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Idiopathic pulmonary fibrosis (IPF) is a severe fibrotic lung disease associated with fibroblast
activation that includes excessive proliferation, tissue invasiveness, myofibroblast transformation,
and extracellular matrix (ECM) production. To identify inhibitors that can attenuate fibroblast
activation, we queried IPF gene signatures against a library of small-molecule-induced gene-
expression profiles and identified Hsp90 inhibitors as potential therapeutic agents that can
suppress fibroblast activation in IPF. Although Hsp90 is a molecular chaperone that regulates
multiple processes involved in fibroblast activation, it has not been previously proposed as a
molecular target in IPF. Here, we found elevated Hsp90 staining in lung biopsies of patients with
IPF. Notably, fibroblasts isolated from fibrotic lesions showed heightened Hsp90 ATPase activity
compared with normal fibroblasts. 17-N-allylamino-17-demethoxygeldanamycin (17-AAG), a small-
molecule inhibitor of Hsp30 ATPase activity, attenuated fibroblast activation and also TGF-f-
driven effects on fibroblast to myofibroblast transformation. The loss of the Hsp30AB, but not
the Hsp90AA isoform, resulted in reduced fibroblast proliferation, myofibroblast transformation,
and ECM production. Finally, in vivo therapy with 17-AAG attenuated progression of established
and ongoing fibrosis in a mouse model of pulmonary fibrosis, suggesting that targeting Hsp90
represents an effective strategy for the treatment of fibrotic lung disease.

Introduction

Pulmonary fibrosis is the final common pathway in adult and pediatric interstitial lung diseases in which
the lung becomes irreversibly damaged and scarred due to repetitive injury and progressive interstitial
expansion (1, 2). Idiopathic pulmonary fibrosis (IPF) is an age-associated fatal fibrotic lung disease, with
an annual incidence of 4.6 to 7.4 per 100,000 people and median survival of 3 to 5 years after diagnosis (3,
4). In IPF, fibroblasts exhibit excessive proliferation, invasiveness, myofibroblast transformation, and pro-
duction of collagen and other extracellular matrix (ECM) proteins in the parenchyma and subpleural areas
of the lung (5-8). The lack of knowledge of the molecular regulators that initiate and maintain fibroblast
activation is a major obstacle to the development of effective therapies for IPF. Although the actual trigger
that initiates and maintains the fibrotic phenotype in IPF lungs remains unknown, repetitive injury of the
lung epithelium is thought to play a central role in disease pathogenesis (9, 10). Studies over the past decade
have suggested that chronic injury and multiple profibrotic signaling events are responsible for the fibro-
blast activation that results in the formation of scar tissue in IPF (11-13). During injury, fibroblasts play a
critical role in repair by directional migration, proliferation, and transformation to myofibroblasts (13-15).
However, the role of dysregulated molecular processes of fibroblasts in abnormal healing responses that
contribute to the formation of fibrotic lesions and unremitting deposition of ECM in the lung parenchyma
remains elusive. Multiple signaling pathways and their downstream targets have been implicated in the
persistent activation of fibroblasts that occurs in IPF (1, 16). It has been demonstrated that combinatorial
inhibition of 2 or more signaling pathways could result in a synergistic dampening of fibroblast activation
and attenuation of pulmonary fibrosis (17, 18). In a recent study, we found that inhibition of PI3 kinase
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Table 1. Top-ranked compounds from pharmacogenomics screen based on reciprocal relationship between compound-specific and
idiopathic pulmonary fibrosis-specific gene signatures

Compound Group
Corticosteroids

Hsp90 inhibitor

Tyrosine kinase inhibitors
MEK inhibitors

Compounds
betamethasone, dexamethasone, fludrocortisone, fluticasone, and triamcinolone
17-AAG (tanespimycin)
BIBX-1382, canertinib, dasatinib, and tozasertib
AS-703026, PD-0325901, and selumetinib

Inositol monophosphatase inhibitor L-690330

and MAPK pathways together is more effective than that of either alone in attenuating pulmonary fibrosis
in mouse models (18, 19). Furthermore, nintedanib, an inhibitor of multiple tyrosine kinases that is FDA
approved for the treatment of IPF, has been shown to simultaneously target multiple signaling pathways
involved in fibroblast activation and pulmonary fibrosis (20). Therefore, identification of a single drug or
therapeutic target that impacts more than 1 pathway or cellular process of fibroblast activation could both
prevent and reverse fibrosis, leading to improved lung function.

Global gene-expression data are useful for classification and characterization of IPF-specific gene
sets that regulate fibroblast processes (e.g., proliferation, migration, invasiveness, and ECM production)
involved in IPF pathogenesis. Here, we have taken an unbiased chemical genomics approach to identify
drug targets that can alter multiple gene networks involved in IPF-related fibroblast activation. By pre-
screening more than 1 million diverse small-molecule-driven gene-expression profiles in cells with IPF
gene signatures, we identified Hsp90 as a potential therapeutic target for IPF. Hsp90 is a highly conserved
molecular chaperone involved in protein folding and stabilization of a variety of client proteins associated
with the activation of key signaling pathways and regulatory systems (21, 22). The biological activity of
Hsp90 depends on its capacity to bind and hydrolyze ATP, which drives the closed conformation of the
Hsp90 chaperone that represents its active form (23, 24). Studies have demonstrated that inhibition of
Hsp90 activity significantly impairs migration and invasion of cancer cells (25, 26). An inhibitor of Hsp90
ATPase activity, 17-N-allylamino-17-demethoxygeldanamycin (17-AAG) exerts antitumor effects by selec-
tively binding to a conserved binding pocket in the N-terminal domain of Hsp90, inhibiting both ATP
binding and ATP-dependent Hsp90 chaperone activity (27). In particular, cytoplasmic Hsp90 interacts with
actin and tubulin to stabilize the cytoskeleton and regulate cell motility (28), a key cellular process in the
pathogenesis of fibrosis in multiple tissues. In support of this, Hsp90 is a molecule of emerging interest in
studies of fibrosis of the lung (29), skin (30), heart (31), marrow (32), prostate (33), joints (34), and kidney
(35). A recent study demonstrated overexpression of Hsp90 in the skin that was critical for TGF-B—driven
collagen production and myofibroblast differentiation in systemic sclerosis (30). Pharmacological inhibi-
tion of Hsp90 ATPase activity was sufficient to reduce bleomycin-induced dermal fibrosis in Tsk-1 mice,
with no toxic effects observed. Furthermore, inhibition of Hsp90 by 17-AAG repressed ECM production
in murine renal and liver fibrosis models (35-37); however, the molecular basis for this remains unknown.

Here, we demonstrate that the levels of Hsp90 and associated ATPase activity are elevated in IPF
lungs and a mouse model of TGF-o~induced pulmonary fibrosis. Our findings describe a potential role of
Hsp90 in pulmonary fibrosis via activation of proliferation, motility, fibroblast to myofibroblast transfor-
mation, and ECM production. Functional enrichment analysis of gene networks was used to identify the
gene targets regulated by Hsp90 in IPF. Further, our in vivo studies established the therapeutic efficacy of
17-AAG as an antifibrotic agent in attenuating established and ongoing pulmonary fibrosis. These data
suggest unique mechanisms for the generation of pulmonary fibrosis by Hsp90 and use of 17-AAG in the
treatment of pulmonary fibrosis.

Results

Upregulation of Hsp90-driven gene networks in IPF. To identify novel gene candidates for intervention in IPF, we
queried differentially expressed gene (DEG) signatures that are up- or downregulated genes in IPF lungs com-
pared with normal lungs (8), using the Library of Integrated Network-based Cellular Signatures (LINCS)
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Figure 1. Hsp90-regulated gene networks in idio-
pathic pulmonary fibrosis (IPF). (A) Venn diagram
depicting the comparison and overlap of differ-
entially expressed genes in IPF lungs and 17-AAG
treatment (from LINCS). Of the 2,879 genes differen-
tially expressed in IPF lungs, 475 genes overlapped
with differentially expressed genes following 17-AAG
treatment. The box indicates genes that are up- (135
genes) or downregulated (DN, 140 genes) in IPF
lungs compared with 17-AAG treatment. (B) Hsp90-
driven gene networks that are activated in IPF

were analyzed using ToppFun and visualized using
Cytoscape. Red- and green-colored circles represent
genes that are up- and downregulated respectively
in IPF lungs. The blue-colored squares represent
enriched biological processes for the inversely cor-

|'|'.7 |:’T l';*" IL.TE.R related genes between Hsp90 treatment and IPF.
|'. SORBS2
@84 @28 TNS3ABHDs
TI@P1 SLC@3R1  TGEBR2
SEh3C cail LAMAS \oe by .
F@s MAP2K5 database (http://www.lincscloud.org/). The

c‘o RAPGEF2 LINCS library has gene-expression profiles
P"Z. N 5EF.32 induced by over 20,000 compounds, shRNAs,
c 12‘ *E.‘A.u and kinase inhibitors using the L1000 platform.

We used connectivity mapping (implemented
as LINCS cloud query app) to identify candi-
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date therapeutics that are reciprocally connect-

ed between L1000 perturbagens and IPF (38).
Among the top-ranked small molecules whose gene-expression profiles were inversely correlated to the IPF
DEG profile was 17-AAG (also known as tanespimycin), a derivative of the antibiotic geldanamycin and
a known inhibitor of Hsp90 ATPase activity (Table 1). Other major compound groups identified through
a connectivity-map approach include corticosteroids, tyrosine kinase inhibitors, MEK inhibitors, and an
inositol monophosphatase inhibitor. To elucidate the potential mechanism of action of 17-AAG in IPF, we
compared the respective gene-expression profiles of 17-AAG (from LINCS) to that of IPF and identified
multiple transcripts that were either up- (135 genes) or downregulated (140 genes) in IPF lungs (Figure 1A).
‘We performed an enrichment analysis of these negatively correlated gene sets (i.e., genes upregulated in IPF,
but downregulated by 17-AAG and vice versa) using the ToppFun application of the ToppGene Suite (39)
(Figure 1B). Notably, among the top enriched biological processes were fibroblast motility, proliferation,
growth, and ECM production (Figure 1B and Supplemental Table 1; supplemental material available online
with this article; https://doi.org/10.1172/jci.insight.91454DS1).

Increased immunostaining and activity of Hsp90 in fibrotic lungs. To validate Hsp90 as a candidate gene in
pulmonary fibrosis, we assessed the levels of Hsp90 by coimmunostaining IPF and normal lung tissue sec-
tions with antibodies against Hsp90 and vimentin. The expression of Hsp90 was detected in human lung
cells, including in vimentin-positive fibroblasts of normal and IPF lungs (Figure 2A). Notably, the staining
of Hsp90 was increased in the lung sections of human IPF compared with normal lungs. Furthermore,
images taken at high magnification demonstrated that Hsp90 was localized in both the cytosol and nucleus
of fibroblasts in IPF and non-IPF lungs. Also, we observed prominent Hsp90 immunoreactivity in pneu-
mocytes, airway epithelium, and fibroblast foci in areas of active fibrosis in IPF lungs (Figure 2A).

Hsp90 has been shown to attain an active state upon formation of a complex with other cochaperones, a
state in which Hsp90 exhibits increased ATPase activity (40). To determine the levels of Hsp90 in pulmonary
fibrosis, the lung lysates of control mice and TGF-o—transgenic (TGF-0-Tg) mice induced on doxycycline
(Dox) for 6 weeks were immunoblotted with antibodies against Hsp90. The levels of Hsp90 were heightened
in the fibrotic lungs of the TGF-o-Tg mice compared with the lungs of control mice (Figure 2, B and C). Fur-
ther, Hsp90-specific ATPase activity was quantified in the lung lysates of control mice and TGF-0-Tg mice
induced on Dox for 6 weeks. We observed a 2-fold increase in Hsp90 ATPase activity in the lung lysates of
fibrotic mice compared with normal mice (Figure 2D). Notably, we observed a significant increase in Hsp90
ATPase activity in the lysates of fibroblasts from IPF lungs compared with fibroblasts from normal lungs (Fig-
ure 2E). To determine whether Hsp90 isolated from fibrotic lungs had a higher binding affinity for 17-AAG
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Figure 2. Hsp90 and its ATPase activity elevated in fibrotic lungs. (A) Idiopathic pulmonary fibrosis (IPF, n = 4) and non-IPF (n = 6) lung tissue sections
immunostained with antibodies against Hsp90 (brown) and vimentin (purple). All images obtained at low (x5; scale bars = 400 um) and high (x40; scale
bars = 50 um) magnification. Dashed boxes indicate the area of the lung shown in high-magnification images. Arrows indicate Hsp90 staining in the
cytoplasm and nucleus of vimentin-positive lung cells. Hsp90 localization was observed in epithelial cells and vimentin-positive cells of fibrotic foci. (B)
The lung lysates immunoblotted with antibodies against Hsp90 to measure increases in Hsp90 in the fibrotic lungs of TGF-a-transgenic (TGF-o-Tg) mice
compared with control mice on doxycycline (Dox) for 6 weeks. (C) Quantification of Hsp90 levels using Phosphor Imager software, and the amount of
Hsp90 normalized with GAPDH levels in the lung lysates of TGF-a-Tg mice compared with control mice on Dox for 6 weeks (n = 2/group). (D) Hsp30 ATPase
activity measured in the lung lysates of control or TGF-a-Tg mice on Dox for 6 weeks (n = 3/group). (E) Hsp90 ATPase activity measured in the lysates of
fibroblasts isolated from IPF and non-IPF lungs (n = 4/group). (F) Hsp30 binding affinity towards 17-AAG was evaluated in a competitive binding assay
using a biotinylated geldanamycin (biotin-GM) probe and increasing concentrations of 17-AAG in the lung lysates of control mice or TGF-a-Tg mice on Dox
for 6 weeks. (G) The percentage inhibition of biotin-GM binding to Hsp90 with increasing doses of 17-AAG in lysates isolated from fibrotic lungs compared
with normal lungs. The above results are representative of 2 to 3 independent experiments and reported as mean + SEM. An unpaired 2-tailed Student’s t
test was performed to measure the significance. *P < 0.05, **P < 0.005, and ***P < 0.0005.

than that from normal lungs, we incubated Hsp90 from the lysates of lung fibroblasts with increasing concen-
trations of 17-AAG in the presence of biotinylated geldanamycin (Figure 2F). Increasing doses of 17-AAG
resulted in a decrease in binding of Hsp90 to the geldanamycin, which was greatest with Hsp90 of fibroblasts
isolated from the fibrotic lungs of TGF-0—Tg mice compared with normal mice (Figure 2, F and G).
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Figure 3. Mechanisms of Hsp90-driven migration and invasion in fibroblasts. Primary lung fibroblasts (CD45Col1*) isolated from lung fibroblast
cultures of human idiopathic pulmonary fibrosis (IPF) or TGF-a-transgenic (TGF-a-Tg) mice on doxycycline (Dox) for 4 weeks by negative selection
with anti-CD45 magnetic beads. (A) Quantification of migration of IPF fibroblasts treated with vehicle or 17-AAG (1 uM) for 24 hours (n = 6/group).

(B) Quantification of invasiveness of IPF fibroblasts treated with vehicle or 17-AAG (1 uM) for 24 hours (n = 6/group). (C) Fibroblasts of TGF-a-Tg mice
on Dox for 4 weeks were transiently transfected with control, HspS0AA-specific, or Hsp90AB-specific siRNA for 48 hours and the migration was
quantified for 24 hours (n = 6/group). (D) Costaining of F-actin and Hsp90 in lung fibroblasts of TGF-a-Tg mice on Dox for 4 weeks. Hsp90 colocalized
(white signal) with F-actin in cytoplasmic fibrillary adhesions or focal complexes. Images were obtained at an original magnification of x40. Scale
bars: 40 um. (E) F-actin stained using phalloidin in lung fibroblasts of TGF-0-Tg mice on Dox for 4 weeks treated with vehicle or 17-AAG (1 uM) for

24 hours. Scale bars: 40 um. (F) Immunoblot analysis for FAK, p-Tyr7¢/5”7FAK, ERK, p-Tyr*®®ERK, cell division control protein 42 homolog (Cdc42), and
Ras homolog gene family, member A (RhoA) in the lysates of lung fibroblast of TGF-a-Tg mice on Dox for 4 weeks treated with vehicle or 177-AAG (0.5
uM) for 48 hours. (G) The total expression and phosphorylation of the indicated proteins were measured and normalized to GAPDH levels in the total
lysates (n = 3/group). (H) Quantification of Ccl3, Ccl20, 11-10, and Ccr5 gene transcripts relative to Hprt in the lung fibroblasts of TGF-a-Tg mice on Dox
for 4 weeks and treated with vehicle or 17-AAG (0.5 uM) for 24 hours. (1) Quantification of Has2, Cd44, Mmp12, and Timp1 gene transcripts relative to
Hprt in the lung fibroblasts of TGF-a-Tg mice on Dox for 4 weeks and treated with vehicle or 17-AAG (0.5 uM) for 24 hours (n = 3/group). Results are
representation of 3 independent experiments with similar results. Data shown are mean + SEM. An unpaired 2-tailed Student’s t test was performed
to measure the significance. *P < 0.05, **P < 0.005, ***P < 0.0005, and ****P < 0.00005.
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Inhibition of Hsp90 attenuates fibroblast migration and invasiveness. Excessive migration and invasiveness
are hallmarks of fibroblast activation that contribute to severe fibrotic lung disease (6, 7, 41). To iden-
tify whether inhibition of Hsp90 ATPase activity impedes migration and invasiveness of IPF fibroblasts,
we performed real-time 3D scratch assays in the presence and absence of 17-AAG. Upon treatment with
17-AAG, resident lung fibroblasts showed a significant reduction in the ability to migrate through Matrigel
(invasiveness) (Figure 3, A and B). Similarly, we observed diminished migration and invasion of resident
lung fibroblasts treated with 17-AAG compared with vehicle-treated resident lung fibroblasts isolated from
the fibrotic lungs of TGF-0—Tg mice on Dox for 4 weeks (Supplemental Figure 1A). Fibrocytes have been
shown to migrate and invade into the fibrotic lesions to augment the progression of fibrosis in mouse
models of pulmonary fibrosis (6, 15). In IPF, the number of fibrocytes in lung biopsies and circulating
blood has been shown to associate with severity of fibrotic lung disease (42, 43). Therefore, we assessed
whether 17-AAG inhibits the motility of fibrocytes isolated from human IPF lungs and also fibrotic lungs
of TGF-0—Tg mice on Dox for 4 weeks. Inhibition of Hsp90 ATPase activity resulted in a marked decrease
in the migration and invasion of fibrocytes isolated from both IPF lungs (Supplemental Figure 1B) and
lungs of TGF-0—Tg mice (data not shown). In mammalian cells, Hsp90AA and Hsp90AB are the 2 major
isoforms involved in Hsp90-driven functions (44). Although both isoforms bind similarly to their intracel-
lular cochaperones and display ATPase activity, in some cases Hsp90AA and Hsp90AB have differential
effects on substrate interactions (45, 46). To assess the relative contributions of Hsp90 isoforms on fibro-
blast migration, we measured migration of lung fibroblasts that were treated with siRNA specific for either
Hsp90AA or Hsp90AB mRNA, as well as control siRNA. Treatment of fibroblasts with Hsp90AA or
Hsp90AB siRNA specifically knocked down the corresponding isoform expression compared with con-
trol siRNA (Supplemental Figure 2, A and B). Fibroblast migration was significantly attenuated with the
deficiency of either Hsp90AA or Hsp90AB isoform compared with control siRNA treatment (Figure 3C).
Together, these data demonstrate that the migration capacity of fibroblasts was regulated by both Hsp90AA
and Hsp90AB isoforms.

To investigate the mechanisms of Hsp90-driven migration and invasion, lung fibroblasts were costained for
F-actin and Hsp90. Notably, we observed a strong colocalization of cytoplasmic Hsp90 with F-actin filaments
in fibroblasts (Figure 3D). Further, the formation of F-actin filaments was attenuated in fibroblasts treated
with 17-AAG compared with vehicle treatment (Figure 3E). To determine whether the formation of F-actin
filaments by Hsp90 was due to altered signaling via pathways involved in F-actin formation, we assessed focal
adhesion kinase (FAK), CDC42, and phosphorylation of ERK. Inhibition of Hsp90 ATPase activity resulted
in a significant decrease in the protein levels of total FAK and CDC42, and also phosphorylation of ERK, but
had no effect on the phospho-FAK/FAK ratio, total ERK, and RhoA protein levels (Figure 3, F and G).

Both migration and invasion of fibroblasts are regulated by altered expression of chemokines, cyto-
kines, and proteases in the lungs of IPF (1, 7, 47, 48). To address whether Hsp90 inhibition alters the
expression of genes involved fibroblast invasiveness, resident lung fibroblasts were treated with 17-AAG
for 24 hours and transcripts were analyzed using quantitative reverse transcription PCR (qRT-PCR). Treat-
ment with 17-AAG resulted in a significant decrease in the levels of chemokines and cytokines (Ccl3,
Ccl20, Cer5, and 11-10) (Figure 3H), as well as genes involved in the invasiveness of fibroblasts (Has2,
Cd44, Mmp12, and Timpl) (Figure 3I), while treatment with 17-AAG had no effect on expression of
Mmp2, Mmp9, or Timp2 (Supplemental Figure 3). Thus, the above data suggest that Hsp90 induces signal-
ing and the expression of genes involved in migration and invasiveness of fibroblasts in IPF.

Inhibition of Hsp90 attenuates fibroproliferation. The proliferative expansion of resident lung fibroblasts at
the site of injury is a critical pathological process during initiation and maintenance of fibrotic lesions in
the lung (6, 15). To identify the effect of Hsp90 inhibition on fibroproliferation, we treated lung fibroblasts
of human IPF with 17-AAG or vehicle for 24 hours. Inhibition of Hsp90 ATPase activity resulted in a
significant decrease in the percentage of proliferating cell nuclear antigen—positive (PCNA-positive) fibro-
blasts compared with vehicle treatment (Figure 4, A and B). Similarly, the proliferation of lung fibroblasts
isolated from the fibrotic lungs of TGF-0—Tg mice was inhibited in a dose-dependent manner, as the con-
centration of 17-AAG was increased from 0.01 uM to 1 uM at 48 hours (Figure 4C). To evaluate the role
of Hsp90 isoforms in proliferation, lung fibroblasts were treated with siRNA specific for either Hsp90AA
or Hsp90AB mRNA, as well as control siRNA for 72 hours and BrdU incorporation was assessed to quan-
tify the fibroblast proliferation. The loss of Hsp90AB was sufficient to inhibit proliferation of fibroblasts
compared with Hsp90AA siRNA-treated or control siRNA-treated cells (Figure 4D). To assess the role of

https://doi.org/10.1172/jci.insight.91454 6



. RESEARCH ARTICLE

A

0

Vehicle 17-AAG

o ke 2.0

,I{':.'

0.5 % ._°
0.0 "E" _é_

wn

AT E

g —

o

% Proliferating Cells
°
-
H
Proliferation ('Fold change')
=
Proliferation ('"Fold change”)
-
-

17-AAG (uM) & &

E Cdk4 Igf1 Mycn Sphk1 F Cdk4 Igf1 Mycn Sphk1
.57 .51 . . 1.59 1.5 1.2

-
w
o
;‘
o
p

i
I
v
.

;
:

i
e
|..|<| <
e
j‘-
-
|_{...|4

Fold induction
=1
e :
o
o
-]
W

0.0 ———— ol 00— 00— . ° NI N N
& \s < Q o Ooe QQQ o & o o & Q‘a“ o &9
A 4 W KN AN & ® & l?’\'2‘ & & R

Figure 4. Hsp90 regulates the proliferation of fibroblasts in fibrotic lesions. (A) Primary lung fibroblasts (CD45-Col1*) isolated from lung fibroblast
cultures of human idiopathic pulmonary fibrosis (IPF) lungs by negative selection with anti-CD45 magnetic beads. Fibroblasts were treated with vehicle

or 17-AAG (0.5 uM) for 24 hours and immunostained with antibodies against proliferating cell nuclear antigen (PCNA). Scale bars: 40 um. (B) The number
of PCNA-positive cells and total DAPI-positive cells were quantified using MetaMorph image analysis software (n = 3-4/group). Proliferation is indicated
as the percentage of proliferating cells in total DAPI-positive cells. Results are cumulative of 2 independent experiments (n = 3-4/group). (C) Quantifica-
tion of proliferation using the BrdU incorporation assay in lung resident fibroblasts isolated from lung cell cultures of TGF-a-transgenic (TGF-a-Tg) mice
on doxycycline (Dox) for 4 weeks. Fibroblasts treated with indicated doses of 17-AAG for 48 hours from beginning of the treatment relative to vehicle is
plotted. One-way ANOVA with Sidak's multiple comparisons test was used to measure significant difference. (D) Extent of proliferation was measured
using BrdU incorporation assay in lung fibroblasts isolated from lung cell cultures of TGF-a-Tg mice on Dox for 4 weeks and treated with control, Hsp90AA-
specific, or Hsp90AB-specific siRNA for 72 hours. Results are cumulative of 2 independent experiments (n = 4/group). One-way ANOVA with Sidak’s
multiple comparisons test was used to measure significant difference. (E) Quantification of Cdk4, Igf1, Mycn, and Sphk1 gene transcripts relative to Hprt

in the lung-resident fibroblasts of TGF-a-Tg mice on Dox for 4 weeks and treated with vehicle or 17-AAG (0.2 uM) for 24 hours. Results are representative
of 2 independent experiments with similar results (n = 4/group). (F) Quantification of Cdk4, 1gf1, Mycn, and Sphk1 gene transcripts relative to Hprt in the
lung fibroblasts of TGF-a-Tg mice on Dox for 4 weeks and treated with control, Hsp90AA-specific, or HspS0AB-specific siRNA for 72 hours. Results are rep-
resentative of 2 independent experiments (n = 3-4/group). Data shown are mean + SEM. An unpaired 2-tailed Student’s t test was performed to measure
the significance. *P < 0.05, **P < 0.005, ***P < 0.0005, and ****P < 0.00005.

Hsp90 in fibroproliferation, primary fibroblasts were treated with either 17-AAG or Hsp90AB siRNA, and
Hsp90-driven IPF network genes predicted to regulate fibroproliferation, such as Cdk4, Igfl, Mycn, and
Sphk1, were quantified (Figure 1A). Notably, either pharmacological inhibition of Hsp90 ATPase activity
with 17-AAG or genetic knockdown of Hsp90AB was sufficient to attenuate the expression of Hsp90-
driven genes involved in fibroproliferation (Figure 4, E and F). In contrast, Hsp90AA siRNA treatment had
no effect on proliferation or genes involved in fibroproliferation (Figure 4D and Supplemental Figure 4).
These findings clearly establish that Hsp90AB and its ATPase activity may function as positive regulators
of fibroproliferation in IPF.

Inhibition of Hsp90 attenuates ECM production. Myofibroblasts are the major effector cells responsible
for the excessive ECM deposition in the fibrotic lesions of human IPF (49-51). To investigate whether
inhibition of Hsp90 downregulates a-smooth muscle actin (aSma) and ECM gene expression, lung fibro-
blasts were treated with 17-AAG or vehicle for 24 hours and transcript levels of aSma, fibronectin (Fnl),
collagen type la (Colla), and Col5a were quantified by qRT-PCR. Inhibition of Hsp90 ATPase activity
resulted in a significant downregulation of ECM genes (Figure 5A). To determine the role of Hsp90AA
and Hsp90AB in ECM production, lung fibroblasts were treated with Hsp90AA- or Hsp90AB-specific
siRNA or control siRNA for 72 hours. Notably, loss of Hsp90AB was sufficient to attenuate the expres-
sion of ECM genes, such as aSma, Colla, and Col5a, but had no effect on Fnl compared with control
siRNA (Figure 5B). Hsp90AA siRNA treatment had no effect on the ECM genes (Supplemental Figure 5).
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Colla Col5a Figure 5. Hsp90 regylates aSMI-.\ and extracellular mat.rix
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lated from lung fibroblast cultures of TGF-a-transgenic mice
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tion, we performed lineage tracing studies using lung
resident fibroblasts isolated from aSMA reporter mice
v NI A (0SMACERROSA™T™C mijce). Primary fibroblasts were
cultured in the presence of tamoxifen and 17-AAG or
vehicle and treated with TGF-f for 72 hours to visual-
ize and quantify transformation of fibroblast to myofi-
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broblasts. In this system, upon activation of aSMA, fibroblasts change expression of membrane tomato
(red; mT) to membrane GFP (green; mG). As anticipated, we observed a significant increase in aSMA-
expressing cells (green) by treatment with TGF-f, and treatment with 17-AAG was sufficient to attenu-
ate the number of mG-expressing cells (Figure 6, A and B). To determine whether 17-AAG attenuates
TGF-p-induced ECM gene expression, human fibroblasts were treated with TGF-f in the presence and
absence of 17-AAG and transcripts of ECM genes were quantified by gqRT-PCR. As predicted, TGF-$
induced the expression of COLlo and FN1 (Figure 6, C and D). Notably, treatment with 17-AAG was
sufficient to attenuate TGF-B—driven expression of COL1a and FN1. As we observed differential regula-
tion of proliferation and ECM production, we investigated if Hsp90 isoforms play specific or redundant
functional roles in the transformation of fibroblasts to myofibroblasts. Notably, deficiency of Hsp90AB but
not Hsp90AA significantly attenuated TGF-p—driven fibroblast to myofibroblast transformation compared
with control siRNA treatment (Figure 6E). Together, our in vitro results establish that either inhibition of
Hsp90 ATPase activity or Hsp90AB expression was sufficient to attenuate TGF-B—driven myofibroblast
transformation and ECM gene expression.

Inhibition of Hsp90 ATPase activity attenuates IPF fibroblast activation. To identify whether inhibition of
Hsp90 ATPase activity regulates profibrotic processes of IPF fibroblasts, we treated human IPF fibroblasts
with vehicle or 17-AAG and assessed signaling pathways involved in F-actin formation and expression of
genes involved in proliferation, migration, invasion and ECM deposition. Treatment with 17-AAG resulted
in a significant decrease in the protein levels of total FAK but had no effect on the phospho-FAK/FAK ratio,
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Figure 6. Hsp90 inhibition attenuates TGF-B-induced myofi-
broblast transformation and ECM gene expression. (A) Primary
lung-resident fibroblasts (CD45-Col1*) were isolated from lung
cell cultures of aSMA“ERROSA™ ™t mice and treated with TGF-8
and 4-hydroxy tamoxifen in the presence and absence of 17-AAG
for 72 hours. Immunofluorescence images were obtained at
an original magnification of x10. Scale bars: 200 um. (B) The
number of GFP-positive and total DAPI-positive (blue) cells were
quantified using MetaMorph image analysis software (n = 4-5/
group) and are indicated as the percentage aSMA-positive cells
D in total DAPI-positive cells. Data are cumulative of 2 indepen-
61 COL1a FN1 dent experiments with similar results. (C and D) Human lung-
. 1 resident fibroblasts (CD45 Col1*) were isolated from non-idio-
E— = = e pathic pulmonary fibrosis (non-IPF) lung fibroblast cultures and
- treated with TGF-f in the presence and absence of 17-AAG for
24 hours. Transcripts of extracellular matrix (ECM) genes COL1o.
and FN1 were quantified using qRT-PCR and are shown as the
fold-induced gene transcripts relative to GAPDH. Data are repre-
51 1] odhe = sentative of 2 independent experiments with similar results (n =
-} A 4-5/group). (E) Lung-resident fibroblasts of aSMAtRRQSA™™™C
LY mice were transfected with control, Hsp90AA-specific, or
0 . . . 0 —————  Hsp90AB-specific siRNA. After a 24-hour transfection, cells
TGFp - + + TGFp -+ TGFp .+ were treated with TGF-$ and 4-hydroxy tamoxifen for 72 hours
17-AAG - - + 17-AAG - -+ 17-AAG - -+ and the number of GFP-positive and total DAPI-positive cells
E were quantified using MetaMorph image analysis software (n =
101 4-5/group). Data are cumulative of 2 independent experiments
with similar results. One-way ANOVA with Sidak’s multiple
comparisons test was used to measure significant difference for

all the experiments. All data shown are mean + SEM. *P < 0.05,
¥ **P < 0.005, and ***P < 0.0005. ns, not significant.
v
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* total ERK, CDC42, and RhoA protein levels (Figure 7, A
and B). Inhibition of Hsp90 ATPase activity resulted in a
significant reduction in the expression of genes involved in

[¥]

o
siControl + + - R
TGFp - + + + migration and invasiveness of IPF fibroblasts (Figure 7C).

siHsp90AA - - + - Similarly, pharmacological inhibition of Hsp90 ATPase
siHSP90AB B} - ; + activity with 17-AAG was sufficient to attenuate the expres-
sion of genes involved in fibroproliferation (CDK4, IGF1,
and SPHK1) and ECM deposition (COL1a, COLS5a, and
FN1) (Figure 7, D and E). Thus, the ATPase activity of Hsp90 induces proliferation, migration, invasion, and

ECM deposition in IPF fibroblasts, which was also seen in the fibroblasts of the TGF-o model.

Inhibition of Hsp90 ATPase activity attenuates pulmonary fibrosis in vivo. We evaluated the potential ben-
efits of Hsp90 inhibition in pulmonary fibrosis using a mouse model of TGF-o—induced pulmonary fibro-
sis. Our previous studies have demonstrated that conditional overexpression of TGF-a induces progres-
sive fibrosis in the adventitia, parenchyma, and subpleural areas of the lung with histologic features and
genomic profiles similar to human IPF (16, 54, 55). At 3 weeks on Dox, TGF-0—Tg mice developed detect-
able fibrosis in subpleural and adventitial areas of the lung and also modest increases in lung weights and
hydroxyproline levels (Supplemental Figure 6). The above changes progressed and increased significantly in
TGF-0-Tg mice continued on Dox for an additional 3 weeks compared with control mice or mice on Dox
for 3 weeks (Supplemental Figure 6). To determine whether Hsp90 inhibition influences the progression of
established fibrosis, following 3 weeks of Dox treatment when fibrosis is already manifest, TGF-0—Tg mice
were administered 17-AAG while remaining on Dox for an additional 3 weeks (6 weeks total) (Figure 8A).
The right lung weights were increased in TGF-a—Tg mice compared with control mice on Dox for 6 weeks.
This increase in lung weights was attenuated in TGF-o—Tg mice treated with 17-AAG when compared with
vehicle-treated TGF-0—-Tg mice (Figure 8B). Similarly, the total lung hydroxyproline levels were increased
in TGF-0-Tg mice treated with either vehicle or 17-AAG (Figure 8C). However, this increase in the lung
hydroxyproline levels was attenuated in TGF-o—Tg mice treated with 17-AAG compared with vehicle-treat-
ed TGF-0-Tg mice (Figure 8C). Masson’s trichrome staining of lung sections revealed extensive subpleural
thickening and adventitial lung fibrosis in TGF-0—Tg mice compared with vehicle-treated control mice
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Figure 7. Hsp90 regulates activation of IPF fibroblasts. Primary lung resident fibroblasts (CD45 Col1*) were isolated from human idiopathic pulmonary
fibrosis (IPF) lung cell cultures and treated with vehicle or 17-AAG. (A) Immunoblot analysis for FAK, p-Tyr¥®/*”’FAK, ERK, p-Tyr*®ERK, CDC42, and RhoA

in the lysates of IPF lung fibroblasts treated with vehicle or 17-AAG (0.5 uM) for 48 hours. (B) The total expression and phosphorylation of the indicated
proteins were measured and normalized to GAPDH levels in the total lysates of IPF lung fibroblasts treated with vehicle or 17-AAG (0.5 uM) for 48 hours (n
= 3/group). (C) Quantification of CD44, MMP12, and CCR5 gene transcripts relative to GAPDH in IPF lung fibroblasts treated with vehicle or 17-AAG (0.2 uM)
for 24 hours (n = 3-6/group). (D) Quantification of CDK4, IGF1, and SPHK1 gene transcripts relative to GAPDH in IPF lung fibroblasts treated with vehicle or
17-AAG (0.2 uM) for 24 hours (n = 6/group). (E) Quantification of COL1a, COL5a, and FN1 gene transcripts relative to GAPDH in IPF lung fibroblasts treated
with vehicle or 17-AAG (0.5 uM) for 24 hours (n = 6/group). Data are representative of 2 independent experiments with similar findings. Data shown are
mean + SEM values. *P < 0.05, **P < 0.005, ***P < 0.0005, and ****P < 0.00005.

insight.jci.org

(Figure 8D). However, the therapy with 17-AAG resulted in a significant decrease in subpleural thickening,
as well as reduced adventitial fibrosis compared with vehicle-treated TGF-0—Tg mice. Increased aSMA
and Ki67 immunostaining were detected in the subpleural fibrotic lesions in TGF-0—Tg mice compared
with vehicle-treated control mice, which was significantly diminished by 17-AAG treatment (Figure 8, E
and F). Further, we quantified the changes in fibrosis specifically in the subpleural region by measuring the
pleural thickness in the lung sections from all groups. Not surprisingly, TGF-0—Tg mice show a significant
increase in subpleural thickness after 6 weeks on Dox treatment compared with nontransgenic control
mice. This increase in subpleural thickness was attenuated in TGF-0—Tg mice administered 17-AAG com-
pared with vehicle-treated TGF-0-Tg mice (Figure 8G). We evaluated the mean alveolar chord length to
determine the potential toxic effects of Hsp90 inhibition on lung alveolar integrity during TGF-o—induced
pulmonary fibrosis. The mean alveolar chord length was increased in Dox-induced TGF-o—Tg mice com-
pared with control mice treated with Dox for 6 weeks (Figure 8H). This increase in alveolar chord length
was not altered in TGF-a—Tg mice treated with 17-AAG when compared with vehicle-treated TGF-0-Tg
mice. Thus, our in vivo data suggest that Hsp90 plays a critical role in pulmonary fibrosis and inhibition of

https://doi.org/10.1172/jci.insight.91454
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Figure 8. Therapeutic administration of
17-AAG attenuates pulmonary fibrosis
in vivo. (A) Schematic representation

of 17-AAG treatment protocol in vivo.
Control and TGF-a-transgenic (TGF-a-Tg)
mice were treated with vehicle or 17-AAG
(15 mg/kg; once per day) for the last 3
weeks while remaining on doxycycline
(Dox) for a total of 6 weeks. (B) Quanti-
fication of the right-lung weight of mice
treated with vehicle or 17-AAG (n = 5-7/
group). (C) Quantification of total lung
hydroxyproline levels in mice treated
with vehicle or 17-AAG (n = 5-7/group).
(D) Images of Masson's trichrome-
stained lung sections from all the groups.
Top, subpleural regions of the lung; bot-
tom, adventitia. All images were taken
at an original magnification of x10. Scale
bars: 200 um. Images are representative
of each group (n = 5-7/group). (E) Assess-
ment of aSMA immunoreactivity by
immunohistochemistry in the subpleural
fibrotic lesions of the lung sections from
each group (n = 5/group). All images were
taken at an original magnification of
x20. Scale bars: 50 um. (F) Assessment
of Ki67 immunoreactivity in the subpleu-
ral fibrotic lesions of the lung sections
from each group (n = 5/group). All images
were taken at an original magnification
of x20. Scale bars: 50 um. (G) Subpleural
thickness was quantified in the Mas-
son’s trichrome-stained lung sections of
control mice and TGF-a-Tg mice treated
with vehicle or 17-AAG (n = 4-5/group).
(G) Mean chord length was quantified

in the Masson'’s trichrome-stained lung
sections of control mice and TGF-a-Tg
mice treated with vehicle or 17-AAG (n

= 4-5/group). Statistical significance
was measured using 1-way ANOVA with
Sidak’s multiple comparison test for all
the experiments. *P < 0.05, **P < 0.005,
***P < 0.0005, and ****P < 0.00005.
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Hsp90 using 17-AAG attenuates TGF-o—induced progressive subpleural thickening and pulmonary fibro-
sis. Together, these studies demonstrate that Hsp90 inhibition at the time of extensive and established fibro-
sis modulates the progression of the disease based on biochemical and histologic parameters.

Discussion

The lack of knowledge regarding the molecular regulators that initiate and maintain key fibrogenic pro-
cesses is the major limitation in developing effective new therapies for IPF. Here, we adopted an unbiased
chemical genomic approach and identified Hsp90 as a potentially novel regulator of fibroblast activation in
the pathogenesis of IPF. Hsp90 was ranked as one of the top therapeutic drug candidates with antifibrotic
and therapeutic potential based on reversing IPF gene signatures involved in fibroblast activation, such as
proliferation, growth, motility, and ECM production. Our findings offer a preclinical validation of Hsp90
as a potential therapeutic candidate for fibrotic lung disease and also mechanistic details for Hsp90-driven
fibroblast activation. We identified Hsp90-driven gene networks that were fibroblast-specific and previously
associated with IPF, such as genes involved in dysregulated tissue remodeling (COL1a, COL5a, COL6a,
aSMA, and MMPs), fibroproliferation (IGF1, SPHK1, CDK4, and MYCN), and fibroblast motility (CCL2,
CCL3, CCL20, IL-6,IL-10, HAS2, CD44, and CCRY5). One of the most consistently upregulated gene axes
in IPF was HAS2 and CD44 transcripts, which have been shown to regulate invasiveness of fibroblasts in
severe fibrotic lung disease (6, 7, 41). Consistent with genomics data, we observed a strong immunoreactiv-
ity against Hsp90 protein in the lung sections of human IPF that predominantly contains the mesenchymal
component. Hsp90 ATPase activity was found to be elevated in fibroblasts isolated from lungs with active
fibrosis, in both IPF lungs and the TGF-a mouse model of pulmonary fibrosis. Further, Hsp90 exhibited a
higher affinity for 17-AAG than its parent compound, geldanamycin, in fibrotic protein lysates compared
with nonfibrotic controls. The findings suggest that 17-AAG can selectively target Hsp90 of fibrotic lungs
due to its higher binding affinity.

Hsp90 is a molecule of emerging interest in studies of oncology and several chronic tissue remodeling
diseases of the lung, heart, liver, joints, and kidney (30, 31, 35, 56). Our findings demonstrate that phar-
macological inhibition of Hsp90 attenuated fibroproliferation, ECM production, and myofibroblast accu-
mulation, both in vitro and in vivo. In particular, chronic administration of a pharmacologically relevant
dose of 15 mg/kg 17-AAG over 3 weeks resulted in significant reduction in subpleural thickness, collagen
deposition, and ECM-producing myofibroblasts in a mouse model of TGF-o—induced pulmonary fibro-
sis. Pulmonary fibrosis in the TGF-o—overexpressing mouse model resembles clinical features observed
in human disease, including the excessive proliferation of fibroblasts, ECM deposition, and myofibroblast
transformation, as well as progressive subpleural thickening radiating toward the parenchyma (15, 16, 57).
‘We did not observe toxicities from 17-AAG in this study, but higher doses of 17-AAG than those used here
have been shown to induce toxicity in mice (58-60). In fact, our immunostaining suggests that airway and
alveolar epithelial cells also expressed significant amounts of Hsp90, which might play a role in epithelial
cell functions in IPF. Therefore, future studies are warranted to identify and validate the client proteins of
Hsp90 that regulate myofibroblasts and other lung cell functions in IPF.

The role of TGF-B has been well established in fibrotic diseases, where overexpression of TGF-§ alone
induces fibrosis in skin, kidney, heart, and lung (61-63). TGF-B signals through heteromeric complex-
es to activate Smad2 and Smad3 (Smad2/3), which then forms a heteromeric complex with Smad4 that
regulates transcription of genes involved in fibroblast activation, differentiation, and ECM production.
Moreover, TGF-$ has been shown to play an important role in the maintenance of established fibrosis in
a TGF-a—driven pulmonary fibrosis mouse model (64). Our data demonstrate that supplementation of
TGF-p alone was sufficient to induce fibroblast to myofibroblast transformation and ECM gene expression
in fibroblast cultures, and that the addition of 17-AAG or the loss of the Hsp90AB isoform significantly
attenuated TGF-B—mediated myofibroblast transformation and ECM gene expression. Our observations
support previous findings that Hsp90 plays a critical role in activation of TGF-§ signaling, and inhibition
of Hsp90 using 17-AAG blocks TGF-B—mediated fibroblast activation and ECM production by inhibiting
the Smad and non-Smad pathways (30, 65). Taken together, these results suggest that Hsp90 is a central
mediator for multiple signaling pathways and profibrotic processes that converge to activate fibroblasts in
severe fibrotic disease.

In mammalian cells, 5 different isoforms of Hsp90 have been identified, and the Hsp90AA and Hsp-
90AB isoforms are the 2 major members of the Hsp90 family. A gene duplication event was thought to
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be responsible for the generation of Hsp90AA and Hsp90AB isoforms, which share 85% sequence iden-
tity and possess an ATPase catalytic center in their N-terminal domain (45, 46). However, structurally
Hsp90AA lacks the signal peptide in its N-terminus and possess a large variable region compared with the
Hsp90AB isoform (44). Although Hsp90 was shown to interact with more than 700 client proteins and
protein interactomes, Hsp90AA and Hsp90AB have unique and overlapping protein partners (45, 66—68).
Notably, Hsp90AB interacts with a larger number of client proteins compared with Hsp90AA (45). Addi-
tionally, different isoforms of Hsp90 display distinct binding preferences for small-molecule inhibitors (69,
70). Our data reveal that the genetic knockdown of Hsp90AB, but not Hsp90AA, attenuates fibroprolifera-
tion, myofibroblast transformation, and ECM production. Further, we have identified several Hsp90-driven
gene targets (CDK4, IGF1, MYCN, and SPHK1) that might play a critical role in fibroblast proliferation
in severe fibrotic lung disease. The knockdown of Hsp90AB attenuated gene expression of the ECM genes
Colla, Col50, and aSma, but had no effect on Fnl, suggesting that FN1 may not be a direct target of
Hsp90AB. However, our results from 17-AAG treatment of fibroblasts suggest that Hsp90 also regulated
Fn1 expression via unknown mechanisms. In support of our findings, the Hsp90AB isoform is upregulated
in breast and lung cancer tissues and the expression levels of Hsp90AB are associated with lymphatic inva-
sion and decreased survival (26, 71-74). Earlier structural studies have demonstrated that Asp93 in Hsp90
makes a direct hydrogen bond with the exocyclic N6 group of adenine of bound ATP/ADP nucleotide and
site-directed mutagenesis of Asp88 to asparagine (D88N) in Hsp90AB resulted in the loss of ATP binding
and ATPase activity (23, 24, 75). In support of our findings, overexpression of a dominant-negative mutant
of Hsp90 (D88N) abolished stress fiber formation and migration (75). Additionally, Hsp90AB is induced
in response to TGF-f in fibroblasts isolated from systemic sclerosis patients and mouse skin, and inhibition
of Hsp90AB in vitro using 17-dimethylaminoethylamino-17-demethoxygeldanamycin (17-DMAG) was
sufficient to attenuate collagen production (30). Together, these results suggest an isoform-specific role for
Hsp90 and its ATPase activity in fibrotic lung diseases.

Migration and invasion through matrix by fibroblasts is central to the pathogenesis of various cancers
(76) and fibrotic processes (6, 7). Increased migration of fibroblasts and the number of circulating fibrocytes
has been shown to be associated with severity of the disease in patients with IPF and mouse models of
pulmonary fibrosis (15, 43, 77, 78). The direct role of Hsp90 isoforms in fibroblast migration has not been
previously studied. We demonstrate that both Hsp90AA and Hsp90AB isoforms play an important role in
the migration of primary lung fibroblasts. Invasive capacity is the most important and targetable malignant
feature of cancer. Hsp90 plays a key role in cellular motility in breast, colorectal, and prostate cancers and
the vascular smooth-muscle cells of atherosclerosis, and inhibition of Hsp90 resulted in restriction of cellu-
lar migration and invasion (79). In agreement with this, our data demonstrate that Hsp90 plays an important
role in fibroblast and fibrocyte migration and invasion in pulmonary fibrosis, since targeting Hsp90 with
17-AAG results in almost complete suppression of migration and invasion. We demonstrated that Hsp90 is
a positive regulator of F-actin filament formation by modulating the levels of FAK, Cdc42, and phospho-
ERK. In particular, Hsp90 ATPase activity is required for Cdc42 production, but has no effect on expression
of Rho, a family of small GTPases that are key molecular regulators of cell motility (80, 81). Binding of
Rho, Rac, and Cdc42 to GTP results in recruitment of a range of target proteins that drive actin reorganiza-
tion (81-83). RhoA promotes formation of actin stress fibers, whereas Cdc42 signaling leads to the forma-
tion of actin-rich spikes called filopodia (82). However, we did not observe changes in phosphorylation of
FAK or total ERK levels, suggesting differential effects of Hsp90 on regulation of FAK and ERK signaling
in fibroblast migration and invasiveness. In support of our observations in pulmonary fibrosis, reports from
scleroderma and bleomycin mouse models of skin fibrosis suggest that elevated Hsp90 activates fibroblasts
by stabilizing the TGF-f receptor and integrin-linked kinase, which in turn modulate focal adhesion dynam-
ics and fibroblast motility in skin fibrosis (84). These data suggest to us that inhibition of Hsp90 is a reason-
able strategy for attenuating fibroblast motility in IPF. Further, activated fibroblasts isolated from fibrotic
lesions express high levels of chemokines and chemokine receptors and secrete profibrotic cytokines, which
are potential mediators of fibroblast migration and the fibrogenesis during tissue injury. The invasive pheno-
type of fibrotic fibroblasts induces expression of elevated chemokine receptors (e.g., CD44 and CCR5 and
its corresponding ligands, such as hyaluronan) in response to the lung injury in IPF (6, 7, 41). Conditional
deletion of HAS2 or targeting the CD44 receptor using antibodies was sufficient to inhibit fibroblast invasion
and pulmonary fibrosis in bleomycin-induced pulmonary fibrosis (7, 41, 85). Our new findings have identi-
fied Hsp90 as a promising candidate to inhibit CCR5, CD44, and HAS2 expression. Also, Hsp90 regulates
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BrdU-incorporation  assay,
we have demonstrated that
inhibition of Hsp90 ATPase
activity by 17-AAG attenu-
ates proliferation of fibro-
blasts isolated from both IPF
patients and TGF-o—-induced
pulmonary fibrosis in mice. Notably, both Ki67 staining and subpleural thickening were attenuated in
TGF-0-Tg mice treated with 17-AAG in vivo. Analysis of the dose-dependent kinetics for 17-AAG-medi-
ated attenuation of fibroproliferation demonstrated that 50 nM 17-AAG was sufficient to significantly
inhibit activated fibroblast proliferation over 48 hours without detectable cell necrosis in vitro. Fibroblast
proliferation is an important cellular process involved in pulmonary fibrogenesis, and IPF-directed thera-
pies such as nintedanib act to attenuate the proliferation of lung fibroblasts and inhibit differentiation of
fibroblasts into myofibroblasts (20). Several lines of evidence from cancer studies have shown that Hsp90
plays a critical role in cell proliferation by regulating progression through the G2/M cell-cycle phase (21,
60). Inhibition of Hsp90 by 17-AAG induces cell-cycle arrest and results in apoptosis of a lymphoma
cell line through downregulation of cyclin D1 and Cdk4 and by activation of caspase 9 (86). Hsp90
inhibitors, such as STA-9090, inhibit proliferation and induce apoptosis in K-Ras—, HER2/neu—, and
EGFR-mutant non-small-cell lung cancer cell lines (26), suggesting a role for Hsp90 in different signal-
ing pathways that converge to cell proliferation. IGF1 and SPHK1 have been shown to be upregulated
in response to TGF-§ stimuli in lung fibroblasts, and blockade of the above gene expression resulted in
abrogation of fibroblast proliferation and reduced pulmonary fibrosis in the bleomycin-induced fibrosis
mouse model (87-89). Similarly, MYCN, a known regulator of lung progenitor cell proliferation and
differentiation during lung development, is upregulated in TGF-o—induced pulmonary fibrosis (15, 90).
Hsp90-specific IPF networks have identified CDK4, IGF1, SPHK1, and MYCN as potential gene targets
that may regulate the proliferation of fibroblast in pulmonary fibrosis. We have demonstrated in vitro
that inhibition of Hsp90 ATPase activity in fibroblasts downregulates these gene transcripts, thereby
regulating fibroproliferation. However, Hsp90 has been shown to regulate several client proteins that
might play an important role in the prosurvival of cancer cells. Hsp90-driven activation of antiapoptotic
pathways may result in progressive expansion or impaired clearance of fibroblasts in subpleura and other
areas of the lung (25, 91). Therefore, further studies are needed to identify the precise molecular interac-
tions between the proliferative genes, survival genes, and Hsp90 in pulmonary fibrosis.

We conclude that increased Hsp90 ATPase activity plays a critical role in fibroblast activation in severe
fibrotic lung disease. Gene-knockdown studies have demonstrated in vitro that Hsp90AB, but not Hsp90AA,
is required for fibroblast proliferation, myofibroblast transformation, and ECM production, whereas the
expression of both Hsp90AA and Hsp90AB isoforms was required in fibroblast migration. The findings
from this study indicate that both Hsp90AA and Hsp90AB isoforms must be targeted to inhibit both overlap-
ping and unique cellular properties by the isoforms (Figure 9). Our preclinical findings support a pathogenic
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role for Hsp90 in IPF and demonstrate that Hsp90 is a plausible therapeutic target at the molecular, cel-
lular, and whole-animal levels. Our observations that Hsp90 inhibition attenuated fibroblast activation and
myofibroblast accumulation and collagen deposition without any detectable toxic effects serve as proof of
principle for a future interventional role of Hsp90 in the treatment of fibrotic lung disease.

Methods

Please see Supplemental material for methods not described in this section.

TGF-o—transgenic mice and pharmacological treatment. TGF-o—overexpressing mice were generated in an
FVB/NJ inbred strain background as described previously (54). Homozygous Club cell (Clara cell)-specific
protein-rtTA1/2 (CCSP) mice were mated with heterozygous (TetO) 7-cmv TGF-0-Tg mice to generate
transgenic TGF-a (CCSP/TGF-u) mice. Female mice, 8-14 weeks old, were used in all experiments. Mice
were housed under specific pathogen—free conditions, and all animal experimental protocols were approved
by the IACUC of the Cincinnati Children’s Hospital Research Foundation. TGF-a expression was induced
by administering food containing Dox (62.5 mg/kg) to CCSP/TGF-0—Tg mice for 6 weeks. CCSP/— mice
fed with Dox food were used as nonfibrotic controls. A stock solution of 17-AAG (Tocris) was prepared in
20% DMSO + 20% Cremophor + 60% PBS solution to make a 1 mg/ml drug solution. The drug was pre-
pared every day, and dosing throughout the study was based on original baseline animal body weights and
not adjusted for weight changes. Mice were treated with 17-AAG (15 mg/kg once daily, 7 d/wk) i.p. for 3
weeks. Control mice were treated with similar volumes of the vehicle. Mice were weighed at the beginning
of the study and at weekly intervals.

aSMA reporter mice. The SMMHCCERTZ*ROSA™T™C/* heterozygous male transgenic mouse strain was
generated by crossing male SMMHCC<ERT>* (Jackson Laboratory, stock 019079) mice with ROSA™®™C
mice (15). Heterozygous SMMHC® T2+ mice (knock-in allele) are phenotypically normal and can be
used to track the genetic lineage of aSMA-expressing cells. Heterozygous SMMHCCERTZ+ROS AmTmG/+
mice (knock-in allele) express CreERT2 under the control of the promoter for mouse smooth muscle myo-
sin, heavy polypeptide 11 (92).

Human tissue samples. Human IPF (n = 4) and control non-IPF (n = 6) biopsies were obtained from Eric
White, Department of Internal Medicine, University of Michigan Health System (UMHS). The biopsy
material consisted of archived, paraffin-embedded, pathological specimens previously acquired from adult
patients who had undergone lung transplantation for IPF. IPF was diagnosed according to the American
Thoracic Society consensus criteria (93). Lung samples from donors’ lungs with no lung disease were used
as normal lung biopsies. All tissues were acquired using research protocols and informed consent and
approved by the UMHS Institutional Review Board. All materials were de-identified to the research team.

Computational analysis. A previously published transcriptomic data set (GSE53845) (8) derived from
analysis of the lung biopsies of 40 IPF patients and 8 healthy controls and available in the National Center
for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) (94) was used to identify DEGs.
Differential analysis for genes was performed using the R package limma or GEO2R (http://www.ncbi.
nlm.nih.gov/geo/geo2r/) with P value and FDR threshold at 0.05 and fold-change threshold at 1.5 (95).
This IPF gene signature was queried against the LINCS database (http://www.lincscloud.org/), a massive
catalog of gene-expression profiles collected from human cells treated with chemical and genetic pertur-
bagens, using a connectivity-map approach as described previously (38). Briefly, the IPF DEG signature is
queried against the 1.4 million gene-expression profiles in the LINCS L1000 dataset. The pattern-matching
software in the LINCS cloud searches for 2-directional matches, taking into account both the up and down
gene sets, in comparing IPF query against L1000 compound signatures (Z-scored differential expressions).
The LINCScloud query app (http://apps.lincscloud.org/) then generates a list of rank-ordered signatures
based on their strength of the match to the query, from highest to lowest. Functional enrichment analysis of
the negatively correlated gene sets between IPF lungs and 17-AAG-treated cells from the LINCS database
was conducted using the ToppFun application of the ToppGene Suite (39). For network representation of
select significantly enriched biological processes and pathways, we used Cytoscape (96).

Immunohistochemistry. Formalin- or OCT-fixed human lung tissue sections from non-IPF (# = 3) and
IPF (n = 4) patients were prepared and immunostained with antibodies against Hsp90 (Santa Cruz Biotech-
nology, SC-7947) and vimentin (Abcam, ab137321) as described previously (15). All images were obtained
using a Leica DM2700 M bright-field microscope. High-magnification images (x40) were captured with a
3CCD color video camera.

insight.jci.org  https://doi.org/10.1172/jci.insight.91454 15



. RESEARCH ARTICLE

insight.jci.org

Histology, pleural thickness, and chord length measurement. Lungs were inflation fixed using 10% for-
malin and stained with Masson’s trichrome or H&E as previously described (15). For pleural thick-
ness measurement, 5 random measures per lung section were obtained for each animal using a bright-
field microscope (Leica Microsystems). For chord length measurements, 7 randomly selected uniform
fields per lung tissue section in the alveolar regions were obtained for each animal. High-magnification
images (x40) were captured with a 3CCD color video camera and analyzed using MetaMorph imaging
software (v6.2; Molecular Devices). Pleural thickness and mean chord length were measured using the
measured-distance function of MetaMorph.

Hydroxyproline assay. Lung fibrosis was assessed by measuring hydroxyproline levels and normalizing to
lung weight, using a colorimetric assay as previously described (6, 97).

Statistics. All data were analyzed using Prism (version 5; GraphPad). One-way ANOVA with Sidak’s
multiple comparison post-test was used to compare different experimental groups. Student’s ¢ test was
used to compare between 2 experimental groups. Data were considered statistically significant for P
values less than 0.05.
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