient sera to immunostain isolated mouse germinal ves-
icle breakdown oocyte (GVBD eggs) and growing blastocyst, expression of this
protein was seen in the cytosol of the oocytes (ooplasm) as well as cells of the inner
cell mass/trophectoderm as seen in Fig. (12.4a, b) respectively. Commercially avail-
able recombinant protein immunoreacted with the sera from patients with AOAs
against the 90-kd antigen. In parallel, using monoclonal antibody to human Hsp90,
we found that it reacts with the eluted protein from a crude ovarian extract (Pires
and Khole 2009a). With an aim to identify potential immunoreactive Hsp90 epit-
opes using patient sera containing AOA to Hsp90, experimentally and statistically
peptide EP6 (amino acids 380-389) seems to be the major antigenic epitope fol-
lowed by EP1 (amino acids 1-12) and EP8 (amino acids 488—498). Predicted 3D
structures of these peptides demonstrated that they exist in the loop conformation
which is the most mobile part of the protein. Also, analysis of the sequences of
Hsp90 beta across several species reveals that EP6 peptide forms a part of a well
conserved motif. The polyclonal antibody generated to the immunodominant epit-
ope-EP6 confirmed similar biochemical and cellular immunoreactivity as seen with
the patients’ sera having anti-Hsp90 autoantibodies (Pires et al. 2011a). The study
proposed options to generate new tools for the detection of disease-inducing epit-
opes and a possible therapeutic intervention. Since our initial evidence suggested
the involvement of Hsp90f in human ovarian autoimmunity, identifying the protein
was a significant causative factor in early ovarian failure. These observations were
supported by results from a mouse model in which fertilization and embryo devel-
opment were highly disrupted in animals immunized with in vitro generated Hsp90
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Fig. 12.4 Hsp90p protein expression in mouse oocytes and developing embryos. (a) Indirect
immunofluorescence using an immunoreactive patient sera to Hsp90p protein shows strong
ooplasm reactivity (green stain for Hsp90p, red is counterstain for DNA) to the cytoplasm of the
germinal vesicle breakdown oocyte. (b) As the embryo develops and transforms to the blastocyst
stage, it was seen that, apart from a strong signal (green stain for Hsp90p) in the inner cell mass,
slight immunostaining also was seen in the cells of the trophectoderm. Neither the control sera nor
the secondary alone control showed immunoreactivity to any of the stages in embryogenesis or to
the cumulus cells (data not shown here)

antibodies. The study showed that there was a significant drop in the fertility index
due to an increase in pre- and post-implantation loss, associated with an increased
incidence of degenerated eggs and embryos. The ovaries showed an increase in the
number of empty and degenerated follicles and extensive granulosa cell deaths,
which was reflected by the decrease in the levels of Nobox and Gjal gene expres-
sion. (Choudhary and Khole 2013).

In view of this, we proposed that as a result of a prolonged or repeated asymp-
tomatic chronic infection early in the life of these infertile women they could have
anti-Hsp90 antibodies in circulation. In the course of their reproductive life, these
antibodies could then target the ovarian antigens (exposed to the immune system
due to reasons such as accidents or trauma, also immune system has memory) lead-
ing to early ovarian failure (Pires 2017). This may be relevant to human reproduc-
tion, since many couples with fertility problems have had a previously undetected
genital tract infection (Witkin et al. 1994a). In general, HSP are among the first
proteins produced during embryogenesis (Bensaude and Morange 1983).
Constitutive form of Hsp90 is known to be expressed at high levels during preim-
plantation mouse embryo development (Loones et al. 1997). Therefore presence of
anti Hsp90 antibodies in women aiming for pregnancy is likely to have detrimental
consequences. Women who have antibodies to Hsp90 in their circulation, the pos-
sible interactions between Hsp90 and the cytoskeletal proteins (such as actin and
tubulin) may be disturbed and destroyed. Thus, there could likely be a collapse of
the ovarian cytoarchitecture as the main role of Hsp90 as a chaperone is to maintain
this cytoskeletal framework (Pires 2017).
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12.4.3 Hsp90 and Immunotherapy

Immunotherapies involving patients own T-cells have shown immense potential as
new treatment strategies. Although inhibition of Hsp90 has received attention for
therapeutic purposes in solid tumors and hematologic malignancies, Hsp90 inhibi-
tion has shown limited responses as single agents in cancer patients (Pacey et al.
2012; Solit et al. 2008). Although success rates vary, there is a need for improve-
ment with the combinatorial approach. Hwu’ group at MD Anderson recently dis-
cussed enhancement of cancer immunotherapy utilizing Hsp90 inhibition through
an upregulation of interferon response genes (Mbofung et al. 2017). The highlights
of this study include: [a] Hsp90 inhibition shows enhanced T-cell killing of tumors,
[b] This mechanism is mediated via IFN-induced protein with tetratricopeptide
repeats [IFIT genes], [c] Thereby potentiating immune checkpoint blockade ther-
apy, [d] Combining with anti-CTLA4 enhances CD8 T-cell function. All in all, evi-
dence that Hsp90 inhibition can potentiate T-cell-mediated anti-tumor immune
responses and supports exploration of the combination of immunotherapy and
Hsp90 inhibitors in the clinic was established.

An interesting paper was presented at the Society for immunotherapy of cancer
(SITC; Fecek et al. 2015) where the group reported treatment of melanoma cell
lines in vitro or in vivo with Hsp90 inhibitor, lead to the rapid proteasome-dependent
degradation of Hsp90 client proteins, with the resulting peptides used to load MHC
class I complexes on the tumor cell surface, thereby conditionally-enhancing spe-
cific CD8+ T cell recognition. These results suggested that a polyepitope vaccine
based on BRAFi-resistance associated Hsp90 client proteins could define a novel
immunotherapeutic strategy for the co-treatment of patients with advanced-stage
melanomas. Thus, there is a growing wealth of evidence indicating the focal role of
Hsp90 in tumorigenesis.

12.5 Conclusions

Hsp90 is one of the oldest proteins found in all organisms ranging from the simplest
prokaryotic bacteria to the highly complexed eukaryotic human beings. The amino
acid compositions have not changed dramatically as HSP of highly divergent spe-
cies are similar to each other and thus is one of the classical evolutionary proteins
studied till date. It’s solely ascertained functions viz., molecular chaperoning and
stress-elicited responses still holds good but studies have described newer func-
tional predictions and thus Hsp90 rightly fits under “moonlighting” category. Of
interest to many is to be able to differentiate Hsp90 in its “housekeeping” role in
comparison to its “pathobiochemical role”. Exploiting its structure-function towards
human health and disease is of immense importance and attempts are being made
by the Hsp90 pioneers towards this effect.
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