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CRITICAL REVIEWS

Keratinocyte-Secreted Heat Shock Protein-90alpha:
Leading Wound Reepithelialization and Closure
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Significance: Delayed and nonhealing wounds pose a health, economic, and
social problem worldwide. For decades, the conventional wisdom pointed to
growth factors as the driving force of wound healing and granted them a
center stage for therapeutic development. To date, few have obtained US FDA
approvals or shown clinical effectiveness and safety.

Critical Issue: Wound closure is the initial and most critical step during wound
healing. Closing chronic wounds to shut down continued infection is the pri-
mary and likely the only achievable goal at the clinic in the foreseeable future.
The critical question here is to identify the factor(s) in wounded tissues that
drives the initial wound closure.

Recent Advances: We made an unexpected discovery of the secreted form of
heat shock protein-90alpha (Hsp90x) for promoting skin cell motility, re-
epithelialization, and wound closure. Secreted Hsp90x possesses unique
properties to remain functional under the hostile wound environment that
compromises conventional growth factors’ effectiveness. Through the common
lipoprotein receptor-related protein-1 cell surface receptor and activation of
the Akt signaling pathway, topical application of human recombinant Hsp90ax
protein greatly accelerates excision, burn, and diabetic skin wound closure in
rodent and porcine models.

Future Directions: In almost all cells, the 2-3% of their total proteins (~ 7,000
per cell) are Hsp90 (« and f), a long unraveled puzzle. Our new finding of
Hsp90 secretion in wounded tissues suggests that the stockpile of Hsp90a by
all cells is to rapidly supply the need for extracellular Hsp90« to repair dam-
aged tissues. We propose that keratinocytes at the wound edge secrete Hsp90«
that leads the reepithelialization process to close the wound.

SCOPE AND SIGNIFICANCE

primary (first) intention on time.

SKIN WOUNDS INCLUDE chronic
wounds (venous stasis, pressure,
and diabetic ulcers) and acute (trau-
matic, surgical, and burn) wounds.
The care for chronic wounds costs
the United States ~$11 billion/year.
There is a lack of effective treatments
for 95% of chronic wounds. Trau-
matic, surgical, and burn wounds can
also cause significant clinical prob-
lems, including life-threatening con-
sequences, if they fail to heal by the
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There is a pressing need for new and
effective FDA-approved treatments
for chronic or acute or both wounds.

TRANSLATIONAL RELEVANCE

A therapeutic entity of heat
shock protein-90alpha (Hsp90w«), a
115 amino acid fragment called F-5,
has completed preclinical studies
in normal and diabetic rodent and
porcine wound models and showed
robust effects, including less host
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inflammatory response, decreased cell death/
apoptosis, accelerated wound reepithelialization,
better organized dermis, and increased angiogen-
esis. F-5 has entered its industrial developmental
phase as a new topical treatment for diabetic
wounds and beyond. The outcomes of F-5 treat-
ment of human wounds remain to be seen.

INTRODUCTION

Due to natural selection and survival of the fit-
test, wild animals must heal skin wounds quickly
or die. Similarly, most human beings are well
programmed to heal skin wounds. Nevertheless,
even today, skin wound care represents a major
clinical conundrum, which is not only expensive
but also poses serious health, economic, and social
problems worldwide due to a paucity of effective
treatments. The central issue of what constitutes
the natural driving force of skin wound closure, the
early and most critical phase of wound healing,
remains unanswered. In the latter part of the last
century, a great deal of research was done to find
the right factor (or cocktail of factors) that would
heal chronic wounds. Growth factors, such as epi-
dermal growth factor and nerve growth factor, are
called such because they have mitogenic potential
to stimulate cell division. Growth factors can also
be promotility factors, that is, have a distinct abil-
ity independent from their mitogenic activity to
stimulate target cell migration, the critical event
during the early phase of wound healing. There-
fore, since the discovery of growth factors (in the
early 70s), the conventional wisdom was that they
represented the key driving force in skin wound
healing.'™ To date, this unproved theory remains
as the mainstream understanding. However, de-
spite the establishment of many start-up compa-
nies, experimental studies, and numerous clinical
trials to determine the therapeutic potential of
exogenous growth factors for wound healing in
humans, to this day, we only have one FDA-
approved growth factor, the recombinant PDGF-
BB (bercaplermin gel, Regranex™).>® Regranex
has had limited clinical use due to its modest effi-
cacy, high cost, and a black box warning to cause
cancer.®® These outcomes of growth factor clinical
trials surprised many in the field and raised ques-
tions about the conventional wisdom that growth
factors are the driving force of wound closure.'°

HURDLES THAT HAVE FACED GROWTH
FACTORS IN WOUND HEALING

For many years our laboratory has studied sig-
nal transduction by growth factors, their receptors,

and intracellular signaling networks. We also
strongly believed that growth factors play a central
role in promoting wound closure until we made a
surprising observation. While many researchers
regard fetal bovine serum (FBS) and human serum
(HS) entirely functionally exchangeable, we for-
mally compared the effects of FBS and HS on mi-
gration and proliferation of the three major human
skin cell types: keratinocytes, dermal fibroblasts,
and microvascular endothelial cells. Our decision
to carry out these experiments was for a simple fact
that human cells are never in contact with FBS in
reality. In addition, HS is the rich source of growth
factors and the main soluble ingredients in woun-
ded human skin. We found that while FBS (widely
used for culturing human cells by the entire re-
search community) stimulated proliferation and
migration of all three human skin cell types, HS
blocked proliferation of all the human cell types
and migration of the dermal fibroblast and endo-
thelial cell. HS only promoted human keratinocyte
migration. We went on to discover that it was the
TGFf3 in HS that selectively inhibited the actions
of growth factors, such as TGF«, PDGF-BB, and
VEGF in HS, and the expression levels of the type
II TGFp receptor determined the selective inhibi-
tion of the dermal fibroblast and endothelial cell,
but not epidermal keratinocyte, migration'® (This
finding was chosen for Editor’s Choice, Science,
312:162, 2006, for Skte, Science 329:tw112, 2006,
and for CMC Gateway, Nature, May 11, 2006).
These data strongly argue against growth factors
as the main driving force during the early phase of
wound healing.

Using PDGF-BB as an example, Cheng et al.
continued the study and reported three potential
hurdles for conventional growth factor trials in
wound healing. First, skin wound closure requires
the coordinated migration of epidermal keratino-
cytes, dermal fibroblasts, and microvascular en-
dothelial cells. PDGF-BB only engages one of these
cell types, namely dermal fibroblasts, because
there are no PDGF receptors (« or ) on keratino-
cytes or endothelial cells.'? Second, the presence of
TGFp (particularly TGFf3 that is absent in intact
skin and appears in wounds) nullifies the biological
activities of PDGF-BB.'?" This finding provides
an explanation for why PDGF-BB in Regranex
needs to be several thousand fold higher in con-
centration (~ 100 ug/mL) than its steady-state levels
in human circulation (5—-30 ng/mL). The excessive
PDGF-BB applied to the wound could travel to
other parts of the human body through circulation,
causing unwanted consequences. Third, growth
factors’ biological effects are compromised under
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pathological conditions, such as hyperglycemia
of diabetes.’® As schematically summarized in
Figure 1, these problems are inherent in all con-
ventional growth factors. Taken together, it would
be prudent to keep in mind these three salient
principles regarding the biology of how skin wounds
heal when investigators and pharmaceutical com-
panies attempt to develop other wound healing
agents. These authors argued that these defects in
growth factors are the possible reasons for how
many previous growth factor trials failed to obtain
FDA approval. An ideal wound healing agent would
have the following properties: (1) it would promote
equally the motility of human keratinocytes (for
reepithelialization), human dermal fibroblasts (for
fibroplasia and creation of a neodermis), and human
dermal microvascular endothelial cells (for angio-
genesis); (2) its activity resists the inhibition by
TGFf in the wound bed; (3) it would remain active in
both a normoglycemic and hyperglycemic microen-
vironment; and (4) it is a motility-promoting factor,
but not a mitogenic factor that could cause increased

cancer occurrence. 10

KERATINOCYTE-SECRETED HSP90«
CARRIES UNIQUE PROPERTIES

TO EFFECTIVELY PROMOTE ACUTE
AND DIABETIC WOUND CLOSURE

If the wound closure-promoting factor(s) does
not come from growth factors in circulation, where
would it come from and what would it be? The most
plausible place is from the secretion of the kerati-
nocytes and the resident dermal fibroblasts at the
wound edge in response to injury-generated stress
signals, such as hypoxia and TGFo.1%16 This factor
must satisfy as being a common promotility factor
for all human skin cell types and being able to
override TGFf3 inhibition. As expected, Cheng
et al. detected a strong such common promotility
activity in serum-free conditioned medium of ker-
atinocytes pretreated with TGF« (only appears in
wounded skin) or hypoxia. A series of FPLC chro-
matography from conditioned medium of ~5x 108
primary human keratinocytes with cell motility
assays as the readouts allowed them to locate the
full promotility activity, by total surprise, to se-
creted Hsp90a protein. They directly verified this
finding by demonstrating that recombinant human
Hsp90c, but not Hsp90p, alone could fully replace
the promotility activity in the conditioned medium
and neutralizing anti-Hsp90« antibody completely
eliminated the activity from the conditioned me-
dium.'”'® Most importantly, recombinant Hsp90x
is a common promotility factor for all the three

major types of human skin cells.'?!® Second, even
in the presence of TGF 3, Hsp90o« remains equally
effective to promote migration of all three types of
human skin cells. Third, recombinant Hsp90«
rescues migration of the cells cultured under hy-
perglycemia.'?> We believe that secreted Hsp90«
promotes diabetic wound healing by bypassing the
hyperglycemia-caused HIF-1o downregulation and
jumpstarting migration of the cells that otherwise
cannot respond to the environmental hypoxia. In
preclinical wound healing models, topical applica-
tion of recombinant Hsp90a proteins shortened the
time of 1x 1 cm full-thickness acute wound closure
from 2 weeks to 10 days in nude mice and from 35 to
~15 days in db/db (diabetic) mice. In comparison,
Regranex (PDGF-BB) treatment showed little im-
provement on acute excisional wound healing and
shortened the time for diabetic wound closure from
35 to 28 days.'? Similarly, topical application of
human recombinant Hsp90« protein strongly pro-
moted wound closure of full-thickness excision
wounds in healthy and diabetic pigs.*®

Based on these findings, we propose a new
model for how keratinocyte-secreted Hsp90«
drives wound reepithelialization and closure. This
new model shows that before injury, secreted
Hsp90a and TGFf3 levels remain minimal in in-
tact skin (Step 0). When skin is wounded, kerati-
nocytes start to migrate laterally across the
wound possibly induced by acute hypoxia in the
wound bed. At this early stage, dermal fibroblasts
and dermal microvascular endothelial cells at the
wound edge are unable to migrate into the wound
due to the presence of TGFf3 (Step 1). The mi-
grating keratinocytes start to secrete Hsp90«, and
once secreted, Hsp90x reaches the threshold
concentration of 100 nM, the dermal cells are re-
cruited inwardly into the wound from the sur-
rounding wound edge, despite TGFf3 (Step 2).
The migrated keratinocytes resurface the wound,
the recruited dermal fibroblasts remodel the
wound, and the moved-in dermal microvascular
endothelial cells rebuild new blood vessels (Step
3). The dermal remodeling and neovascularization
processes would take many months to complete.
Taken together, it is the keratinocyte-secreted
Hsp90a instead of serum growth factors that is
responsible for leading wound reepithelialization
and closure.

Unlike growth factors, secreted Hsp90u« is solely
a promotility factor and does not promote cell
proliferation.!”® The unique property of Hsp90x
makes physiological sense. Keratinocyte migra-
tion occurs a few hours following the skin injury,
whereas the inward migration of dermal cells is not
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Figure 1. Advantages for the heat shock protein-90alpha (Hsp90x) lipoprotein receptor-related protein-1 (LRP-1) signaling over growth factor signaling in

promoting wound healing. (1) The expression of a growth factor receptor is often

restricted to limited skin cell types, whereas the Hsp90 receptor, LRP-1, is

ubiquitously expressed in all skin cell types. (2) Growth factor-stimulated cell proliferation and cell migration are inhibited by the copresence of TGFf in the wound
environment. Hsp90x-induced cell migration is resistant to TGFf inhibition. (3) Growth factors do not work well under hyperglycemia. Hsp90x stimulates skin cell

migration even under hyperglycemia. To see this illustration in color, the reader is

referred to the web version of this article at www.liebertpub.com/wound

detected until several days later.? Second, migrat-
ing cells cannot proliferate at the same time and
vice versa. Third, cell migration precedes cell pro-
liferation during wound healing. In addition, any
attempt by on-site growth factors to stimulate
proliferation of the cells will be inhibited by TGF 3
that only appears when skin is wounded.'*'? Then,
when and where does cell proliferation take place
in the wounded skin? Taking the above three ob-
servations into consideration, we believe that cells
around the wound bed are unable to proliferate,
due to the presence of TGF . Instead, after the cells
at the wound edge have migrated toward the
wound bed, they left an empty space between
themselves and the cells behind them in the un-

Proliferating (not migrating)

¥ Migrating

-t

TGFa
Secreted
TGFB-free area

TGFR3

Keratinocyte

""" (not proliferating) **-..,,,

<> Dermal fibroblast

wounded area where TGF 3 is low or undetectable,
causing a temporary loss of cell-cell contact inhi-
bition. It is the cells behind the front migrating
cells that start to proliferate after losing contact
inhibition. Therefore, the role of cell proliferation
in wound healing is to refill the space generated by
the front migrating cells. This model of migration
then proliferation is summarized in Figure 2. The
stimuli of cell proliferation likely come from the
plasma growth factors diffused from surrounding
unwounded blood vessels. When the initial wound
closure is completed, many other factors (including
growth factors) will participate in the remaining
long (months) and tedious wound remodeling and
tissue homeostasis processes.

Proliferating (not migrating)

@@

TGFB-free area

.

Basement membrane

-*- Endothelial cell

Figure 2. Cell migration precedes cell proliferation during wound healing. Secreted Hsp90x-induced migration of keratinocytes (green) at the wound edge
creates loss of contact inhibition of the cells behind the front migrating cells. The keratinocytes (blue) behind the wound edge then use growth factors, such as
TGFe, around them to proliferate and fill the newly created space. Please note that the reason TGFx is able to promote keratinocyte proliferation is due to the

lack of TGFp in the unwounded area of the skin.
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SECRETED HSP90x IS NO CHAPERONE

Hsp90 family proteins are expressed in almost
all cell and tissue types studied. Quantitatively,
the levels of Hsp90« are ten and hundred fold
higher than each of the 7,000 other proteins pres-
ent in the same cell. It remains to be studied why
cells in our body stockpile Hsp90 proteins in such
an unusually large quantity. The decade long the-
ory of chaperones for Hsp90 proteins can no lon-
ger fully explain this irony. Most interestingly,
Hsp90o-null mice developed normally, providing
direct evidence strongly against it being a critical
intracellular chaperone that controls cell survival,
growth, and transformation.?"?? The N-terminal
ATP binding and ATPase of Hsp90ax are known as
the regulator of its chaperone function. Focusing
on the promotility activity of Hsp90«, Cheng et al.
carried out site-directed mutagenesis studies to
address the question of whether ATPase also de-
termines the extracellular function of Hsp90a. The
authors found that three ATPase mutant proteins
of Hsp90u« retained a full promotility activity as the
wild-type Hsp90a. Then, they used sequential de-
letion mutagenesis to narrow down the promotility
domain to a 115 amino acid fragment (aa-236 to aa-
350) called F-5, between the linker region (LR) and
the middle (M) domain of human Hsp90«. The 115
amino acid sequence of F-5 is highly conserved
during evolution.'® Recombinant F-5 peptide pro-
moted skin cell migration in vitro and wound
healing in vivo as effectively as the full-length
Hsp90u-wt.'>'® These findings demonstrate that
the N-terminal ATPase domain and the C-terminal
dimerization and cofactor-binding domain are dis-
pensable for secreted Hsp90u« to promote cell mi-
gration. The structure and function requirements
for intracellular Hsp90x and extracellular Hsp90«
are schematically depicted in Figure 3.

MECHANISM OF ACTION
BY SECRETED HSP90«

It is clear now that extracellular Hsp90x acts as
a ligand that binds to the cell surface receptor, the
low-density lipoprotein receptor-related protein-1
(LRP-1, also identified as «2-macroglobulin recep-
tor, CD91, and TGFfR-V), to trigger cross mem-
brane signal transduction.'® LRP-1 is detected in
almost all normal cell types studied, including the
three major cell types that are involved in skin
wound healing, keratinocytes, dermal fibroblasts,
and dermal microvascular endothelial cells.?*-2
LRP-1 belongs to a family of at least seven mem-
bers related to the LDL receptor. Deletion of the
LRP-1 gene leads to embryonic lethality in mice.?®

LRP-1 binds a variety of extracellular molecules,
including lipoproteins, proteases and their inhibi-
tors, ECMs, heat shock proteins, and growth fac-
tors. Structurally, LRP-1 consists of a 515-kDa
extracellular subunit and a membrane-anchoring
85-kDa subunit, which are formed from proteolytic
products of a common 600-kDa precursor.?* Cheng
et al. reported that LRP-1 receptor mediates se-
creted Hsp90-stimulated human skin cell migra-
tion in vitro and wound healing in vivo. Their
studies showed that (i) neutralizing antibodies
against the LRP-1 ligand-binding domain blocked
recombinant Hsp90-induced cell migration; (ii)
downregulation of LRP-1 completely blocked
Hsp90a-stimulated keratinocyte and dermal fibro-
blast cell migration; and (iii) reintroducing LRP-1
(minireceptor) rescued the motility defect. Fur-
thermore, blocking ligand-binding domains of
LRP-1 by RAP (receptor-associated protein) dra-
matically delayed wound healing in mice.’® The
exact relationship between LRP-1 and the Hsp90
family proteins has recently been worked out.
Jayaprakash et al. showed that under environ-
mental stress cues, such as hypoxia and nutrient
paucity, Hsp90o and Hsp90f work around the
surface LRP-1 to promote wound healing. Specifi-
cally, Hsp90p binds to the cytoplasmic tail of LRP-1
and stabilizes the receptor at the cell surface. In
contrast, Hsp90o does not bind LRP-1 from inside
the cell, instead it is secreted into the extracellu-
lar environment where it binds and triggers
LRP-1 receptor signaling to promote cell motility,
leading to wound closure.?” This novel finding is
summarized in Figure 4. The authors argue that
this hypoxia and nutrient paucity-responding
mechanism applies broadly to other injured non-
cutaneous tissues as well.

Following binding to LRP-1, Hsp90«a triggers
a unique transmembrane signaling to activate
downstream pathways inside the cell. Tsen et al.
provided direct evidence for the long debated claim
that secreted Hsp90« is a bona fide signaling mol-
ecule rather than a chaperone. They showed that
extracellular Hsp90« binds to the subdomain II in
the extracellular part of LRP-1 (it has totally four
subdomains). The Hsp90a-binding signal crosses
the plasma membrane through LRP-1 and exits at
the NPVY, but not NPTY, site in the cytoplasmic
tail of LRP-1, leading to, through unknown medi-
ator(s), the serine-473, but not threonine-308,
phosphorylation in Akt kinases. The activation of
Aktl and Akt2 is critical, since Aktl and Akt2
knockdown blocked Hsp90a« signaling to promote
cell motility in vitro. More convincingly, Akt1l and
Akt2 knockout mice showed impaired wound
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Figure 3. Two evolutionarily distinct functions for Hsp90 family proteins.
Intracellular Hsp90, especially Hsp90p, is a chaperone that requires its in-
trinsic ATPase activity. Its purpose is to maintain the signaling networks in
working condition. Extracellular Hsp90, especially Hsp90c, is a promotility
factor that uses the F-5 region in an ATPase-independent manner. Its purpose
is to help repair damaged tissue. To see this illustration in color, the reader is
referred to the web version of this article at www.liebertpub.com/wound

healing that could not be corrected by supplemen-
tation with recombinant Hsp90x.2®8 A schematic
representation of this signaling mechanism is
shown in Figure 5. Besides LRP-1, it was reported
that extracellular Hsp90 binds and activates other
secreted motility-promoting factors, such as se-
creted MMP2, in a manner that seems to be similar
to the chaperone—client protein interactions.?%:3°
The critical evidence that specific inhibition of
(secreted) MMP2 (most MMP inhibitors are toxic to
cells) blocks Hsp90-stimulated cell motility re-
mains unavailable.

Hypoxia e G
yp =) gpqa

LRP-1 ®
Wound
®  wHealing

Figure 4. Hsp90o and Hsp90/ together operate a tissue repair mechanism.
Schematically, when tissue is damaged, acute hypoxia triggers cells in the
wound edge to secrete Hsp90c. Intracellular Hsp90/ stabilizes LRP-1 and the
secreted Hsp90« binds and signals through the LRP-1 receptor to promote
cell migration and wound healing. To see this illustration in color, the reader
is referred to the web version of this article at www.liebertpub.com/wound
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Figure 5. Extracellular Hsp90 signals through the LRP-1 receptor to pro-
mote reepithelialization during wound healing. Akt is essential for extra-
cellular Hsp90o: signaling to promote cell migration and wound healing. How
LRP-1 mediates Hsp90x signaling to other three pathways and the function
of these pathways in Hsp90«-induced wound healing remain to be inves-
tigated. The question marks indicate that intermediate activators of the
pathways listed remain unclear. To see this illustration in color, the reader
is referred to the web version of this article at www.liebertpub.com/wound

NEWLY STANDARDIZED ACUTE AND
DIABETIC PIG WOUND HEALING MODELS

Live animals remain as the most useful method
to evaluate potential wound healing therapeutics
for humans. Among the current animal models, it
is broadly accepted that pig skin wound healing are
closest to those in humans and therefore pigs are
regarded as the right model for wound healing
studies.?! Pigs and human beings are both tight-
skin animals and close skin wounds by driving the
lateral migration of keratinocytes from the wound
edge to across the wound bed, the process called
reepithelialization. Pig is also an effective model
for wound therapeutic studies because a large
number of replicate wounds (1014 on each side) can
be created in the same pig. In randomized preclinical
studies, a high concordance of the results between pig
and man has been reported.?*3*

O’Brien et al. recently made great efforts to
standardize the procedures of how to create pig
skin wounds, how to compare placebo and treat-
ment, and why previous studies gave hard to re-
produce results. In addition, they demonstrated for
the first time when a delay in wound closure occurs
in STZ-treated pigs. They made several new find-
ings. First, along the torso area where the wounds
are created, due to differences, even within a dis-
tance of a few centimeters, in the elasticity, thick-
ness, and hair follicle density from top to bottom
and left to right, the wound closure rates were
significantly different. Instead, they showed that a
pair of wounds created on the opposite sides of
the torso, but at corresponding locations, under-
went a similar rate of healing. Therefore, they
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suggested that the treatment and control should
use wounds at the corresponding spot, but on op-
posite sides of the pig body.'® This new model is
depicted in Figure 6. Based on the new procedures,
these authors went further to systematically ana-
lyze previously reported STZ-induced diabetic pig
models. Unfortunately, they were unable to detect
significant delay in wound closure by following the
procedures of those studies.?*° O’Brien et al.
concluded that there was a need to systematically
evaluate the critical parameters of diabetes over
time and (re-) standardize the diabetic wound

On same side

healing model in pigs. They followed STZ-injected
pigs for up to 4 months by monitoring weekly their
body weights, insulin production, plasma glucose
levels, and Alc data. Then, they followed full-
thickness wound closure by primary intention over
time. Their data clearly showed that a significant
delay in wound closure only occurred in pigs after
STZ injection for at least 45 days with the best
outcomes on 90 days, whereas all previous studies
used pigs with STZ injection for a maximum of 2
weeks before introducing skin wounds. Finally,
they validated this new standardized diabetic pig

On oppo?ite side

bottom

f

2343  14+3.8

drug-treated wounds

B  midde

Figure 6. Newly restandardized acute and diabetic pig wound healing models. (A—C) 2.0 x 2.0 cm full-thickness wounds were created on the same side of the
pigs (n=3), 2.0 cm apart between wounds, and were compared either between the top and the bottom wounds (A) or between the middle and rear wounds (B)
or between wounds made at the similar spots, but on the opposite sides of the pig (C). Quantitations (% of healing) were made based on triplicate wounds in
each pig and are shown below each of the images. (D, E) A schematic presentation of nine 2.0x 2.0 cm (in normal pigs) or 1.5x 1.5cm (in diabetic pigs) full-
thickness wounds created on each side of the pig, 2.0 cm apart between wounds. Comparison between treatment and control should be made between two
wounds at the similar spots, but on the opposite sides of the pig, as indicated by same color squares. (F, G) Based on the above design, real wounds were
created on the two sides of pigs. Treatments versus controls are indicated. Taken from 0'Brien et al.'® with permission.
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model by showing (i) effectiveness for an FDA-
approved growth factor therapy (on diabetic
wounds only); (ii) a robust effect of F-5 on promot-
ing wound closure by stimulating reepitheliali-
zation; and (iii) identification of a 27 amino acid
peptide, called F-8, as the minimum entity in
Hsp90a that is responsible for its wound healing-
promoting activity.'®

SECRETED HSP90x IS A GENERAL
TISSUE REPAIR FACTOR

When a tissue environment becomes hostile,
such as injuries, cells in the injured tissue imme-
diately downregulate the overall protein synthesis
rate and yet selectively upregulate expression of
heat shock protein-90 from its already 2—3% of the
total cellular proteins up to several fold more. This
observation has long been interpreted as a tissue’s
self-protecting mechanism to cope with the envi-
ronmental changes by protecting the folding and
stability of the existing intracellular proteins.
Csermely et al. were among the first to challenge
this theory and argued that storage of a single
protein in such a large amount only for the purpose
of chaperoning would not have been tolerated by
evolution. They speculated that those extra Hsp90
proteins must have other functions.*® The recent
findings that Hsp90« is unessential for develop-
ment®! and that secreted Hsp90o promotes wound
healing'? suggest that evolution purposely designed
the abundant storage of intracellular Hsp90« to
supply the extracellular Hsp90a pool in case of tissue
damage. Consistently, Hsp90« is rapidly secreted
by a variety of cell types in response to extracellu-
lar stress signals, including heat, reactive oxygen
species, hypoxia, radiation, and UV, just to men-
tion a few.'® This exciting hypothesis can be tested
using the recently available Hsp90o-null mice.?!?2

SUMMARY

Itis clear that Hsp90, especially Hsp90x, has two
evolutionarily assigned functions: an intracellular
chaperone and an extracellular tissue-repairing
factor. Both functions are critical for their host cells
to cope with environmental changes, such as tis-
sue damages. Tumor cells take advantage of these
functions to gain more invasiveness. A known
mediator of Hsp90« secretion is HIF-1x in both
normal and tumor cells. LRP-1 is the cell surface
receptor that transmits the extracellular Hsp90«
signals. More importantly, the discovery of the
extracellular Hsp90x role in tissue repair and
cancer invasion has revealed a new line of thera-
peutic interventions. We believe that secreted

TAKE-HOME MESSAGES

The secreted form of the naturally occurring molecule, called
heat shock protein-90alpha (Hsp90e«), represents a previously
overlooked wound healing driving force that is responsible for
the initial and most critical step of wound healing—wound
closure.

Hsp90a is crucial for the early phase of wound
healing, reepithelialization, and wound closure,
whereas growth factors play more important roles
in the later phases of wound remodeling, neo-
vascularization, and tissue homeostasis.
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Abbreviations and Acronyms

FBS = fetal bovine serum
Hsp90e = heat shock protein-90alpha
HS =human serum
LR = linker region
LRP-1 = lipoprotein receptor-related protein-1
M = middle




