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Abstract

Background—The 90-kDa heat-shock protein (HSP90) is an abundant cytosolic chaperone and
inhibition of HSP90 by 17-allylamino-17-demethoxygeldanamycin (17-AAG) compromises
Transforming growth factor (TGF)-B-mediated transcriptional responses by enhancing TGF-3
receptor I and Il degradation, thus preventing Smad 2/3 activation. Here, we evaluated whether
HSP90 regulates TGF-f signaling in the pathogenesis and treatment of keloids.

Methods—Keloid fibroblasts were treated with 17-AAG (10 uM), and mRNA levels of collagen
type | and 111 were determined by real-time RT-PCR. Also, secreted TGF-B1 was assessed by
Enzyme-linked immunosorbent assay (ELISA). The effect of 17-AAG on protein levels of Smad
2/3 complex was determined by Western blot. Additionally, in 17-AAG-treated keloid spheroids,
the collagen deposition and expression of major extracellular matrix proteins were investigated by
Masson's trichrome staining and immunohistochemistry.

Results—We found that HSP90 is overexpressed in human keloid tissue compared to adjacent
normal tissue, and 17-AAG decreased mRNA levels of type | collagen, secreted TGF-p1, Smad
2/3 complex protein expression in keloid fibroblasts. Masson's trichrome staining revealed that
collagen deposition was decreased in 17-AAG-treated keloid spheroids, and immunohistochemical
analysis showed that expression of collagen I and 111, elastin, and fibronectin were markedly
decreased in 17-AAG-treated keloid spheroids.

Conclusion—These results suggest that the antifibrotic action of HSP90 inhibitors such as 17-
AAG may have therapeutic effects on keloids.
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INTRODUCTION

A Keloid is the result of abnormal fibroblast proliferations of the dermal layer of the skin,
resulting in excessive deposition of extracellular matrix (ECM) components. Although many
strategies are available for keloid scars, none are completely effectivel=3. Abnormal
fibroblasts also cause keloids and organ fibrosis. During abnormal dermal fibrosis, activated
fibroblasts acquire a myofibroblast-like phenotype characterized by increased proliferation
and excessive ECM synthesis*°. Therefore, suppression of keloid fibroblasts (KFs)
proliferation and activation has been proposed as a therapeutic strategy for the treatment and
prevention of keloids. Transforming growth factor (TGF)-8 is a key regulatory growth factor
of ECM assembly and remodeling, and TGF-p/Smad signaling plays a central role in keloid
pathogenesis!:8:7. Therefore, modulation of TGF-B synthesis or activity represents a
potential approach to treat hypertrophic scar and keloids.

The 90-kDa heat-shock protein (HSP90) is an abundant cytosolic protein, which is induced
in response to a wide variety of physiological and environmental stress® and is involved in
intracellular signaling pathways that promote cell proliferation and/or cell survival. HSP90
facilitates protein folding and stabilization, and HSP90 forms complexes with many client
proteins, which are important for cell growth, survival, and differentiation8-11. The small-
molecule 17-allylamino-17-demethoxygeldanamycin (17-AAG) is a geldanamycin analog
that specifically inhibits the ATPase activity of HSP90910:12 |nhibition of HSP9O alters
TGF-p—dependent transcriptional responses by increasing TGF-f3 receptor ubiquitination and
degradation in a Smurf2 ubiquitin E3 ligase-dependent manner, thus preventing Smad 2/3
activation13-15, TGF- f receptor | and Il directly interact with HSP90 and are clients of this
cellular chaperone®3. However, the clinical significance of HSP90 inhibitors such as 17-
AAG in disease characterized by aberrant TGF- 3 responses (e.g., keloid and hypertrophic
scarring) remains unclear.

Here, we hypothesized whether HSP90 regulate TGF- signaling in the pathogenesis and in
the treatment of keloids, and investigated the expression of HSP90 in keloid tissue and
normal tissue by immunohistochemistry (IHC). Based on this findings, we treated HSP90
inhibitor like 17-AAG on KFs to examine the therapeutic potential of 17-AAG for treating
keloid and hypertrophic scar. Additionally, the expression levels of ECM such as type | and
11 collagen, fibronectin, and elastin were investigated by IHC in keloid spheroids?® treated
with 17-AAG.

MATERIALS AND METHOD

Human dermal fibroblast and keloid-derived fibroblast cells

Human dermal fibroblasts (HDFs) and keloid fibroblasts (KFs) were obtained from the
American Type Culture Collection (Manassas, VA). Cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM; GIBCO, Grand Island, NY) supplemented with 10%
heat-inactivated fetal bovine serum (FBS), penicillin (100 UmL™1), streptomycin (100
ugmL=1). The culture medium was changed every 2 to 3 days. KFs cells was treated with
17-allylamino-17-demethoxygeldanamycin (17-AAG) for 48 h, incubated in CO» incubator
at 37 °C.
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Real time RT-PCR analysis of collagen | and Il expression

HDFs and KFs (5x10° cells) were treated for 48 h with 10 pM 17-AAG (Sigma, Saint Louis,
Mo). After 2 days, the cells were harvested, and total RNA was prepared with TRIzoI®
reagent (Gibco BRL, Grand Island, NY). Complementary DNA was prepared from 0.5 ug
total RNA by random priming using a first-strand cDNA synthesis kit (Promega Corp.,
Madison, WI). The following amplification conditions were used: 95°C for 5 min, 37°C for
2 h, and 75°C for 15 min. Tagman® primer/probe kits [assay 1D: Hs00164004_m1 (collagen
type 1) and Hs00164103_m1 (collagen type I11)] were used to analyze mRNA levels with an
ABI Prism® 7500 HT Sequence Detection System (primer kits and instrument from Applied
Biosystems, Foster City, CA). The mRNA levels of target genes were compared with
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as an internal control (assay ID:
Hs99999905 m1, Applied Biosystems). For cDNA amplification, AmpliTaqGold® DNA
polymerase (Applied Biosystems) was activated by 10-min incubation at 95°C; this was
followed by 40 cycles of 15 sec at 95°C and 1 min at 60°C for each cycle. To determine
cDNA levels, the threshold cycle, at which fluorescence was first detected above baseline,
was determined, and a standard curve was drawn between starting nucleic acid
concentrations and the threshold cycle. Target mMRNA expression levels were normalized to
GAPDH levels, and relative quantization was expressed as fold-induction compared with
control conditions in each cell type.

Enzyme-linked immunosorbent assay (ELISA) for secreted TGF-B1 expression

KFs (2x10° cells) in 6-cm culture dishes were treated with 10 uM 17-AAG. At 2 days post-
infection, supernatants were collected by centrifugation at 15,000xg for 10 min at 4°C, and
secreted TGF-B1 protein was assessed using an ELISA kit (R&D Systems, Minneapolis,
MN).

Western blotting analysis for Smad 2/3 complex

Keloid fibroblasts were grown to 70% confluence in 100x20 mm cell culture dishes.
Cultured keloid fibroblasts were exposed to 17-AAG (5 uM) for 48 h. Cells were lysed in 50
mM Tris-HCI (pH 7.6), 1% Nonidet P-40 (NP-40), 150 mM NaCl, and 0.1 mM zinc acetate
in the presence of protease inhibitors. Protein concentration was determined by the Lowry
method (Bio-Rad, Hercules, CA), and 20 ug of each sample was separated by 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The gels were then
electrophoretically transferred onto a PVDF membrane (Millipore, Billerica, MA). The
membrane was blocked with blocking buffer for 1 h and then incubated overnight at 4°C
with primary antibodies against Smad 2/3 complex (Cell Signaling Technology, Beverly,
MA) and actin (mouse monoclonal; Sigma). After a 2 h incubation at room temperature with
the secondary antibodies horseradish peroxidase (HRP)-conjugated rabbit antibody (Santa
Cruz Biotechnology, Inc., Santa Cruz, CA) and HRP-conjugated mouse antibody (Santa
Cruz Biotechnology), the protein bands were visualized using electrochemiluminescence
detection reagents (Amersham Pharmacia Biotech Inc., Piscataway, NJ) according to the
manufacturer’s instructions. Protein expression was analyzed using Image J software
(National Institutes of Health).
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keloid spheroid preparation and 17-AAG treatment

Keloid tissues were obtained from active-stage keloid patients (n=4), after obtaining
informed consent. All experiments involving humans were performed in adherence to the
Declaration of Helsinki tenets, and the study protocol was approved by the Yonsei
University College of Medicine institutional review board. Keloid spheroids were prepared
by dissecting tissue from the central of the keloids into 2-mm diameter pieces with sterile
21-gauge needles. The explants were plated individually in HydroCell® 12-well plates
(designed to prevent cell attachment; Nunc, Rochester, NY) and cultured in DMEM
supplemented with 10% FBS. The keloid spheroids treated with 17-AAG (10 uM) for 3 days
and then fixed with 10% formalin, paraffin-embedded, and cut into 5-pm thick sections.

Immunohistochemistry (IHC)

Statistics

Formaldehyde-fixed tissues were transferred to a paraffin-embedded block, sectioned at 4-
um thicknesses. After tissue deparaffinization and rehydration, endogenous peroxidase
activity was blocked by a 10-min incubation at room temperature with absolute methanol
containing 1% hydrogen peroxide. The tissue sections were incubated with a primary
antibody against HSP90 (1:250, Rabbit polyclonal, Abcam Inc., Cambridge, MA) at 4°C
overnight. After incubation with the secondary antibody (Super Sensitive™ Polymer-HRP
IHC, BioGenex) for 1 h at room temperature, the bound complexes were visualized by
incubating tissue sections with 0.05% diaminobenzidine and 0.003% hydrogen peroxide.
The sections were counterstained with Harris hematoxylin and then dehydrated and
mounted. HSP90 protein levels were semiquantitatively analyzed using MetaMorph® image
analysis software (Universal Image Corp., Buckinghamshire, UK). Results are expressed as
mean optical density of six different digital images per sample.

To evaluate expression of ECM proteins, keloid spheroid sections were incubated at 4°C
overnight with the following primary antibodies: mouse, anti-collagen type | (ab6308;
Abcam, Ltd., Cambridge, UK), mouse anti-collagen type 111 (C7805; Sigma), mouse anti-
elastin (E4013; Sigma), or mouse anti-fibronectin (sc-52331; Santa Cruz Biotechnology).
The sections were incubated at room temperature for 20 min with the secondary antibody
(EnVision™ Kit; Dako, Glostrup, Denmark). The intensity of fibrosis was examined using
Masson’s trichrome staining, and the expression of type I and 111 collagen, elastin, and
fibronectin were semiquantitatively analyzed using MetaMorph® image analysis software
(Universal Image Corp., Buckinghamshire, UK). Results are expressed as mean optical
density of six different digital images.

Results are expressed as the mean + standard error of the mean (SEM). Data were analyzed
by a repeated-measures one-way ANOVA. Two sets of independent sample data were
compared using a paired t-test; p-values<0.05 was considered significant.
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RESULTS

HSP 90 expression was increased in keloid tissues compared with adjacent normal tissues

Keloid tissue stained with hematoxylin and eosin showed dense and excessive collagen
deposition that extended beyond the clinical keloid margin (Fig. 1, above left). HSP90
expression in keloid tissues of four patients was assessed by immunohistochemistry (Fig. 1,
above right). The results showed that HSP90 protein levels were markedly higher in the
central and peripheral regions of the keloids (optical density; 20,629 + 2235) (Fig. 1, below
left) than in normal tissue (optical density; 4303 + 488.1) (Fig. 1, below center). Protein
levels of HSP90 in keloid tissue were 4.8 times that of normal tissue (p<0.01) (Fig. 1, below
right).

17-AAG down-regulates mRNA expression of type | collagen in KFs

Type I and 111 collagen mRNA levels were examined in HDFs and KFs by real time RT—
PCR. Type I collagen mRNA in HDFs was not changed after 17-AAG treatment (10 uM)
(Fig. 2, above). However, TGF-B1 (10 ng/ml) treated HDFs and KFs was significantly
decreased with 17-AAG treatment (10 pM) by 68% and 53%, respectively, compared with
untreated controls (*p<0.05, **p<0.01) (Fig. 2, above and center). Also, the type I/111
collagen mRNA ratio in KFs was significantly decreased by 77% after 17-AAG treatment
(10 uM) in comparison to untreated control (**p<0.01; Fig. 2, below). However, mMRNA
expression of type 111 collagen was not reduced (datas not shown).

To examine the mechanism by which the 17-AAG suppressed type I collagen mMRNA
expression, secreted TGF-B1 and expression of Smad 2/3 complex protein were next
investigated using ELISA and Western blot analysis, respectively. As shown in Figure 3
(above), decreased secreted TGF-B1 in KFs compared with untreated cells (*p<0.05). In
addition, protein levels of Smad 2/3 complex was decreased by 37% in 17-AAG-treated KFs
compared with untreated cells (**p<0.01) (Fig. 3 center and below). These results revealed
that 17-AAG decreased collagen type | mRNA expression by inhibiting TGF-p1 expression
and TGF-f-mediated transcriptional responses, thus blocking Smad 2/3 activation.

Collagen deposition and intensity were decreased in keloid spheroids treated with 17-AAG

We have previously developed a 3-dimensional organotypic multicellular spheroid (3-D
OMS) model to mimic the microenvironment of human keloid tissues'6. Keloid spheroids
cultivated ex vivo retained the major characteristics of keloids, such as high levels of
collagen | and TGF-f expression for up to 7 days. In order to verify the antifibrotic effect of
17-AAG on keloid tissues, we have cultured keloid spheroids derived from active-stage
keloid patients (n=4) for 3 days with 17-AAG (10 pM). Masson’s trichrome staining
revealed excessive deposition of collagen arranged in thick, irregular bundles in control
untreated keloid spheroid tissue. However, collagen deposition and intensity was decreased
in keloid spheroids treated with 17-AAG (10 pM) compared with untreated controls. In
addition, thick and coarse collagen bundles were replaced by thin, shallow collagen bundles
in 17-AAG-treated keloid spheroids (Fig. 4, left). On the semi-quantitative analysis using
Metamorph image analysis software, significantly reduced collagen deposition in 17-AAG
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(10 uM) treated keloid spheroids by 81% versus non-treated keloid spheroids (**p<0.01)
(Fig. 4, right).

17-AAG decreases expression of collagen | and lll, elastin, and fibronectin in keloid

spheroids

Keloid spheroids derived from active-stage keloid patients (n=4) were cultured for 3 days
with treatment of 17-AAG (10 pM) (Fig. 5, above). Immunohistochemical staining revealed
significantly reduced type I collagen, type Il collagen, elastin, and fibronection in 17-AAG
(10 uM) treated keloid spheroids, by 11%, 32%, 8%, and 16%, respectively, versus non-
treated keloid spheroids (*p<0.05, **p<0.01; Fig. 5, below). Taken together, these data
strongly suggest that expression of major ECM components was decreased by HSP90
inhibitor like 17-AAG, which has a prominent role in remodeling ECM components.

DISCUSSION

In this study we demonstrated that HSP90 is overexpressed in human keloid tissue compared
with adjacent normal tissue, and the HSP90 inhibitor 17-AAG decreases expression of
collagen type | and Smad 2/3 complex in keloid fibroblasts. Results of Masson’s trichrome
staining revealed that thick, coarse collagen bundles were replaced by thin, shallow collagen
bundles in keloid spheroid sections treated with 17-AAG. In addition, results of
immunohistochemistry demonstrated that expression of extracellular matrix proteins
collagen I and 111, fibronectin, and elastin were markedly decreased in keloid spheroids
treated with 17-AAG.

Hypertrophic scars and keloids are caused by excessive extracellular matrix accumulation
resulting from an aberrant extracellular matrix protein synthesis and degradation. Potential
explanations for keloid formation include altered growth factor regulation, immune
dysfunction, aberrant collagen turnover, sebum or sebocytes as self-antigens, altered
mechanics, and altered apoptotic signaling in keloid fibroblasts17. Abnormal increases in
cytokines and growth factors are also involved in the pathogenesis of keloids. In particular,
TGF-B appears to play a critical role in keloid formation6.7; therefore, inhibiting TGF-p1-
dependent signaling by TGF-BI/TGF-BII receptor-neutralizing antibodies, truncated
receptors, antisense oligonucleotides, or Smad 2-/Smad 3-specific SiRNAs can decrease
procollagen gene expression and inhibit fibrosis progression 3:7:18-21,

During remodeling, the predominance of type 111 collagen in ECM gradually become
converted type | collagen, which strengthens the scar’-17. The ratio of type I/11I collagen has
been shown to be significantly elevated in keloids compared with normal scars?2:23, In our
study we found that type | collagen mRNA level and the type I/111 collagen ratio were
decreased in 17-AAG-treated KFs, suggesting that 17-AAG can change the ratio of type
I/111 collagen in keloids to resemble that of normal scars.

The growth factor TGF-B increases tropoelastin mRNA abundance and elastin
formation2423, In addition, elastin mRNA is stabilized by TGF-p signaling26. Moreover,
TGF-B1 inhibits elastin degradation by decreasing the expression and activity of matrix
metalloproteinases 2 and 927, Thus, inhibiting TGF-p with 17-AAG reduces elastin
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accumulation in scar tissue. Fibronectin is also induced by TGF-p28, and the induction of
connective tissue growth factor and fibronectin increase the profibrotic effects of TGF-B2°.
In other words, these proteins enhance the cellular response to TGF-, prolonging the wound
healing and fibrotic response??. Treatment with 17-AAG can attenuate these phenomena by
reducing fibronectin formation.

In this study we have demonstrated that 17-AAG reduces ECM accumulation via TGF-8 /
Smad-dependent pathways. Keloid formation involves various intracellular signal
molecules, including extracellular signal-regulated protein kinase 1/2 (ERK1/2), p38
mitogen-activated protein kinase, Sma- and Mad-related proteins (Smads), signal transducer
and activator of transcription-3 (STAT3), and phosphatidylinositol-3-kinase (P13K)/Akt.
Thus, many researchers have suggested the modulation of these signaling mediators to treat
keloids. Previous studies have reported that suppression of Smad3, PI3K, ERK, and STAT3
pathways is sufficient to inhibit ECM production in keloids3%-34, Future studies
investigating the effect of 17-AAG on Smad-independent pathways will be helpful to
determine its mechanism of action.

Fibrotic diseases affect various organs, including the liver, kidney, lung, and skin, and
HSP90 inhibitors have shown promising results in fibrotic disease modelst214. In this study
we demonstrated that an HSP90 inhibitor may be useful in the treatment of keloid scars by
decreasing the accumulation of ECM components. However, future studies are needed to
determine the effect of HSP90 on proliferation, migration, and apoptosis of keloid
fibroblasts.

CONCLUSION

The HSP90 inhibitor, 17-AAG, decreases collagen synthesis by keloid fibroblasts and
attenuates accumulation of the extracellular matrix components type | and 111 collagen,
elastin, and fibronectin in a keloid spheroid model. The effects of 17-AAG are mediated
through its inhibitory action on TGF-§ expression and the Smad pathway. Therefore,
antifibrotic effects of HSP90 inhibitors such as 17-AAG may have therapeutic potential for
the treatment of keloids.
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Figure 1.
Histologic analysis of keloid tissue. (above left) H&E staing. Under the light microscope

(x12), keloid tissue had a dense and excessive deposition of collagen. Results are
representative of four different keloid tissue specimens. (above right) Immunohistochemical
staining of keloids and adjacent normal dermal tissues. The expression of HSP90 in keloid
tissue (center left) was increased than that in adjacent normal tissue (center right) using
immunohistochemistry. (below) On the semi-quantitative analysis using Metamorph image
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analysis software, the expression of HSP90 increased by 4.8 times than normal tissue and
this difference was statistically significant (**p<0.01).
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Figure 2.
17-AAG down-regulates mRNA expression of type I collagen in KFs. (above) gqRT-PCR

analysis indicated that type | collagen mRNA levels in HDFs treated with 17-AAG
treatment (10 pM) were not changed. However, type | collagen mRNA levels in TGF-B1 (10
ng/ml) treated HDFs were significantly decreased with 17-AAG treatment (10 uM)
(*p<0.05) versus 17-AAG untreated HDFs. (center) Real time RT-PCR analysis indicated
that type | collagen mRNA levels in KFs treated with 17-AAG treatment (10 uM) was
significantly decreased (**p<0.01) compared with non-treated KFs. (below) Also, the type
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I/111 collagen mRNA ratio was significantly decreased by 77% (**p<0.01) in KFs treated
with 17-AAG treatment (10 pM). Each experiment was performed at least four times,
Standard error bars are shown.
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Figure 3.

KF only

17-AAG 5 UM

Effect of 17-AAG on TGF-B1 secretion and Smad 2/3 complex expression. (above) Secreted
TGF-B1 protein measured by ELISA. 17-AAG treatments (10 uM) decreased secreted TGF-
1 protein level in KFs compared with untreated cells (*p<0.05). (center and below)
Immunoblot analysis of Smad 2/3 complex protein in 17-AAG-treated KFs (5 pM) was
significantly reduced compared to untreated KFs (**p<0.01). Results are representative of

four independent experiments.
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Figure4.
Masson’s trichrome staining of the keloid spheroid. (left) The keloid tissue had more dense

and excessive deposition of collagen compared with adjacent normal dermal tissue. Also,
irregular bundle-shaped collagen arrangement was showed on the keloid spheroid tissues.
After treatment with 17-AAG (10 uM), collagen deposition and intensity were decreased.
Also, dense and coarse collagen bundles were replaced by thin and shallow collagen
bundles. (right) On the semi-quantitative analysis using Metamorph image analysis
software, significantly reduced collagen deposition in 17-AAG (10 pM) treated keloid
spheroids by 81% versus non-treated keloid spheroids (**p<0.01).
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Figure5.
Immunohistochemical staining of keloid spheroid sections for type I, 111 collagen,

fibronectin and elastin from 17-AAG-treated keloid tissues. (above) Representative light

micrographs of col

lagen I, 111, elastin and fibronectin immunohistochemistry of spheroid

tissues cultured with 17-AAG (10 uM, x400). (below) Semi-quantitative analysis of panel
showed the expression of collagen I, 111, fibronectin and elastin protein was significantly
decreased in keloid spheroid with 17-AAG treatment (10 uM) ( *p<0.05, **p<0.01).
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