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Extracellular HSP90«x Versus Intracellular
HSP90p in Wound Healing and Cancer
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Abstract Of ~7000 gene products generated by an average cell, 2-3% of them are
accounted for by the Hsp90 family of proteins. Mammals have two members of
Hsp90, Hsp90a and Hsp90p, with which they respond to environmental stress,
especially during tissue ischemia. Hsp90p fulfills the role of an important intracel-
lular chaperone, whereas Hsp90a is dispensable inside the cell. Instead, Hsp90a
gets secreted and the extracellular Hsp90a protects surrounding cells from hypoxia-
induced cell death and promotes cell migration, during wound healing. The cell
surface receptor, LRP-1, binds and mediates extracellular Hsp90a signaling by acti-
vating Akt kinases independently of Hsp90a’s intrinsic ATPase. Topical application
of recombinant Hsp90a promotes healing of acute, diabetic and burn wounds.
Tumors take advantage of these protective functions of both intracellular and extra-
cellular Hsp90 family proteins to cope with the constant paucity of oxygen and
nutrients within the tumor microenvironment. Unlike intracellular Hsp90p which is
equally critical to the survival of both tumor and normal cells, secreted Hsp90a is
non-essential for maintaining physiological homeostasis. In contrast, tumor cells
constitutively secrete Hsp90a and use secreted Hsp90a to prevent tumor cell death
under hypoxic conditions and to promote tumor cell invasion and metastasis.
Monoclonal antibodies that selectively target tumor-secreted Hsp90a may prove
more effective and less toxic than those that target the ATPase of the intracellular
Hsp90p.
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Abbreviations

17-AAG  17-(Allylamino)-17-demethoxygeldanamycin
F-5 fragment-5

HIF-1 hypoxia-inducible factor-1

hsp90 heat shock protein-90

LRP-1 LDL receptor-related protein-1

PDGF platelet-derived growth factor

PRAS40 proline-rich Akt substrate of 40 kDa

15.1 Introduction

The 90-kDa heat-shock protein (Hsp90) was first reported half a century ago and
described as an intracellular protein whose cellular levels increases in response to
heat (Ritossa 1996). In the decades that followed, Hsp90 was further characterized
as an evolutionarily-conserved and ATPase-driven chaperone molecule that plays an
important role in the homeostasis of a wide range of living organisms under both
physiological and pathophysiological conditions. In vertebrate cells, Hsp90 is a
family of constitutively expressed proteins that protect hundreds of intracellular cli-
ent proteins from possible damage or deterioration secondary to extracellular stress
(Young et al. 2001; Whitesell and Lindquist 2005). Many cancer cells express levels
of Hsp90 family proteins that are two to tenfold higher than their normal cell coun-
terparts (Isaacs et al. 2003; Banerji 2009), and even amongst cancer cell lines which
express relatively normal levels of Hsp90 protein, the Hsp90 in the cancer cells was
reported “more active” than the Hsp90 expressed in the overexpressing cancer cells
(Kamal et al. 2003). Interestingly, for long time the Hsp90 family proteins were not
sought out as a target for cancer therapeutics. The reason behind this previous lack
of investigation is that the HSP90AAI and HSP9Y0ABI genes, which code for
Hsp90a and Hsp90p, respectively, do not show any of the conventional traits of
oncogenes like gene translocation, amplification, and oncogenic mutations.
Regardless, the status of Hsp90 began to change in early 1990s, largely because of
considerable new challenges emerging in the field of cancer therapeutics. Many
cancer drugs designed to target an individual oncogene product or pathway began to
encounter a common barrier, drug resistance. Cancer drug resistance can manifest
from additional mutations in the same gene or by activation of a totally independent
pathway in the same cancer cells (Neckers and Neckers 2002; Workman 2004;
Workman et al. 2007). Therefore, it became desirable to produce drugs that could
not only target a specific oncogenic mutation, but also inhibit multiple key signaling
pathways that support the hallmarks of cancer pathogenesis (Hanahan and Weinberg
2011). Since Hsp90’s client proteins include many gene products that play critical
roles in the regulation of a cell’s life-cycle (such as ERKB2, MET, RAF, AKT,
BCR-ABL, CDK4, and HIF-1a) and Hsp90 serves as a “nodal protein” during
multi-molecular complex formation for transformation (McClellan et al. 2007),
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it became widely accepted that inhibition of the Hsp90’s intrinsic ATPase could
simultaneously shut down multiple growth-controlling signaling pathways in can-
cer cells and, therefore, decrease the genetic plasticity and development of a drug
resistance (Workman 2004). Since 1999, many ATPase inhibitors entered clinical
trials as potential cancer therapeutics, but few have obtained approval for use in
humans.

Two independent studies made the discovery that Hsp90, and especially Hsp90a,
are secreted by cells involved in tumor progression (Eustace and Jay 2004) and
wound healing (Li et al. 2007), thereby unearthing a potentially new realm of func-
tion for this ancient family of intracellular proteins. Over the following decade,
tremendous progress has been made in elucidating the functions of secreted Hsp90,
its mechanism of action, and its therapeutic value using various preclinical models.
Results of those studies in both wound healing and oncology have been summarized
in several excellent review articles and book chapters dated up to 2013 (Tsutsumi
and Neckers 2007; McCready et al. 2010; Li et al. 2012, 2013; Sidera et al. 2004;
Hance et al. 2014). Therefore, in this chapter, we will focus on the more recent,
novel progress that has occurred over the past several years, namely the delineation
of the distinct roles of Hsp90a and Hsp90p, the stress-mediated regulation of
Hsp90a secretion via exosomes, and the latest therapeutic innovations in wound
healing and tumor progression. We apologize for the exclusion of many earlier,
excellent quality research articles from our references that we obligated to omit in
order to comply with the space restrictions.

15.1.1 HSP90«x Versus HSP90p

Vertebrates have two distinct Hsp90 genes that encode Hsp90a and Hsp90p with a
shared 86% identity in amino acid sequences. In addition, two organelle-residing
isoforms, Grp94 (a 94-kDa protein in the lumen of the endoplasmic reticulum) and
TRAPI (a 75-kDa protein within mitochondria), are related to the Hsp90 proteins.
Voss et al. reported that knockout of Hsp90p caused a primary defect in the embry-
onic allantois (a sac-like structure involved in nutrition and excretion), resulting in
loss of liquid waste collection and gas exchange functions and consequent embry-
onic lethality at day 9.0/9.5 in mice (Voss et al. 2000). This finding demonstrated
that Hsp90p is an essential chaperone during embryonic development. In addition,
it suggested two possible relationships between Hsp90a and Hsp90p: (1) the role of
Hsp90p is distinct and cannot be replaced by Hsp90a or (2) Hsp90p and Hsp90a
work cooperatively to reach a minimum threshold level of activity required for suc-
cessful chaperone functions to ensue, and therefore, reduction of either Hsp90p or
Hsp90a would cause the observed defect. However, the reported phenotypes of
Hsp90a-knockout mice appeared to challenge the second possibility. Picard’s group
generated a mouse with an insertion in intron-10 of the Hsp90a gene using gene
trapping techniques. This insertion was expected to produce a truncated Hsp90o
protein lacking 36 amino acids in the C-terminal domain, however, the truncated
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protein was not detectable (likely due to compromised stability of the mutant pro-
tein). This outcome resulted in an unexpected Hsp90a-knockout mouse model, as
reported (Grad et al. 2010). Udono’s group used a similar approach to generate
conditional Hsp90a-knockout mice by floxing exons 9 and 10 in the Hsp90x gene
(Imai et al. 2011). In contrast to the Hsp90p-knockout mice, lack of Hsp90a had
little effect on embryonic mouse development, although these authors observed (1)
lack of sperm in male mice due to an apparently higher rate of cell apoptosis in the
testes and (2) a defect in translocation of extracellular antigens across endosomal
membranes into the cytosol. Taken together, one may conclude that the two Hsp90
family members play unequal roles during development, in which the support pro-
vided by the ATPase-driven chaperone function of Hsp90f, not Hsp90a, is
essential.

Hsp90a and Hsp90p have also shown distinct functions and mechanisms of
action at cellular levels in vitro. Unmethylated CpG oligodeoxynucleotides (CpG
ODNps) activate immune responses in a TLR9-dependent manner. Kuo et al. reported
that only Hsp90, and not Hsp90«, responded to CpG-B ODN stimulation and dem-
onstrated a protective effect on serum starvation- and staurosporine- induced apop-
tosis in mouse macrophages and dendritic cells, although no RNAi experiments
were carried out to explicitly address the role of Hsp90a (Kuo et al. 2007). Similarly,
Chatterjee et al. reported that Hsp90p plays a more important role in control of
multiple myeloma cell survival (Chatterjee et al. 2007). More convincingly,
Jayaprakash and colleagues recently discovered a novel mechanism by which
human dermal fibroblasts respond to environmental ischemia, in which Hsp90a and
Hsp90p have distinct, non-interchangeable functions. They showed that within the
ischemic environment of wounds, Hsp90a and Hsp90f work in conjunction to pro-
mote cell motility during wound healing. Under the stress, Hsp90p acts as a chaper-
one by binding to the cytoplasmic tail of the LDL Receptor-Related Protein-1
(LRP-1) and stabilizes the receptor at the cell surface. Hsp90a, on the other hand, is
secreted into the extracellular space, where it signals through the Hsp90f-stabilized
LRP-1 receptor to promote cell motility, leading to wound closure (Jayaprakash
et al. 2015). Differences in the function of these two proteins have also been con-
firmed by Zou and colleagues during their work with the breast cancer cell line,
MDA-MB-231. In their study, CRISPR/Case9 knockout of Hsp90a nullified the
tumor cells’ ability to migrate, invade, and metastasize, but did not affect cell sur-
vival or growth. In contrast, knocking out Hsp90p resulted in tumor cell death.
Intriguingly, extracellular supplementation with recombinant Hsp90a protein, but
not Hsp90p, restored the tumorigenicity of the Hsp90a-knockout cells (Zou et al.
2016). These studies indicate that, unlike Hsp90p whose chaperone function is of
equal importance in both tumor and normal cells, extracellular Hsp90« is non-
essential for normal cells to maintain homeostasis but is a critical factor in the tumor
microenvironment that promotes invasion and metastasis. The take home message
is illustrated in Fig. 15.1 and summarized here: (1) The window for inhibitors to do
more harm to cancer cells than normal cells may not be as wide as originally hoped.
In theory, membrane permeable ATPase inhibitors, such as 17-AAG, could pene-
trate cells and cell organelles to prevent all Hsp90 isoforms from acting as chaperones
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Fig. 15.1 Targeting tumor-secreted Hsp90a may be more effective and less toxic. Figure illus-
trates the consequences of inhibition or knockdown of Hsp90 family members depending on their
intracellular or extracellular location and their cell of origin. ATPase inhibitors would indiscrimi-
nately inhibit all intracellular Hsp90 functions, however, inhibition of tumor-secreted Hsp90a
would selectively target tumor progression pathways

in both normal and cancer cells. However, when this occurs, inhibition of Hsp90p
or Grp94 is toxic to both cancer and normal cells in patients. (2) Isoforms and loca-
tions of distinct Hsp90 family members should be taken into consideration when
designing potential therapeutics. Some of these isoforms are even secreted into the
extracellular environment by certain cancer cells, especially those with constitu-
tively elevated HIF-1a (hypoxia-inducible factor-lalpha) expression (detected in
~50% of all invasive human tumors). Unlike intracellular Hsp90p, secreted Hsp90a
no longer depends upon an ATPase to function as (i) a survival factor for tumor cells
under hypoxic conditions (Dong et al. 2015) and (ii) as a pro-motility factor promot-
ing invasion (Cheng et al. 2008). Indeed, selective inhibition of secreted Hsp90a,
which is nonessential for normal cells, could be an alternative therapeutic approach
for certain cancers (Li et al. 2012, 2013). For the past decade, several studies have
utilized this alternative approach to bypass targeting of intracellular Hsp90p, namely
to selectively target the extracellular, tumor-secreted Hsp90a to inhibit tumor pro-
gression. In fact, the results from animal models employing this approach are
encouraging (Stellas et al. 2007; Tsutsumi et al. 2008; Song and Lou 2010; Zou
et al. 2016). This new approach remains to be tested in human trials.

15.1.2 Environmental Stress or Cellular Oncogene-Triggered,
Exosome-Mediated Secretion of HSP90«

Yu and colleagues reported that y irradiation induced exosome-mediated secretion
of Hsp90p, but not Hsp90«, in a pS3-dependent fashion, prompting proposal of the
“DNA damage > p53 > Hsp90p secretion” pathway (Yu et al. 2006). Cheng et al.
showed that in primary human keratinocytes, TGFa-induced Hsp90a membrane
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translocation and secretion were sensitive to inhibitors of exosome protein traffick-
ing, but not to inhibitors of the conventional ER/Golgi protein trafficking pathway
(Cheng et al. 2008). Li and colleagues showed that hypoxia (1% O,) induces Hsp90a
secretion via HIF-1a and that blockade of the secreted Hsp90a functionality via
neutralizing antibodies completely inhibits hypoxia-induced cell motility (Li et al.
2007). The identification of HIF-1a as a key upstream regulator of Hsp90a secre-
tion also has an important implication for cancer pathogenesis. Hypoxia is a known
micro-environmental stress that is connected to the growth, invasion, and metastasis
of many solid tumors (Simon and Keith 2008). Under chronic hypoxic conditions,
cancer cells are forced to adapt alternative and self-supporting mechanisms via
HIF-1a for continued survival and expansion. It is likely why overexpression of
HIF-1a has occurred in approximately 40% of the tumors in humans (Semenza
2007). Accordingly, surface expression and/or secretion of Hsp90a should become
constitutive in those HIF-la-overexpressing tumors. To support this notion, many
tumor cell lines have been reported to secrete Hsp90a. Kuroita and colleagues
reported purification of Hsp90a from the conditioned media of human hybridoma
SH-76 cells (Kuroita et al. 1992). Eustace et al. reported presence of Hsp90a, but
not Hsp90p, in the conditioned media of HT-1080 tumor cells (Eustace et al. 2004).
Wang et al. reported secretion of Hsp90a by MCF-7 human breast cells (Wang et al.
2009). Suzuki and Kulkarni found Hsp90p secreted by MG63 osteosarcoma cells
(Suzuki and Kulkarni 2010). Chen and colleagues reported secretion of Hsp90a by
a colorectal cancer cell line, HCT-8 (Chen et al. 2010). Work by Tsutsumi and col-
leagues implied secretion of Hsp90a occurred in a variety of tumor cell lines
(Tsutsumi et al. 2008). Finally, several recent studies from our laboratory demon-
strated that seven breast cancer cell line constitutively secrete Hsp90a (Sahu et al.
2012; Dong et al. 2015; Zou et al. 2016). In these cells, HIF-1a plays a critical role
in regulation of Hsp90a secretion, although the signaling steps between HIF-1o and
the secretory machinery remain unknown.

What is known, however, is that Hsp90 proteins do not have the signal peptide
(SP) required for secretion out of cells via the classical ER/Golgi protein secretory
pathway. An alternative secretory pathway for molecules without SPs is mediated
by secreted extracellular vesicles (EVs). EVs have several synonyms that are widely
used in independent studies including “microvesicles”, “ectosomes”, “microparti-
cles” and “exosomes” (Yafiez-M6 et al. 2015; Raposo and Stoorvogel 2013).
Secretion of EVs by normal cells under stress is an evolutionarily conserved phe-
nomenon observed in almost all cell types. Biologic origin and size variation
account for the main distinctions among different kinds of EVs. Exosomes belong
to a subtype of EVs with defined diameters between 30 and 150 nm and are derived
from intraluminal vesicles (ILVs) within intracellular multivesicular bodies (MVB)
(Harding et al. 1983; Pan et al. 1985; Johnstone et al. 1987). Nonetheless, due to
technical limitations in purifying distinct EV populations, the term “exosome”, as
currently used, refers to a population of EVs of varying sizes but with the majority
being between 30 and 150 nm in diameter, instead of a single subtype of EV with a
clearly defined population with respect to size and origin of production (Tkach and
Théry 2016). In contrast to normal cells which secrete exosomes secondary to



15 eHSP90a in Wound Healing and Cancer 295

extracellular environmental stress, tumor cells constitutively secrete exosomes in a
process driven by intracellular oncogenes (Kucharzewska and Belting 2013). In
addition to proteins and peptides, secreted exosomes also contain other cargo mol-
ecules including DNA, mRNA, miRNA, and lipids. Consequently, exosomes are the
most complex extracellular signaling entity identified for cell-to-cell communica-
tion to date (Théry et al. 2002; Witwer et al. 2013; Colombo et al. 2014). This new
and increasingly recognized mechanism of intercellular communication has been
demonstrated to play critical roles in host immune responses (Nolte et al. 2012),
tissue repair (Yuana et al. 2013; Yanez-Mo¢ et al. 2015) and tumor invasion and
metastasis (Kucharzewska and Belting 2013; Hoshino et al. 2015; Zhang et al.
2015). Three lines of evidence for exosome-mediated secretion of Hsp90a currently
exist. First, using two chemical inhibitors, brefeldin A (BFA), which selectively
blocks the classical ER/Golgi protein secretory pathway, and dimethyl amiloride
(DMA), which blocks the exosome protein secretory pathway, several groups have
shown that DMA selectively inhibits membrane translocation and secretion of
Hsp90a or Hsp90p in various cell types (reviewed in Li et al. 2012). In contrast,
BFA resulted in little inhibition of either Hsp90 protein secretion (Cheng et al.
2008). Second, Clayton and colleagues detected the presence of Hsp90a, among
other proteins, during proteomic analysis of isolated exosomes from B-cell condi-
tioned media (Clayton et al. 2005). Third, Yu et al. presented electron microscopic
evidence of the presence of Hsp90 co-localized with exosomes (Yu et al. 2006). A
recent study by Gou and colleagues demonstrated that the majority of tumor-
secreted Hsp90a is present in the 100,000 g ultracentrifugation fraction of the cells’
conditioned media, together with exosome markers including flotillin, CD9, CD81,
and Cd63 (Guo et al. 2017).

15.1.3 Regulation of HSP90«a Secretion in Normal and Tumor
Cells

While it is clear that environmental stress cues trigger release of exosomes in nor-
mal cells and intrinsic oncogenic signal(s) result in constitutive exosome secretion
in many tumor cells (Raposo and Stoorvogel 2013), the mechanism by which the
stress signals regulate exosome secretion remains elusive. In fact, there has been
limited progress in this field until recently. First, the Rab27 small GTPases, Rab27a
and Rab27b, were reported to regulate both exosome biogenesis and secretion.
Rab27a and Rab27b regulate distinct steps of multi-vesicular endosome (MVE)
docking to plasma membranes and exosome biogenesis; Rab27a regulates MVE
breakdown and Rab27b regulates MVE distribution, formation, and secretion in
various types of cells (Ostrowski et al. 2010; Zheng et al. 2013). However, Rab27a
was also reported to regulate secretion of MMP9 and growth factors through the
conventional ER/Golgi pathway (Kucharzewska and Belting 2013; Bobrie et al.
2012). Since the mechanisms of these two trafficking systems are completely
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unrelated, these observations generate more questions than answers. An interesting
study by Sinha and colleagues showed that knockdown or overexpression of cortac-
tin in cancer cells resulted in a respective decrease or increase in exosome secretion,
without altering exosome cargo content. These authors proposed that cortactin pro-
motes exosome secretion by binding to Arp2/3 and stabilizing cortical actin-rich
MVE docking sites (Sinha et al. 2016). Our laboratory has studied stress-regulated
and exosome-mediated secretion of Hsp90a during wound healing and tumor inva-
sion. Our approach was to first understand how environmental stress signals trigger
the secretion of Hsp90a, an exosome cargo molecule, which will garner insight into
the larger question of how stress regulates exosome secretion. By taking advantage
of a unique property of human keratinocytes in response to transforming growth
factor-alpha (TGFa) and epidermal growth factor (EGF) in culture, we have recently
identified a critical signaling molecule that links microenvironmental cues to exo-
some secretion. We found that, while both TGFa and EGF are known to utilize the
same cell surface EGF receptor for transmembrane signaling and the same, previ-
ously undistinguishable, intracellular signaling networks for regulation of gene
expression, we surprisingly found that only TGFa triggers secretion of Hsp90a. By
comparing activations of 43 intracellular signaling molecules/pathways in the same
cells in response to TGFa or EGF stimulation, we identified PRAS40 as a TGFa-
specific downstream target. More importantly, activated PRAS40 acts not only as a
regulator of TGFa-triggered and exosome-mediated secretion of Hsp90a, but rather
as a common regulator of distinct microenvironmental and oncogenic signal-trig-
gered exosome secretion in both normal and tumor cell types (Guo et al. 2017).
PRASA40 is the first regulator identified for stress-induced exosome secretion.

The proline-rich Akt substrate of 40 kDa (PRAS40) was initially identified as a
direct substrate of Akt kinase and a binding partner for the 14-3-3 scaffolding mol-
ecule (Kovacina et al. 2003). Most studies focused on PRAS40’s role in insulin, as
well as NGF and PDGEF, signaling to the mTOR (mammalian target of rapamycin)
pathway (specifically mTORC1), which regulates cell metabolism, protein synthe-
sis, and cell growth (Saito et al. 2004; Shimaya et al. 2004; Vander Haar et al. 2007;
Sancak et al. 2010; Fonseca et al. 2007; Oshiro et al. 2007; Thedieck et al. 2007;
Wang et al. 2007). In growth-arrested cells, PRAS40 was reported to bind, via the
raptor subunit, to mMTORC]1 and inhibit mTOR kinase activity. Insulin stimulation
activates Akt kinase mainly via threonine (Thr)-308 phosphorylation. The activated
Akt kinase in turn phosphorylates PRAS40 on Thr-246. Thr-246-phosphorylated
PRAS40 dissociates from mTORCI, resulting in activation of mTORCI, and (re-)
associates with 14-3-3 (Vander Haar et al. 2007; Oshiro et al. 2007; Sancak et al.
2007). In addition to Akt, increased PIM1 kinase activity also correlated with
increased PRAS40 phosphorylation. Activated mTORCI1 phosphorylates PRAS40
at Ser-183, Ser-212 and Ser-221 (Wang et al. 2008; Zhang et al. 2009). Despite
these reports, others showed that PRAS40 is not a common regulator of mTOR
activation in response to extracellular signaling (Thedieck et al. 2007; Fonseca et al.
2008). Gou et al. demonstrated that stress signals activate Akt via phosphorylation
at Thr-308. The Thr-308-phosphorylated Akt in turn activates PRAS40 via Thr-246
phosphorylation. More interestingly, Thr-246-phosphorylated PRAS40, even in the
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Fig. 15.2 A schematic representation of stress-triggered exosome secretion through PRAS40.
Extracellular stress cues like cytokines, hypoxia, and H,O, activate Akt kinase, which in turn phos-
phorylates PRAS40 at Thr-246. Activated PRAS40 communicates with a currently unknown
intermediate(s), leading to exosome secretion. Secreted exosomes contain large quantities of
DNA, RNA, and protein molecules, enabling much more efficient cell-to-cell communication than
a single secreted molecule, like a peptide hormone, would alone. PRAS40 is the first linker identi-
fied between stress and exosome secretion. (Taken from Guo et al. 2017 with permission)

absence of stress, is both necessary and sufficient to cause exosome secretion, with-
out affecting the ER/Golgi pathway. These findings are schematically depicted in
Fig. 15.2.

Identification of PRAS40 as a linker protein not only paves the way for under-
standing how stress regulates exosome secretion under pathophysiological condi-
tions, but also provides direct support for previous studies that show PRAS40 has
also a stimulating role in both normal and cancer cells. In those studies, PRAS40 (i)
prevents stress-induced normal and tumor cell apoptosis and (ii) supports tumor
progression in vitro and in vivo (Saito et al. 2004; Madhunapantula et al. 2007; Kazi
and Lang 2010; Huang et al. 2012; Havel et al. 2015). Similar findings were also
made in normal cells. Yu et al. reported that elevated PRAS40 levels protect motor
neurons from spinal cord injury-induced cell death (Yu et al. 2008). Shin et al.
showed that overexpression of PRAS40 prevents ischemic insults in the brain and
oxidative stress-induced brain cell death (Shin et al. 2016). All these findings cannot
be explained by the reported role of PRAS40 as an inhibitor of the mTOR pathway
and leave the question of how PRAS40 exerts these “positive” functions unan-
swered. Our finding that Thr-246-phosphorylated PRAS40 regulates exosome
secretion provides a possible mechanism for how PRAS40 protects cells from
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apoptosis and supports tumor progression — via secreted exosomes and their cargo
protein, Hsp90a.

15.1.4 Secreted HSP90«a Is Not Enclosed Inside Exosomes

There have been several lines of experimental support suggesting that secreted
Hsp90a is not enclosed within the interior of exosomes. First, Eustace et al. reported
that DMAG-N-oxide, a cell-impermeable version of geldanamycin that targets
Hsp90’s ATPase, blocks tumor cell invasion (Eustace et al. 2004). Tsutsumi and
colleagues reported similar findings with respect to in vitro cancer cell invasion and
lung colonization by melanoma cells in mice (Tsutsumi et al. 2008). The results of
these studies also implied that the Hsp90a’s intrinsic ATPase is still required for the
extracellular functions of secreted Hsp90a. Second, Cheng and colleagues reported
that the pro-motility activity of secreted Hsp90a from cell-conditioned medium
could be completely blocked by neutralizing antibodies (Cheng et al. 2008).
Furthermore, a specific anti-Hsp90a neutralizing monoclonal antibody, 1G6-D7,
blocks the pro-motility and pro-invasion activities of isolated exosomes in vitro
(Guo et al. 2017) and in vivo (Zou et al. 2016). Finally, RAP (LRP-1-associated
protein), which competitively inhibits ligand binding and signaling through the
extracellular domain of LRP-1 (the receptor for secreted Hsp90a), blocks enhanced
cell motility by isolated exosomes (Guo et al. unpublished). The action of exosome-
associated Hsp90a does not appear to be due to exosome rupturing or a slow release
of cargo molecules, since the high stability of exosomes is widely reported.
Nonetheless, these observations raised several questions. How does secreted
Hsp90a anchor to the lipid membrane of exosomes? Does membrane anchoring
occur before or after exosome secretion? If the membrane anchoring occurs intra-
cellularly, how could exosomes diffuse through the plasma membrane with a highly
hydrophilic polypeptide on the surface? If the anchoring occurs after exosomes are
secreted into the extracellular environment, potential mechanisms are limited to
speculation. All things considered, more research, especially work utilizing imaging
and biochemistry approaches, needs to be done to gain insights into these puzzles.

15.1.5 Extracellular HSP90 Is Not a Chaperone Protein
and Does Not Require Intrinsic ATPase or Dimerization
to Function

One of the central debates in Hsp90 research was whether secreted Hsp90u still acts
in an ATPase-dependent manner. Recent studies have provided several lines of con-
vincing evidence that extracellular Hsp90a is no longer an ATPase-driven chaper-
one and instead acts as a novel class of signaling proteins that directly binds their
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receptors to triggers cellular responses. Taking advantage of the previous report that
the Hsp90a-wt, the Hsp90a-E47D mutant, and the Hsp90a-E47A and Hsp90a-
D93N mutants have 100%, 50%, and undetectable ATPase activity, respectively
(Young et al. 2001), Cheng et al. made comparisons among the recombinant pro-
teins encoded by these Hsp90a genes assessing their abilities to stimulate cell
migration, a main function of secreted Hsp90a. They reported that all the ATPase
mutant proteins retained similar degrees of pro-motility activity compared to
Hsp90a-wt (Cheng et al. 2008). These authors then used sequential deletion muta-
genesis to narrow down the pro-motility domain to a 115-amino acid fragment,
called F-5 (aa-236 to aa-350), between the linker region (LR) and the middle (M)
domain of the human Hsp90a. F-5, alone, was found to promote skin cell migration
in vitro under serum-free conditions and wound healing in vivo as effectively as
full-length Hsp90a-wt (Cheng et al. 2011). These findings demonstrate that the
N-terminal ATPase domain and the C-terminal dimer-forming and co-factor-binding
domain are dispensable with regard to extracellular Hsp90a’s ability to promote cell
migration.

The next mystery elucidated was the identity of the molecular entity which deter-
mines the extracellular functions of secreted Hsp90a. Zou and colleagues took a
clever approach by comparing amino acid substitutions between Hsp90a and
Hsp90p (the former has extracellular functions and the latter does not). The authors
first utilized the deletion mutagenesis approach to further narrow down the func-
tional fragment from F-5 fragment to a 27-amino acid peptide fragment, called F-8.
They then identified 8 amino acids within Hsp90a’s F-8 peptide that are substituted
by variant amino acid residues within the corresponding F-8 peptide from Hsp90p.
Sequential site-directed mutagenesis allowed them to identify two evolutionarily
conserved lysine residues, lys-270 and lys-277, in the Hsp90a subfamily that
determine extracellular Hsp90a functions. The Hsp90f subfamily lacks the dual
lysine motif and extracellular functions. Substitution of lys-270 and lys-277 in
Hsp90a with the two corresponding gly-262 and thr-269 from Hsp90f completely
nullified the extracellular functions of Hsp90a. The reverse is also true. Substitutions
of gly-262 and thr-269 in Hsp90p with lysines converted Hsp90p to an Hsp90a-like
protein, at least in vitro. Intriguingly, these authors found that the dual lysine motif
is conserved evolutionarily in all Hsp90a subfamily members and, similarly, the
gly-262 and thr-269 are conserved in the Hsp90f subfamily proteins (Zou et al.
2016). A schematic representation of the structure and functional component
requirements for intracellular Hsp90 and secreted Hsp90« is shown in Fig. 15.3.

15.1.6 Two Biological Functions of Extracellular HSP90a

Conventional wisdom dictates that locally released growth factors in an injured tis-
sue constitute the principal driving force initiating wound healing (Werner and
Grose 2003; Grose and Werner 2004). Under this assumption, growth factors are
responsible for both inducing wound closure by promoting the lateral migration of
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Fig. 15.3 Hsp90p is an intracellular chaperone, whereas Hsp90a is an extracellular factor. Hsp90p
gene knockout is embryonic lethal in mice and causes cell death in culture dish. Absence of func-
tional Hsp90a has little impact on mouse development and causes certain tumor cells to selectively
lose their tumorigenicity. The action of intracellular Hsp90p is driven by an intrinsic ATPase,
whereas action of secreted Hsp90a is determined by the dual lysine (Lys-270 and Lys-277) motif
within the F-5 region. These lysine residues are present in all Hsp90a family members, but they are
replaced by glycine-262 and Thr-269 in the Hsp90p family

epidermal keratinocytes and for remodeling and revascularizing the neodermis of
the wounded space by inducing the inward migration of dermal fibroblasts and
microvascular endothelial cells. Since the first report of a clinical trial using EGF to
stimulate wound healing in 1989 (Brown et al. 1989), more than a dozen trials uti-
lizing growth factors to promote wound healing have been conducted. However,
only the human recombinant protein, platelet-derived growth factor-BB (PDGF-BB),
has received US Food and Drug Administration (FDA) approval only for the treat-
ment of diabetic limb ulcers (Regranex™/becaplermin gel 0.01%, Ortho-McNeil
Pharmaceutical, Raritan, NJ). Following its FDA approval in 1997, multicenter and
randomized clinical evaluations showed an overall ~15% improvement in wound
closure by becaplermin gel at 100 pg PDGF-BB/g vesicle, a dose already more than
a thousand-fold higher than the physiological range of PDGF-BB in human circula-
tion (Steed 1995; Wieman et al. 1998; LeGrand 1998; Mandracchia et al. 2001;
Embil and Nagai 2002). In 2008, the FDA added a black box warning to becapler-
min gel due to an increased risk of cancer mortality in patients who required exten-
sive treatments (>3 tubes). This side-effect may not be altogether surprising, since
autocrine release of PDGF-BB (c-sis), or its viral form (v-sis), at concentrations as
low as 15-30 ng/ml can trigger cell transformation (Bejcek et al. 1992).

Li and colleagues concluded that the primary driving force behind skin wound
closure does not originate from growth factors in circulation and subsequently began
to search for novel factors secreted from the keratinocytes at the wound edge under
stressful conditions like hypoxia and paucity of nutrients. Protein purification with
the sensitive individual cell-based pro-motility assay, the colloidal gold motility
assay, allowed them to identify Hsp90a as a possible candidate (Li et al. 2007,
Cheng et al. 2008). Using purified recombinant Hsp90a protein, two important
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biological functions of extracellular Hsp90a in both in vitro cell culture and in vivo
animal models were established: (1) promotion of cell-survival under stress and (2)
stimulation of cell motility for tissue repair. First, using hypoxia as an in vitro model
and burn wounds as an in vivo model, cells were observed to secrete Hsp90a to
protect themselves from hypoxia- and heat- induced apoptosis (Dong et al. 2015;
Bhatia et al. 2016). This finding is logically consistent with observed cellular behav-
iors in both physiological wound healing and cancer pathogenesis. During wound
healing, cells in the hypoxic environment of the wound edge must remain viable, at
least temporarily, prior to engaging in the repair process. During tumor growth,
most solid tumors outgrow the nearest blood vessels and, therefore, are constantly
challenged with a severely hypoxic microenvironment and possible cell death. To
remain viable under these conditions, almost 50% of solid tumors have managed to
maintain a level of constitutively expressed HIF-la. As previously mentioned,
hypoxia and HIF-1a are presently the best-characterized upstream stress cues that
trigger Hsp90a secretion in both normal and tumor cells (Li et al. 2007; Woodley
et al. 2009; Sahu et al. 2012). In addition to protecting cells from hypoxia-induced
apoptosis, the second important biological function of secreted Hsp90« protein is its
role as a novel class of motogen that promotes cell motility to “escape” the hazard
microenvironment. Recombinant Hsp90a promotes cell migration, but not prolif-
eration, of a wide range of cell types in the total absence of serum factors or any
other exogenously supplemented large molecules (Cheng et al. 2008, 2011). Since
migrating cells do not proliferate and proliferating cells cannot do motility at the
same time, Hsp90a being a motogen, nut not mitogen, makes a perfect sense. Both
the pro-survival and pro-motility functions of extracellular Hsp90a utilize a com-
mon signaling transduction pathway. Briefly, Hsp90a binds to subdomain II in the
extracellular portion of the low-density lipoprotein receptor-related protein-1 (LRP-
1). The NPVY, but not NPTY, motif in the intracellular tail of LRP-1 in turn con-
nects Hsp90a signaling to serine-473 (but not threonine-308) phosphorylation in
Akt kinases, leading to enhanced cell migration. Individual knockdown in cell cul-
ture or knockout of Aktl, Akt2, or Akt3 gene in mice demonstrates the importance
of Aktl and Ak?2 in extracellular Hsp90a signaling and control of cell motility both
in vitro and in vivo. Most convincingly, these two biological functions of secreted
Hsp90a, promotion cell survival and cell motility, have been verified in wound heal-
ing models. Li’s group showed that topical application of recombinant Hsp90a pro-
tein strongly stimulates wound closure by promoting keratinocyte migration-driven
re-epithelialization in mouse and pig wounds (Cheng et al. 2011; O’Brien et al.
2015). The pro-survival effects of extracellular Hsp90a were assessed using a burn
wound healing model which undergoes a unique pathological process called “sec-
ondary burn wound progression”, in which the wound expands horizontally and
vertically from the initial site of trauma. If left untreated, the cells in the expanded
areas soon die of necrosis, apoptosis, or both, due to ischemia, infection, and accu-
mulation of toxic metabolites. Bhatia et al. showed that topical application of recom-
binant Hsp90a dramatically reduced the degree of secondary burn wound progression
by preventing heat-induced apoptosis of the surrounding cells (Bhatia et al. 2016).
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Fig. 15.4 Extracellular Hsp90a treatment prevents burn-induced cell apoptosis, but not necrosis.
(a) “Secondary burn wound progression” from day 0 to day 4 following initial injury burn (120 °C,
30 s); (b) Human Hsp90a F-5 peptide treatment (panel ¢) prevents burn-induced cell apoptosis
(brown stain) in cells surrounding the burn wound compared to no treatment (panel b); (¢) F-5
treatment (panel ¢) demonstrates little rescuing effect on burn-induced cell necrosis (brown stain)
compared to no treatment (panel b). (Taken and modified from Bhatia et al. with permission)

The secondary burn wound progression, surrounding cell death and prevention of
apoptosis by topically applied Hsp90a protein in a pig wound model are as shown
in Fig. 15.4. Identification of these two functions of extracellular Hsp90a provides

direct support for independent studies from many laboratories (reviewed by Li et al.
2012, 2013).

15.1.7 Keratinocyte-Secreted HSP90a During Wound Closure

The 1-year long skin wound healing process is divided into (1) an inflammatory
phase, (2) a proliferation phase and (3) a maturation phase. Following a brief period
of inflammation in response to skin injury, the proliferation phase begins and lasts a
few weeks. During this phase, granulation tissue takes form and serves as the pave-
ment support for epidermal keratinocytes at the wound edge to attach and migrate,
ultimately resulting in resurfacing of the open wound. Therefore, this phase is also
known as the re-epithelialization or wound closure phase. After wound closure, the
time-consuming maturation phase, which involves extracellular matrix remodeling
and neovascularization in the dermis, can last months to a year to complete. Most
previous studies have primarily focused on the initial weeks of the inflammation
and re-epithelization/wound closure phases due to lack of reliable animal models
that could allow for analysis of the year-long wound maturation process (Singer and
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Clark 1999; Gurtner et al. 2008; Sen et al. 2009). However, despite years of studies
and investment, there are few topical or systemic medications which effectively
promote skin wound closure.

Since it has been widely accepted that identification of a natural “driver gene” for
a given pathological process is the foundation for successful therapeutic develop-
ment, we hypothesized that the natural driver factor(s) for wound closure was still
at large. Proof of HSP90AAI’s driver gene nature during wound closure could facil-
itate development of a new and effective treatment of wounds. Bhatia and colleagues
found that when skin is injured, there is a massive increase of Hsp90a protein in the
wound bed (Bhatia et al. 2016). Using a unique mouse model which expresses a
carboxyl terminal deletion mutant, Hsp90a-A, to prevent the dimerization and
chaperone functions of Hsp90a, but spares the extracellular F-5-supported pro-
motility function (Imai et al. 2011), allowed these authors to specifically test the
role of the non-chaperone functions of secreted Hsp90a in normal wound closure.
They showed that the chaperone-defective Hsp90a-A mutant mice had similar
wound closure rates when compared to the Hsp90a wild type mice. Topical applica-
tion of recombinant Hsp90a-A mutant protein promoted wound closure as effec-
tively as full-length Hsp90a wild type protein. Finally, selective functional inhibition
of secreted Hsp90a-A protein, via monoclonal antibodies targeting the F-5 region,
disrupted normal wound closure in both Hsp90a wild type and Hsp90a-A mice.
Thus, this study provides evidence that non-chaperone, extracellular Hsp90a is a
potential driver for normal wound closure. An earlier study by Song and Luo which
used regular nude mouse model and neutralizing antibodies against Hsp90 reported
similar findings (Song and Luo 2010). As previously mentioned, within the 732-
amino acid polypeptide of human Hsp90«, the fully functional therapeutic entity
which promotes wound closure is located within a 115-amino acid fragment, F-5,
between the linker region and middle domain of Hsp90a (Cheng et al. 2011).
Topical application of F-5 peptide strongly promotes traumatic (full-thickness,
excisional) wound closure, burn wound closure, and diabetic wound closure in
mouse and porcine models. In side-by-side comparisons, FDA-approved becapler-
min gel showed either minimal effects on acute wound (traumatic and burn wounds)
closure or a much weaker effect on chronic wound (diabetic wounds) closure
(Cheng et al. 2011; O’Brien et al. 2015; Bhatia et al. 2016). The effect of F-5 on
burn wounds is especially encouraging since it is the first topically applied peptide
that prevents secondary burn wound progression, a significant barrier for develop-
ing burn therapeutics. Currently, F-5 has entered industrial development as a new
topical treatment for skin wounds.

But what qualifies secreted Hsp90a a driver for wound closure, rather than
growth factors? Studies from our laboratory have identified three unique properties
of extracellular Hsp90a, which are absent from conventional growth factors. First,
extracellular Hsp90 is a common pro-motility factor for all three types of human
skin cells involved in wound healing. Following skin injury, keratinocytes migrate
laterally to cover the open wound and dermal fibroblasts and microvascular endo-
thelial cells migrate inwardly to remodel the damaged tissue and reestablish a blood
supply. Ideally, a single factor-based wound-healing agent should recruit all three
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types of skin cells into the wound bed. Secreted Hsp90a is exactly such an agent; it
promotes motility in all three major types of human skin cells because each type of
skin cell expresses a compatible level of LRP-1 for Hsp90a to bind (Cheng et al.
2008). In contrast, PDGF-BB only acts on dermal fibroblasts and not on keratino-
cytes or dermal microvascular endothelial cells due to lack of both PDGFRa and
PDGFRp on the latter two cell types (Cheng et al. 2011). Second, conventional
growth factors are unable to override the inhibition of cell migration and prolifera-
tion caused by TGFP3, which is co-present in the wound bed and present at espe-
cially high levels in inflammatory wounds (Bandyopahdhay et al. 2006). In contrast,
even in the presence of TGFp3, extracellular Hsp90a remains equally effective in
promoting migration of all three types of human skin cells (Cheng et al. 2011).
Third, extracellular Hsp90« is able to promote healing in diabetic wounds. All
forms of diabetes are characterized by chronic hyperglycemia, which is believed to
be one of the major factors delaying wound closure in diabetic patients (Brownlee
2001). A reported mechanism of wound-healing impairment mediated by hypergly-
cemia is destabilization of HIF-1« protein, the key regulator of Hsp90a secretion in
the wound (Catrina et al. 2004; Botusan et al. 2008). While hyperglycemia blocks
hypoxia-induced and serum-stimulated human dermal fibroblast migration, extra-
cellular Hsp90a not only enhances hypoxia-driven migration in normal glycemic
conditions, but also “rescues” migration of cells cultured in hyperglycemic condi-
tions. In this case, extracellular Hsp90a promotes diabetic wound closure possibly
by bypassing HIF-1a down-regulation induced by hyperglycemic conditions and
jumpstarting migration of cells that otherwise are unable to raise HIF-1a level to
respond to the environmental hypoxic cue. Finally, the notion that extracellular
Hsp90a is a motogen, and not a mitogen (i.e. it does not stimulate cell proliferation)
also makes sense from a physiologic perspective. Keratinocyte migration occurs
almost immediately following skin injury, whereas the inward migration of dermal
cells is not detected until 4 days afterward (Singer and Clark 1999). During wound
healing, cell migration precedes cell proliferation and when a cell is actively migrat-
ing, it cannot proliferate simultaneously. Then, when and where does cell prolifera-
tion take place to replenish the lost tissue in wounded skin? We speculate that, as the
cells at the wound edge move toward the wound bed, they leave “empty space”
between themselves and the cells behind them. The cells behind the migrating cell
front subsequently begin to proliferate after losing contact inhibition with the travel-
ling cells. The stimuli responsible for this cell proliferation are likely plasma growth
factors which have diffused from surrounding unwounded blood vessels, where
TGFp levels are low or undetectable (Bandyopahdhay et al. 2006). Thus, the role of
cell proliferation in wound closure is to refill the space generated by the migrating
cell front. The role for secreted Hsp90a in wound closure is to achieve initial wound
closure as quickly as possible to prevent infection, water loss, and impact of severe
environmental stress. After initial wound closure, many other factors (including
growth factors and TGFf) will participate in the remaining time-consuming wound
remodeling processes for up to 1 year.
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15.1.8 Tumor Cells Secrete HSP90a to Gain Invasive
and Metastatic Advantages

It is clinically relevant to determine which tumors secrete and utilize secreted
Hsp90a to gain invasive and metastatic advantages. So far, the best-characterized
upstream oncogene that triggers Hsp90a secretion is the HIF /A gene which encodes
HIF-1a (Li et al. 2007; Sahu et al. 2012). This finding is significant, since HIF-1a
overexpression is associated with increased patient mortality in approximately 40%
of solid tumors in humans (Semenza 2007, 2012a). Using breast cancer as a model,
Dales et al. carried out anti-HIF- 1o immunohistochemical assays on the frozen sec-
tions of 745 breast cancer samples and found that elevated levels of HIF-1a expres-
sion correlated with poor prognoses, lower overall survival, and higher risk of
metastasis among both node-negative and node-positive patients (Dales et al. 2005).
By using HIF-la expression as a marker, it was estimated that approximately
25-40% of all invasive breast cancer samples are hypoxic, suggesting that HIF-1o
can be used as a broader marker for breast cancer (Dales et al. 2005; Semenza
2012b). Sahu et al. have shown that down-regulation of endogenous HIF-1a in the
breast cancer cell lines, MDA-MB-231 and MDA-MB-468, completely blocked the
constitutive secretion of Hsp90a, and that secretion could be rescued by re-
introducing the genes encoding WT-HIF-1a and CA-HIF-1a (constitutively active),
but not DN-HIF-1a (dominant-negative) (Sahu et al. 2012). These data establish
that HIF-1a is a direct upstream regulator of Hsp90a secretion.

The important role of tumor-secreted Hsp90a has been demonstrated in tumor
cell-derived xenograft models. Tsutsumi and colleagues showed that the membrane
impermeable 17-AAG inhibitor, DMAG-N-oxide, blocked the action of tumor-
secreted Hsp90 and decreased tumor cell lung colonization in nude mice (Tsutsumi
et al. 2008). Stellas et al. reported that the anti-Hsp90a monoclonal antibody, 4C5,
inhibited breast cancer cell “deposits” in the lungs of nude mice (Stellas et al. 2010).
A similar observation was made with an independent monoclonal antibody by Song
and colleague (Song and Luo 2010). Sahu et al. showed that down-regulation of the
LRP-1 receptor in MDA-MB-231 cells dramatically reduced lung colonization of
the cancer cells in nude mice (Sahu et al. 2012). However, these studies suffered
from several technical limitations, among the most notable being uncertainty regard-
ing the specificity of the antibodies and their untested effects on tumors that had
already formed, similar to cancer patients who initially come to see doctors. A
recent study by Zou and colleagues took a systematic approach to address these
issues. First, they showed that CRISPR/Case9 knockout of Hsp90a nullified the
tumor cells’ ability to migrate, invade, and metastasize without affecting cell sur-
vival or growth. As expected, knockout of Hsp90p, the critical intracellular chaper-
one, led to tumor cell death. Extracellular supplementation with recombinant
Hsp90a, but not Hsp90p, protein fully recovered tumorigenicity of the Hsp90a-
knockout cells. Sequential mutagenesis identified two evolutionarily conserved
lysine residues, lys-270 and lys-277, in the Hsp90a subfamily that determine extra-
cellular Hsp90a function. The Hsp90p subfamily lacks the dual lysine motif and



306

1400

1200

1000

800

Tumor Volume (mm3)

600

400

200

V. Lincoln et al.

(100%)
A

AN (~ 60 mm? tumors)

0 5 10 15 20 25 30 35
Time (day)

Fig. 15.5 1G6-D7 inhibits expansion of pre-formed tumors in vivo. (a) Based on the predicted
crystal structure of Hsp90«, lysine-270 and lysine-277 are located in the unstructured linker region
(LR) between the NTD and MD domains. F-5 inhibitors, such as mAb 1G6-D7, targeting the dual
lysine residues (enlarged box) block secreted Hsp90a-triggered tumorigenesis; (b) A representa-
tive experiment demonstrating the effects of mAb 1G6-D7 on tumor progression over 35 days in
mice injected with MDA-MB-231 cells (5 x 10°. On day 5, with an average tumour size of
60 mm’, either vehicle, control mouse IgG, or 1G6-D7 was injected via IV (5 mg/kg) and around
the tumour site (125 pg/injection). Measurement of tumor volumes in live mice (n = 5) were
recorded every 5 days. (Taken from Zou et al. 2016 with permission)
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extracellular function. Zou et al. then constructed a monoclonal antibody, 1G6-D7,
that targets the dual lysine region of secreted Hsp90a. 1G6-D7 inhibited both de
novo tumor formation and expansion of pre-existing tumors in mice. As schematically
shown in Fig. 15.5, this study suggests an alternative therapeutic approach to target-
ing tumor-secreted Hsp90a, instead of intracellular Hsp90a or Hsp90p, in cancer
therapy. When these findings (the number of HIF-1a-overexpressing tumors, the
biological functions of tumor-secreted Hsp90a, and Hsp90a’s effects on in vivo
tumor progression), are taken together, one can extrapolate that tumor-secreted
Hsp90a plays an important role in HIF-1a-overexpressing malignancies, which are
approximately 40% of all tumors in humans.

15.1.9 Is Targeting Tumor-Secreted HSP90a More Effective
and Less Toxic Than Targeting the Intracellular
HSP90pB Chaperone When Treating Tumors?

In contrast to the critical chaperone function of intracellular Hsp90f in normal cell
homeostasis, no physiological function has been reported for secreted Hsp90a.
Instead, all studies over the past decade have clearly shown that secretion of Hsp90a
by normal cells is an emergency response to environmental insults, such as inflam-
mation, heat, oxidation, and hypoxia, among others. Furthermore, the functions of
secreted Hsp90a no longer require its intrinsic ATPase, which is the target site for
small molecule inhibitors and the principle cause of cytotoxicity in clinical trials.
Therefore, the F-5 epitope of tumor-secreted Hsp90a may represent an excellent
target for design of safer and more effective inhibitors for treatment of tumors in
which HIFIA is the upstream driver gene. We propose that this new type of anti-
cancer drug should (i) selectively inhibit tumor-secreted Hsp90a (and not intracel-
lular Hsp90p) and (ii) specifically target the dual lysine residues within the F-5
region. At least in theory, drugs that bear both properties should achieve high effi-
cacy and pose minimal toxicity to patients.

15.1.10 Wound Healing and Tumor Progression: Similar
Mechanisms with Opposite Outcomes

Wound healing has fixed beginning and end points, whereas cancer, once initiated,
may continue to progress until a patient’s demise. In his analytical article published
in the New England Journal of Medicine, Dvotak outlined the similarities and dis-
tinctions between wound healing and tumor stroma generation. He suggested that
tumor stroma formation is a subversion of the normal wound healing process. He
called tumors the “wounds that do not heal” (Dvorak 1986). When considering
design of drugs which promote healing or inhibit tumorigenesis, it is critical to
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remember that targeting molecules which affect one process, will likely affect the
other. This is especially important to consider when discussing Hsp90a as a drug
target. For instance, when formulating a topical application of F-5 peptide to pro-
mote wound healing, a drug developer would have to consider whether or not the
peptide could gain access to peripheral circulation and travel to sites where an early-
stage tumor is already in progress. Under these circumstance, F-5 may aid the
tumor’s progression and accelerate invasion and metastasis. On the other hand,
administration of F-5 inhibitors, such as monoclonal antibodies to block tumor-
secreted Hsp90a activity, might interfere with the wound healing process and nega-
tively impact patients with surgical or chronic wounds. For example, numerous
studies have shown that patients with type II diabetes are more likely to die from
cancer than non-diabetics. Therefore, if a diabetic patient who was simultaneously
suffering from a malignancy and a foot ulcer was treated with inhibitors of F-5 by
an oncologist to slow cancer progression, the administered inhibitor could interfere
with the healing of the foot ulcer. The reverse is also true. If the diabetic ulcer was
treated by a wound specialist with F-5 peptide to promote healing, the peptide may
travel through blood circulation to the tumor site and aid tumor invasion and metas-
tasis. It is critical to know when and why patients should receive these potential
treatments.

15.1.11 Is Extracellular HSP90«x a “General Repair
Molecule”?

Studies over the past few years have clearly indicated the previously contended
notion that Hsp90a is not a critical intracellular chaperone, but Hsp90p is. First, the
absence of Hsp90a, or at least its intracellular chaperone form, has a limited impact
on mouse development (Grad et al. 2010; Imai et al. 2011), whereas Hsp90p knock-
out is lethal to developing embryos (Voss et al. 2000). These findings indicate that
Hsp90a is less important than Hsp90p for homeostasis during development.
Similarly, at the cellular level, Zou et al. have recently shown that CRISPR/Case9
knockout of Hsp90f in the MDA-MB-231 human breast cancer cell line led to
tumor cell death, whereas knockout of Hsp90« in the same cells only eliminated the
cancerous properties of the cells (Zou et al. 2016). Second, at the signaling level,
Jayaprakash and colleagues reported discovery of a novel ischemia-response mech-
anism by which the two Hsp90 isoforms, Hsp90a and Hsp90p, work together, but
have distinct and non-exchangeable functions involving LRP- receptor signaling
during wound healing. Under hypoxic conditions or in paucity of nutrients, Hsp90g,
but not Hsp90a, binds to the cytoplasmic tail of LRP-1 and stabilizes the receptor at
the cell surface. Hsp90a, but not Hsp90p, is then secreted by the same cells into the
extracellular space, where it binds and signals through the LRP-1 receptor to pro-
mote cell motility, leading to wound closure (Jayaprakash et al. 2015). This study
provides a mechanistic support for the outcomes of the genetic studies in mice.
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Currently, the hypothesis that Hsp90a was designed by nature as a “general
repair” molecule is limited to indirect support and speculation. To proceed forward,
this hypothesis needs to be tested in multiple tissue injury animal models. However,
there is a preexisting narrative suggesting a role of Hsp90« in healing that has been
conserved through evolution. Due to its unusual abundance of 2-3% of the total
cellular protein in all types of normal cells, Csermely et al. have long argued that
evolution would not have tolerated such a “waste” if the function of Hsp90 had only
been as an intracellular chaperone (Csermely et al. 1998). Instead, we can view
stockpiles of Hsp90a all over our bodies as fire stations dispersed around a city.
When tissue is injured, the pre-stored Hsp90a will guarantee a quick response to
repair signals immediately released into the wound environment. Likewise, it would
not make sense for a city to only start building fire stations after the fire already took
place. While Csermely’s hypothesis is a bold one, our studies have provided three
unique qualifications that secreted Hsp90a has, whereas growth factors do not, as
previously described. Extracellular Hsp90a’s apparent superiority over growth fac-
tors in promotion of wound closure has been reflected in experiments in which topi-
cal application of recombinant Hsp90a protein dramatically shortened the time of
diabetic mouse wound closure from 35 days to ~18 days, a ~17 day reduction in
healing time compared with the 5 day reduction achieved via treatment with beca-
plermin gel (Cheng et al. 2011)

Cancer cells have an interesting, love-hate relationship with the TGFp protein
family, whose members are regarded as both tumor suppressors and tumor promot-
ers (Bachman and Park 2005). The inhibitory effects of TGFp on cancer progression
are reflective of their hindering effects on wound healing. To bypass the tumor sup-
pressing effects of TGFp, some tumors mutate either their type II (TPRII) or type I
(TPRI) TGEp receptor, whereas other tumors achieve bypass of TGFp inhibition by
eliminating its downstream signaling molecule, Smad4, which forms complexes
with activated Smad2/3 to regulate gene expression in the nucleus. These alterations
in the TGFp signaling pathway presumably result in cancer cells which are insensi-
tive to the anti-proliferation and anti-migration signals of TGFp. However, aside
from these examples, the majority of cancers do not appear to harbor mutations in
TGFp signaling components. How then do most cancers continue to proliferate and
migrate without mutation-mediated bypass of TGF’s inhibitory signals? If we put
the importance of HIF-1a in tumor progression and the recent discovery of the
“HIF-1 > Hsp90a secretion > LRP-1 > tumor cell invasion” axis into perspective,
one can extrapolate a possible answer to this puzzle from the following facts: (1)
Approximately 40% of all human tumors has constitutively elevated expression of
HIF-1a, the critical subunit of the master transcription factor for tissue oxygen
homeostasis (Semenza 2007); (2) HIF-1a is a central upstream activator of Hsp90a
secretion (Li et al. 2007; Sahu et al. 2012); and (3) secreted Hsp90w is required for
cancer cell invasion in vitro (Eustace et al. 2004) and tumor formation in vivo
(Stellas et al. 2007; Tsutsumi et al. 2008; Song and Lou 2010; Zou et al. 2016).
Therefore, it is conceivable that secretion of Hsp90a is an alternative strategy for
cancer cells to bypass the anti-motility effects of TGFp without mutating TGFp
signaling components.
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15.2 Conclusions

Between 2006 and 2015, the FDA’s overall likelihood of approval (LOA) from
Phase I clinical trials for all therapeutic candidates was 9.6%, with the highest LOA
in hematology (26.1%) and the lowest LOA in oncology (5.1%). Two critical fea-
tures attributed to the success of advancing cancer trials were (i) targeting driver
genes of the diseases and (ii) employing human disease-relevant animal models
during preclinical studies. Mammals have two isoforms of heat shock protein-90
(Hsp90a and Hsp90p) with which they respond to environmental stress, especially
during tissue ischemia. Hsp90a is not a critical chaperone like Hsp90p inside the
cells. Instead, Hsp90a is secreted into the extracellular space by cells under stress,
such as tissue injury. Secreted Hsp90a signals through the LRP-1 receptor to protect
cells from hypoxia-induced apoptosis and to promote cell motility during wound
closure. Tumors take advantage of these “useful” functions of secreted Hsp90a to
cope with the constant paucity of oxygen and nutrients within the tumor microenvi-
ronment. Therefore, Hsp90a appears to be designed by nature as a “general repair”
molecule with an exceptional large stockpile throughout the body of mammals. This
design guarantees a quick first response by avoiding the travel delays of obstructed
and damaged blood vessel “highways” and arrives equipped to extinguish TGFf
and hypoxia-induced inhibition. We look forward to exploring these new questions
together, alongside the scientific community, with optimism and excitement.
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