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Pulmonary fibrosis is characterized by alveolar epithelial cell injury, lung fibroblast
proliferation, differentiation, and extracellular matrix (ECM) deposition. Our previous
study indicated that extracellular HSP90α (eHSP90α) promotes pulmonary fibrosis by
activating the MAPK signaling pathway. Thus, treatment with 1G6-D7 (a selective HSP90α
monoclonal antibody) to antagonize eHSP90α could effectively ameliorate fibrosis. This
study aimed to elucidate the mechanism underlying the effects of eHSP90α in pulmonary
fibrosis by focusing on its link with endoplasmic reticulum (ER) stress. Our results showed
that eHSP90α promoted lung fibroblast differentiation by activating ER stress. Treatment
with the ER stress inhibitor tauroursodeoxycholate (TUDCA) or glucose-regulated protein
78 kDa (GRP78) depletion significantly abrogated the effect of eHSP90α on ER stress and
fibroblast activation. In addition, eHSP90α induced ER stress in fibroblasts via the
phosphoinositide-4,5-bisphosphate 3-kinase (PI3K)-protein kinase B (AKT) signaling
pathway, which could be blocked by the PI3K/AKT inhibitor LY294002, and blockade
of eHSP90α by 1G6-D7 markedly inhibited ER stress in the model, indicating preventive
and therapeutic applications. Intriguingly, we observed that TUDCA effectively reduced the
secretion of eHSP90α in vitro and in vivo. In conclusion, this study shows that the
interaction between eHSP90α and ER stress plays a crucial role in pulmonary fibrosis,
indicating a positive feedback in lung fibroblasts. Targeting eHSP90α and alleviating
fibroblast ER stress may be promising therapeutic approaches for pulmonary fibrosis.
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INTRODUCTION

Pulmonary fibrosis is a chronic, progressive, fibrotic interstitial pulmonary disease of unknown
origin that results in reduced exchange and impaired pulmonary function. To our knowledge,
pulmonary fibrosis is one of the most forms of common interstitial pneumonia, presenting with a
high morbidity rate and lacking effective therapies to improve the survival rate. Pirfenidone and
nintedanib have been recently shown to have a moderate effect on disease progression. However,
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neither agent stops pulmonary fibrosis progression (Martinez
et al., 2017; Richeldi et al., 2017). Therefore, it is essential to
develop alternative therapeutic strategies for patients with PF.
The pathological characteristics of pulmonary fibrosis include
alveolar epithelial injury, aberrant fibroblast differentiation and
proliferation, and excessive pro-fibrotic cytokine secretion
(Wolters et al., 2014). Notably, with the stimulation of
multiple pro-fibrotic cytokines, lung fibroblasts differentiate
into myofibroblasts, leading to massive ECM accumulation
and accelerated fibrosis progression (Kwon et al., 2018; Duan
et al., 2019; Li et al., 2019). Therefore, fibroblasts/myofibroblasts
play a central role in fibrosis formation, and suppression of
fibroblast differentiation could be an important strategy to
alleviate pulmonary fibrosis.

The endoplasmic reticulum (ER) plays a key role in cellular
homeostasis and is extremely sensitive to various changes. Failure
of the ER to fold and assemble proper protein architecture leads to
accumulation of misfolded/unfolded proteins in the ER lumen,
disturbing ER homeostasis and provoking ER stress. ER stress-
associated proteins mainly include GRP78, activating transcription
factor-6 (ATF6), and inositol-requiring enzyme-1α (IREα). The
main function of these proteins is to expand the ER protein-folding
capacity and reduce ER load. ER stress has been recently noted in
various diseases, including cancer, asthma, and diabetes (Cubillos-
Ruiz et al., 2017; Bhakta et al., 2018; Crookshank et al., 2018). For
instance, multiple cancers have a sustained and abnormally high
expression of ER-related proteins (Fernandez et al., 2000; Shuda
et al., 2003; Carrasco et al., 2007). In addition, ER stress is also
involved in lung fibrosis by regulating fibroblast proliferation,
differentiation, and alveolar epithelial injury (Lee et al., 2020a;
Borok et al., 2020). Treatment with the ER stress inhibitor 4-
phenylbutyrate (4-PBA) or TUDCA could effectively attenuate
pulmonary fibrosis (Hsu et al., 2017; Lee et al., 2020b). Therefore,
further investigation of the molecular mechanisms underlying ER
stress in pulmonary fibrosis is highly appreciated.

The levels of heat shock protein 90 (HSP90), one of the most
abundant HSPs, have been reported to be elevated in IPF patients
and experimental pulmonary fibrosis. Furthermore, HSP90
inhibition with 17-AAG or AUY-922 could help alleviate
pulmonary fibrosis by blocking the transforming growth
factor-β (TGF-β) signaling pathway (Colunga et al., 2020).
Notably, HSP90 has been confirmed to be secreted from cells
following multiple stresses such as hypoxia, reactive oxygen
species and heat, and this secreted form is called eHSP90α.
Emerging evidence indicates that eHSP90α is associated with
tumor progression and wound healing (Li et al., 2012; Fan et al.,
2019). In addition, we previously confirmed that eHSP90α
promotes pulmonary fibrosis by activating the MAPK
signaling pathway, and the use of the monoclonal antibody
1G6-D7 could effectively attenuate pulmonary fibrosis (Dong
et al., 2017). As mentioned above, ER stress has a positive effect
on the activation of lung fibroblasts in pulmonary fibrosis.
However, the relationship between eHSP90α and ER stress in
pulmonary fibrosis has not yet been completely clarified.

In this study, we examined the crosstalk between eHSP90α and
ER stress in lung fibroblasts. The role of eHSP90α in the
regulation of ER stress depends on activating the PI3K/AKT

signaling pathway. We also confirmed ER stress mediated
eHSP90α released in the pulmonary fibrosis.

MATERIALS AND METHODS

Cell Culture
IMR90 cells were purchased from ATCC and cultured in EMEM
medium supplemented with 10% fetal bovine serum (PAN, German)
in an atmosphere of 5%CO2.When the cells were 80–90% confluent,
they were stimulated with recombinant TGF-β1 (R&D Systems,
United States) with or without TUDCA (MCE, United States) for
another 24 h. Before stimulation with human recombinant Hsp90α
(hrHsp90α; StressMarq Biosciences, British Columbia), the cells were
pretreated with LY294002 (MCE, United States) for 2 h.

Animal Study
120 Female C57BL/6J mice (6–8 weeks of age) were obtained from
SouthernMedical University Animal Centre (Guangzhou, China) and
maintained in a specific pathogen-free environment. All experiments
were performed according to the guidelines for experimental animals
and approved by the Institutional Animal Care andUse Committee of
the Institute of Biophysics, Chinese Academy of Sciences. The mice
were intratracheally administered with either bleomycin (BLM,
3mg/kg) or vehicle on Day 0. In the TUDCA prevention model,
mice were first randomly assigned into four groups (n � 10 for each
group): vehicle, TUDCA, BLM and BLM + TUDCA. TUDCA
(50mg/kg) was intraperitoneal injected at an interval of 1 day from
Day1. Mice were sacrificed 3 weeks after TUDCA treatment. For the
1G6-D7 treatment model, 7 days after delivery of BLM, 3 weeks after
1G6-D7 nasal inhalation treatment, themice were sacrificed and lungs
were collected. The protocol of 1G6-D7 prevention model was
reported previously (Dong et al., 2017). Lung microsections (5 μm)
were stained with Masson’s trichrome and hematoxylin and eosin
(H&E) to visualize fibrotic lesions.

Cell Counting Kit-8 Assay
The cells were seeded in a 96-well plate, and then treated with
different concentrations of rHSP90α to evaluate cell viability at
different time points. Cell proliferation was detected by CCK8
(Dojindo, Japan) following the manufacturer’s protocol.

EdU Assay
EdU assay was performed according to the manufacturer’s
instructions of the EdU kit (Beyotime, China). The EdU
reagent was diluted to 20 μM in serum-free medium, added to
the cells and incubated for 4 h. After PBS washing, cells were fixed
in 4% paraformaldehyde for 30 min and permeabilized with 0.3%
Triton X-100 for 15 min. Dye these cells with Click Additive
Solution according to the instructions. DAPI was added to stain
the nucleus for 10 min. Finally, positive cells were counted by
fluorescence microscope.

Wound Healing Assay
IMR90 cells were seeded in six-well plates. When cells were
grown to about 90% confluency and then scratched with a
sterile 100 μl pipette tip. The cells were washed with PBS three
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times. Images of the wounded area were created at indicated time
points with the samemicroscopic cross point by light microscopy.

Immunofluorescence Staining
IMR90 cells were fixed in 4% paraformaldehyde for 30min,
permeabilized with 0.1% Triton X-100 for 20min and then
blocked with 1% BSA for 30min. Cells were incubated with
α-SMA and Collagen I were visualized with an overnight with
specific fluorochrome primary antibodies including α-SMA
(Abcam, United States), Collagen I (Affinity, China) at a
concentration of 1:100. After extensive washing with PBS, cells
were incubated with goat Alexa Fluor 488-labeled secondary
antibody (Life Technologies, United States) for 1 h at room
temperature and nuclei were stained with DAPI. The images were
obtained by using Olympus FluoView® FV1200 confocal laser
scanning microscope (Olympus Corporation, Center Valley, PA).

Western Blot Analysis
Lung tissues and cultured cells were extracted with RIPA buffer
and then centrifuged at 15,000 rpm, 4°C for 15 min, the
supernatant was collected. Protein concentration was quantified
using a Bradford protein assay Kit (Beyotime Biotechnology,
Shanghai, China). Equal amounts of protein were separated on
SDS-PAGE, transferred onto PVDF membranes and then
incubated with primary antibodies (Table 1). After being
washed with TBST three times, membranes were then
incubated with IRDye® 800CW- or 680RD- conjugated
secondary antibodies and visualized using a LI-COR Odyssey
Imaging System (LI-COR Biosciences, Lincoln, NE, United States).

RNA-Seq
RNA was isolated from three biological replicates in both
untreated and rHSP90α-treated group according to the
manufacturer’s instructions. The cDNA fragments were
purified and enriched by PCR to construct the cDNA library.
Finally, the cDNA library was sequenced on the Illumina
sequencing platform (Illumina HiSeq ™ 4000). The threshold
of the p-value in multiple tests was determined by the false
discovery rate (FDR). A threshold of the FDR ≤0.05 was used
to judge the significance of gene expression differences. The
RNA-seq data was uploaded to SRA database. Accession to
cite for these SRA data: PRJNA716070.

RNAi and Transfection
siRNAs were synthesized by GenePharma (Shanghai, China). The
sequences used are show in Table 2. IMR90 cells transfections
were conducted using Lipo3000 (Thermo Fisher Scientific)
following the manufacturer’s protocol.

Immunohistochemistry
The expressions of α-SMA, GRP78 and HSP90α were
characterized by immunohistochemistry using specific
antibodies. Briefly, lung slices were dewaxed in xylene, followed
by antigen retrieval with citrate buffer (pH 6.0) and incubated
overnight with antibodies against α-SMA (Abcam, 1:400), GRP78
(Santa Cruz, 1:50) and HSP90α (Abcam, 1:200). Then, lung slices
were incubated with secondary antibody for 30min and visualized
with a DAB substrate kit (Zhong Shan Jin Qiao, Beijing, China).

ER-Tracker
ER-Tracker was performed to detect ER activity according to the
instruction of the ER-Tracker kit (C1041, Beyotime, China).
Briefly, cells were incubated with ER-Tracker working fluid for
20 min, followed by image acquisition.

Quantitative RT-PCR
Lung fibroblasts were transfected with siRNA for 24 h and
extracted the RNA with Trizol reagent (Takara, Japan). The
SYBR Premix Ex Taq II Kit (Takara, Japna) was used to detect
the expression of GRP78, normalized to the expression of the
endogenous control GAPDH. The primer sequences were
GRP78: 5′-ACCTCCAACCCCGAGAACA-3′ (forward), 5′-
TTCAACCACCTTGAACGGC-3′ (reverse); GAPDH:5′-
AATTCCATGGCACCGTCAAG-3′ (forward), 5′-GGTGAA
GACGCCAGTGGACT-3′ (reverse).

Enzyme-Linked Immunosorbent Assay
Bronchoalveolar lavage fluid (BALF) and serum samples were
collected as described previously (Yao et al., 2016). All the
samples were centrifuged and the supernatant was collected
and stored at −80°C until further analysis. The HSP90α
(Cloud-Clone, Buckingham, United Kingdom) ELISA kit was
used according to the manufacturer’s instruction.

Preparation of Conditioned Media
The conditioned media was collected as previously described (Li
et al., 2007) and then utilized to evaluate secretion of HSP90α.

TABLE 1 | Antibody information.

Antibody CAS No Company

CollagenI AF7001 Affinity
α-SMA Ab5694 Abcam
GRP78 Sc-376768 Santa cruz
ATF6 Sc-1666659 Santa cruz
IRE1A Sc-390960 Santa cruz
HSP90α Ab59459 Abcam
β-actin 6008-1-Ig Proteintech
AKT 4685s CST
p-AKT (Ser473) 4060s CST
p-AKT (Thr308) 2965s CST
Alexa Fluor 488 A32723 ThermoFisher

TABLE 2 | The sequences of siRNA.

GRP78 siRNA-1 GAGGCUUAUUUGGGAAAGATT (5′ to 3′)
UCUUUCCCAAAUAAGCCUCTT (5′ to 3′)

GRP78 siRNA-2 GGGCAAAGAUGUCAGGAAATT (5′ to 3′)
UUUCCUGACAUCUUUGCCCTT (5′ to 3′)

GRP78 siRNA-3 GAGGUGUCAUGACCAAACUTT (5′ to 3′)
AGUUUGGUCAUGACACCUCTT (5′ to 3′)

Negative control UUCUCCGAACGUGUCACGUTT (5′ to 3′)
ACGUGACACGUUCGGAGAATT (5′ to 3′)
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Statistical Analysis
All the experiments were conducted at least in triplicate. The data
were presented as the means ± SEM or means ± SD. Data were
analyzed with the use of an unpaired t test for comparisons between
two conditions or ANOVAwith the Tukey post test to determine the
differences among all groups. The data of in vivo experiments were
analyzed with the one-wayANOVA. The significance level was set at
p < 0.05. Statistical analysis was performed using GraphPad Prism
software (GraphPad Software, United States).

RESULTS

Extracellular HSP90α Promotes Lung
Fibroblasts Activation But Have No
Influence on Proliferation
Pulmonary fibrosis is characterized by the proliferation and
differentiation of lung fibroblasts (Penke et al., 2018). To
evaluate the role of eHSP90α in the pulmonary fibrosis, the
effect of eHSP90α on fibroblasts proliferation and differentiation

was measured first. Lung fibroblasts were treated with different
concentrations of eHSP90α for the indicated times. Proliferation
ability was determined by the CCK8 assay. As shown in Figure 1A,
there was no significant difference between the rHSP90α-treated
and untreated groups. In addition, the EdU assay was performed,
and the EdU-positive cells in the rHSP90α-treated groups showed
no obvious differences in comparison with the control group
(Figure 1B). The differentiation of fibroblasts to myofibroblasts
is accompanied by an increase in α-SMA and collagen I expression
and migration (Chen et al., 2019). Next, to test the expression of
eHSP90α on myofibroblast markers, lung fibroblasts were treated
with different concentrations of rHSP90α for 24 h and evaluated by
immunofluorescence staining. The results showed that α-SMA and
collagen I expression increased in a concentration-dependent
manner in comparison with the control group (Figures 1C,D).
Next, to investigate whether eHSP90α affects lung fibroblast
migration, a wound-healing assay was performed. As shown in
Figure 1E, rHSP90α significantly promoted the migration of lung
fibroblasts. Consistently, western blotting analysis confirmed that
the expression of α-SMA and collagen I increased with increasing
concentrations of eHSP90α (Figure 1F). Taken together, these

FIGURE 1 | Extracellular HSP90α promotes lung fibroblasts activation but has no influence on proliferation. (A). Cell proliferation was assessed via the CCK8 assay
after stimulation with 0, 3, 10 and 30 ug/ml rHSP90α for indicated times (24 and 48 h) in the IMR90 cells. (B). Proliferative capacity was analyzed using an EdU assay after
treatment with 0, 3, 10 and 30 ug/ml rHSP90α in the IMR90 cells for 24 h. Lung fibroblasts activation was assessed by immunofluorescence staining for α-SMA and
CollagenI (C,D), representative staining images of α-SMA–positive stress fibers (green), CollagenI-positive collagen deposition (green) and DAPI (blue) showing
nuclei under confocal laser scanning microscopy (scale bar � 50 μm). (E). Fibroblasts migration were performed by wound-healing assays. (F). The protein expression of
CollagenI and α-SMA were determined by western blot after stimulation of different concentrations of rHSP90α for 24 h, β-actin was used as an internal control. ns � no
significance, *p < 0.05, **p < 0.01.
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FIGURE 2 | Extracellular HSP90α induces ER Stress in lung fibroblasts. (A). Schematic diagram of RNA-seq with or without rHSP90α treatment. (B). Volcano plot
displays the overall genes identified with a p < 0.05 and |log2FC|>1.0 a cutoff. (C). KEGG pathway analysis of pathway enrichment. The vertical axis represents the
pathway category and the horizontal axis represents the enrichment score [−log (p-value)] of the pathway. Significantly enriched KEGG pathways (p < 0.05) are
presented. The data were analyzed by DAVID bioinformatics tools. (D). Endoplasmic reticulum (ER) activity was assessed by immunofluorescence staining ER-
Tracker. Representative staining images of ER-positive cells and DAPI (blue) showing nuclei under confocal laser scanning microscopy (scale bar � 50 μm). (E,F).
Western blot analysis of expression of ATF6, IRE1α and GRP78 after different concentrations of rHSP90α treatment for 24 h, β-actin was used as an internal control.
*p < 0.05, **p < 0.01.
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results showed that eHSP90α could activate lung fibroblasts but
had no obvious influence on proliferation.

Extracellular HSP90α Induces ER Stress in
Lung Fibroblasts
To further explore the potential mechanisms by which eHSP90α
promotes fibroblast activation, RNA-seq was performed in lung
fibroblasts with or without rHSP90α treatment (Figure 2A).

According to the cut-off criteria of p < 0.05 and |log2FC|>1.0,
4905 dysregulated genes were identified (Figure 2B). KEGG
pathway enrichment analysis showed that these genes were
principally categorized into regulation of protein processing in
the ER, focal adhesion, and PI3K-AKT pathway. To validate ER
activity in rHSP90α-treated fibroblasts, ER-Tracker staining was
performed. As shown in Figure 2D, treatment of lung fibroblasts
with rHSP90α for 24 h significantly increased the ER-Tracker
staining intensity. In addition, we stimulated lung fibroblasts with

FIGURE 3 | ER stress in the lung fibroblasts is critical for pulmonary fibrosis progression. (A) Experimental scheme of the mouse model of bleomycin-induced
pulmonary fibrosis. Mice were intratracheally injected with saline or bleomycin (3 mg/kg) at day 0. On day 1, mice were administrated with TUDCA (50 mg/kg) or DMSO
by intraperitoneal injection every 2 days. Mice were sacrificed on day 21 (n � 10 for each group). (B) Histological images and collagen deposition of the lung tissue was
detected by H&E and Masson staining. Scale bar � 100 μm. (C) Representative images showing GRP78 and α-SMA staining of lung tissues of mice treated with
saline, bleomycin without or with TUDCA. Scale bar � 100 μm. (D, E) Western blot analysis of expression of GRP78 and α -SMA. (F, G), IMR90 were pre-treated with
TUDCA (100 μM) for 2 h and followed by TGF-β1 (10 ng/mL) for 24 h. The expression levels of GRP78 and α-SMA was measured by Western blot. β-actin was used as
an internal control. *p < 0.05, **p < 0.01.

Frontiers in Pharmacology | www.frontiersin.org August 2021 | Volume 12 | Article 7084626

Zhang et al. eHSP90α Interacts With ER Stress

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


different concentrations of rHSP90α for 24 h and found that the
ER stress markers GRP78, ATF6, IRE1α upregulated effectively
(Figures 2E,F). These data suggested that eHSP90α could induce
the ER stress in the lung fibroblasts.

ER Stress Mediated Lung Fibroblasts
Activation in Pulmonary Fibrosis
To determine whether ER stress is involved in lung fibroblast
activation in pulmonary fibrosis, we established a mouse model of

FIGURE 4 | Extracellular HSP90α activates lung fibroblasts via ER Stress. (A). Representative images showing ER-Tracker staining of IMR90 cells pre-treated with
or without TUDCA (100 μM) and followed by rHSP90α for 24 h, scale bar � 50 μm. (B). Cell migration was examined in IMR90 cells by a wound healing assay. (C,D).
Representative images showing immunofluorescence staining of α-SMA and CollagenI in IMR90 cells. (E,F). Western blot analysis of the expression of CollagenI, GRP78
and α-SMA. β-actin was used as an internal control. *p < 0.05, **p < 0.01.
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lung fibrosis induced by intratracheal instillation of bleomycin.
TUDCA, an ER stress inhibitor, was intraperitoneally injected at
1 d intervals fromDay 1 (Figure 3A). As expected, H&E andMasson
staining revealed that TUDCA effectively ameliorated the distorted
alveolar structure, thickened alveolar walls and collagen deposition
induced by BLM (Figure 3B). In addition, IHC staining results
showed that TUDCA significantly decreased the GRP78 expression,
particularly in the α-SMApositive fibrotic foci (Figure 3C). Similarly,
western blotting results showed that TUDCA downregulated BLM-
stimulated α-SMA and GRP78 expression (Figures 3D,E). We used
TGF-β1 to treat human lung fibroblasts as an in vitro model. As
shown in Figures 3F,G, TGF-β1 treatment in lung fibroblasts
increased the expression of the ER stress marker GRP78 and
myofibroblast marker α-SMA, whereas the expression of these
markers was attenuated by TUDCA treatment (100 μM). Taken
together, these data suggest that ER stress plays a crucial role in lung
fibroblast activation.

Extracellular HSP90α Activates Lung
Fibroblasts via ER Stress
The above data showed that the most significant pathway
enrichment between the untreated group and the rHSP90α-
treated group was protein processing in the ER. Therefore, we
speculated that eHSP90α activated fibroblasts and promoted fibrosis
by inducing ER stress. To test this assumption, we first used ER-
Tracker to detect the ER activity. As shown in Figure 4A, we found
that TUDCA effectively abrogated the staining intensity of ER-
Tracker, which was increased by eHSP90α. In addition, wound
healing results showed that lung fibroblast migration was markedly
increased by eHSP90α stimulation, while TUDCA alleviated this
effect (Figure 4B).We further used immunofluorescence staining to
examine α-SMA and collagen I expression and observed lower
α-SMA positive cells and less collagen deposition in the
rHSP90α+TUDCA group than in the rHSP90α group (Figures
4C,D). Consistent with these observations, western blotting analysis
indicated that TUDCA significantly reduced rHSP90α-induced
α-SMA and collagen I expression (Figures 4E,F). Taken
together, these results suggest that eHSP90α promotes lung
fibroblast differentiation by activating ER stress.

Knockdown of GRP78 Abrogates Lung
Fibroblast Activation Induced by eHSP90α
GRP78 is a crucial modulator of the ER that responds to UPR and
maintains cellular homeostasis, contributing to proliferation and
differentiation (Aran et al., 2018; van Lidth et al., 2018; Du T
et al., 2019; Merkel et al., 2019). Thus, we hypothesized that
eHSP90α induces ER stress to further activate fibroblasts by
upregulating GRP78 expression. To confirm our assumption, we
designed three siRNAs and transfected them into lung fibroblasts
to knock down GRP78. The interference efficiency was verified using
western blotting and qRT-PCR. As shown in Figure 5A,C, the results
revealed that the relative level of GRP78 was significantly decreased by
the siRNAs. Thus, si-3 was selected as the target siRNA for GRP78.
Next, GRP78 was knocked down in lung fibroblasts with siRNA,
followed by rHSP90α stimulation. As shown in Figure 5D, GRP78

depletion markedly abrogated the effects of eHSP90α on cell
migration. In addition, knockdown GRP78 significantly reduced
α-SMA staining intensity and collagen deposition induced by
eHSP90α in fibroblasts (Figures 5E,F). Consistent with the
immunofluorescence staining results, the protein expression of
α-SMA and collagen I upregulated by eHSP90α was effectively
attenuated by depletion of GRP78 (Figures 5G,H). These data
strongly suggest that GRP78 is essential for eHSP90α-induced lung
fibroblast activation and ECM production.

The Monoclonal Antibody 1G6-D7
Attenuates Pulmonary Fibrosis by
Decreasing ER Stress in vitro and in vivo
1G6-D7, a selective anti-HSP90α monoclonal antibody, was
previously reported to attenuate pulmonary fibrosis by
inhibiting the MAPK signaling pathway (Dong et al., 2017).
However, whether 1G6-D7 abrogated the ER stress and
fibroblast activation induced by eHSP90α remains unclear. First,
lung fibroblasts were pre-treated with 1G6-D7 and followed by
rHSP90α for 24h, and ER-Tracker staining was used to examine
the role of 1G6-D7 on ER activity. As shown in Figure 6A, 1G6-D7
significantly decreased the staining intensity induced by rHSP90α.
Next, a wound-healing assay was performed to detect the effect of
1G6-D7 on the migration of lung fibroblasts. As shown in
Figure 6B, 1G6-D7 remarkably inhibited the migration
stimulated by rHSP90α. We further found that treatment with
1G6-D7 inhibited the effects of fibroblast activation by preventing
α-SMA and collagen upregulation (Figures 6C,D). Consistently,
western blot results showed that 1G6-D7 effectively downregulated
the expression of GRP78, collagen I and α-SMA induced by
rHSP90α. In vivo, we established prophylactical and
therapeutical models to confirm the effect of 1G6-D7 on BLM-
induced pulmonary fibrosis (Figure 7A). As shown in Figure 7B,
IHC was performed to examine GRP78 and α-SMA in the cortical
model. We observed that 1G6-D7 significantly decreased the
GRP78 expression, particularly in the α-SMA positive fibrotic
foci. In the therapeutical model, blocking HSP90α with 1G6-D7
similarly decreased the GRP78 and α-SMA expression through
IHC (Figure 7C). Western blotting results showed that 1G6-D7
downregulated the expression of GRP78 and α-SMA induced by
BLM in the prevention model (Figures 7D,E). Consistently, we
found that 1G6-D7 also significantly inhibited the upregulation of
GRP78 and α-SMA upon the BLM treatment in the treatment
model (Figures 7F,G). These results demonstrates that 1G6-D7
attenuates the pulmonary fibrosis by inhibiting ER stress and that
1G6-D7 might be a potential therapeutic agent for pulmonary
fibrosis patients.

Extracellular HSP90α Facilitates ER Stress
Through the PI3K/AKT Pathway
Several studies have revealed that the PI3K/AKT signaling
pathway is involved in regulating ER stress (Hsu et al., 2017).
However, whether eHSP90α induces ER stress through PI3K/AKT
signaling pathway has not been clarified. Based on the KEGG
pathway enrichment analysis, PI3K/AKT signaling pathway was
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FIGURE 5 | GRP78 is essential for lung fibroblast activation induced by eHSP90α. IMR90 cells were transfected with siGRP78 or siNC and the efficiency was
assessed by western blot (A,B) and qPCR (C). Cell migration was examined in IMR90 cells by a wound healing assay (D). Lung fibroblasts activation was assessed by
immunofluorescence staining for α-SMA and CollagenI (E,F), representative staining images of α-SMA–positive stress fibers (green), CollagenI-positive collagen
deposition (green) and DAPI (blue) showing nuclei under confocal laser scanning microscopy (scale bar � 50 μm). (G,H). The expression of CollagenI and α-SMA
were measured by western blot. β-actin was used as an internal control. *p < 0.05, **p < 0.01.
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found to be significantly enriched among differentially expressed
genes between the rHSP90α-treated group and the untreated
group. We first examined the phosphorylation of AKT in vivo
by using western blot. As shown in Figures 8A,B, phosphorylation

of AKTwere upregulated by BLM, but was significantly attenuated
by the monoclonal antibody 1G6-D7 in the prevention model. In
the treatment model, 1G6-D7 effectively reduced the
phosphorylation of AKT (Figures 8C,D). In addition,

FIGURE 6 |Monoclonal antibody 1G6-D7 inhibits ER stress induced by eHSP90α in vitro. (A). Representative images showing ER-Tracker staining of IMR90 cells
pre-treated with or without 1G6-D7 (10 μg/ml) and followed by rHSP90α for 24 h, scale bar � 50 μm. (B)Cell migration was examined in IMR90 cells by a wound healing
assay. (C,D). Representative images showing immunofluorescence staining of α -SMA and CollagenI in IMR90 cells. (E,F). Western blot analysis of the expression of
CollagenI, GRP78 and α-SMA. β-actin was used as an internal control. *p < 0.05, **p < 0.01.
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immunofluorescence staining results showed that the PI3K/AKT
inhibitor (LY294002) largely abolished the effect of rHSP90α on
increasing the α-SMA and collagen I expression (Figures 8E,F).
We further examined the effect of LY294002 on ER stress and
fibroblast activation induced by rHSP90α. As shown in Figures
8G,H, pre-treatment with LY294002 effectively reduced the ER
stress marker GRP78 and the increased phosphorylation of Akt
induced by rHSP90α. Western blotting analysis also showed that
pre-treatment with LY294002 significantly downregulated the
expression of α-SMA and collagen I following treatment with
rHSP90α. Collectively, these data suggest that eHSP90α induces
ER stress, promotes fibroblast activation via the PI3K/AKT

pathway, and inhibited PI3K/AKT, with LY294002 significantly
attenuates the ER stress and fibroblasts activation induced by
eHSP90α.

ER Stress Inhibitor TUDCA Suppress
Extracellular HSP90α Secretion
Some studies have reported that ER stress could regulate cellular
homeostasis and stimulate extracellular vesicle secretion, and
eHSP90α was also reported to be secreted through exosomes
(Kakazu et al., 2016a; Guo et al., 2017; Zhang et al., 2017; Liu et al.,
2019). In addition, previous studies demonstrated that TGF-β1 or

FIGURE 7 |Monoclonal antibody 1G6-D7 inhibits ER stress in the bleomycin-induced pulmonary fibrosismodel. (A)Schematic diagramofmousemodel establishment
(n � 10 for each group). (B) Representative images showing GRP78 and α-SMA staining of lung tissues of mice in the prophylactical model. Scale bar � 100 μm. (C)
Representative images showing GRP78 and α-SMA staining of lung tissues ofmice in the therapeutical model. Scale bar� 100 μm.Western blot analysis of the expression of
GRP78 and α-SMA in the prophylactical model (D, E) and therapeutical model (F, G). β-actin was used as an internal control. *p < 0.05, **p < 0.01.
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BLM increased the secretion of eHSP90α in a pulmonary fibrosis
model (Dong et al., 2017). Therefore, we hypothesized that
eHSP90α secretion may respond to ER stress in pulmonary
fibrosis. We first detected the expression of HSP90α by using
IHC. As shown in Figure 9A, BLM significantly increased the
expression of HSP90α and was abrogated by TUDCA. Similarly,
western blotting results showed that TUDCAmarkedly decreased

the BLM-induced expression of HSP90α (Figures 9B,C).
Furthermore, eHSP90α levels were examined using ELISA, and
TUDCA was found to effectively decrease BLM-induced
eHSP90α content in both BALF and serum (Figures 9D,E).
Moreover, to elucidate whether TUDCA can inhibit eHSP90α
secretion in vitro, we pre-treated the lung fibroblasts with
TUDCA, followed by TGF-β1. As shown in Figures 9F,G,

FIGURE 8 | PI3K/AKT signaling pathway is involved in ER stress induced by eHSP90α. The expression of p-AKTSer473 and p-AKTThr308 was measured by western
blot in the prophylactical model (A,B) and in the therapeutical model (C,D). Immunofluorescence staining showed that α -SMA and CollagenI in IMR90 cells pre-treated
with or without LY294002 (10 μM) followed by rHSP90α stimuli (E,F). Scale bar � 50 μm. (G,H). Western blot analysis of the expression of CollagenI, GRP78, α-SMA,
p-AKTSer473, p-AKTThr308 and AKT. β-actin was used as an internal control. *p < 0.05, **p < 0.01, ***p < 0.001.
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cellular HSP90α expression was not significantly different
between the TGF-β1 and the TUDCA + TGF-β1 groups.
However, we were surprised to find that TUDCA remarkably
inhibited the secretion of eHSP90α (Figure 9H). These results
suggest that eHSP90α secretion is associated with ER stress, and
that inhibition of ER stress by TUDCA can effectively reduce
eHSP90α in the pulmonary fibrosis.

DISCUSSION

Pulmonary fibrosis ismainly characterized by alveolar injury, fibroblast
activation, proliferation, and ECM accumulation. Fibroblasts/
myofibroblasts play an essential role in the progression of
pulmonary fibrosis. As a member of the heat shock protein family,
the role of HSP90α in cancer progression, fibrosis, and diabetes has

FIGURE 9 | TUDCA significantly decreased the extracellular HSP90α secretion. (A). Representative images showing HSP90α staining of lung tissues of mice. Scale
bar � 100 μm. (B,C). The expression of HSP90α was assessed by western blot. The content of HSP90α in BALF (D) and in serum (E) samples in the mice were
measured by ELISA (n � 5 for each group). (F,G). Western blot analysis of the expression of HSP90α in IMR90 cells pre-treated with TUDCA (100 μM) followed by TGF-β1
stimuli. β-actin was used as an internal control. (H). Secretion of HSP90α in IMR90 cells pre-treated with TUDCA followed by TGF-β1 treatment was detected by
western blot. ns � no significance, *p < 0.05, **p < 0.01, ***p < 0.001.
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been widely investigated (Cheng et al., 2011; Bonniaud et al., 2018;
Zhou et al., 2019). The main function of HSP90α is to regulate cell
proliferation, differentiation, and epithelialmesenchymal transition (As
et al., 2004). Notably, HSP90α can be secreted into the extracellular
space to exert its function by interacting with LDL Receptor–Related
Protein 1 (LRP-1) (Chen et al., 2010). We previously reported that
eHSP90α promotes pulmonary fibrosis by activating the MAPK
signaling pathway (Dong et al., 2017). In addition, Bellaye et al. also
found that eHSP90α was strongly associated with disease severity in
pulmonary fibrosis and promoted pulmonary fibrosis via LRP-1
(Bellaye et al., 2018). Thus, eHSP90α may play a crucial role in
pulmonary fibrosis. Our study aimed to explore the molecular
mechanisms underlying the effects of eHSP90α in pulmonary
fibrosis. In this study, we demonstrated that eHSP90α promoted
fibroblast activation by inducing ER stress via the PI3K/AKT
signaling pathway. We also examined the relationship between
eHSP90α secretion and ER stress and observed that eHSP90α
secretion could be regulated by ER stress (Figure 10).

ER stress can be induced by several pathological stimuli, including
glucose starvation, hypoxia and oxidative stress (Yoshida, 2007; Cao

and Kaufman, 2014). Emerging evidence has demonstrated that ER
stress can regulate cell differentiation, including the differentiation of
lung fibroblasts (Matsuzaki et al., 2015; Tanimura et al., 2018;
Peñaranda-Fajardo et al., 2019). However, whether ER stress is
involved in the effect of eHSP90α on pulmonary fibrosis has not
been fully clarified. In this study, we found that the expression of ER
stress-related proteins GRP78, IRE1α and ATF6 was significantly
higher in rHSP90α-treated IMR90 cells compared to untreated
IMR90 cells. GRP78 is a key modulator that assists in the correct
folding of newly synthesized proteins. Our results showed that
GRP78 was upregulated in activated fibroblasts both in vitro or in
vivo. Depletion of GRP78 strikingly inhibited eHSP90α-induced
fibroblast differentiation and ECM deposition. Consistently, a
recent study confirmed that cigarette smoke extract could
promote human lung myofibroblast differentiation through
GRP78 upregulation (Song et al., 2019a).Interestingly, GRP78 was
contradictorily downregulated in the type II alveolar epithelial cells of
patients with IPF (Borok et al., 2020). By combining these two results,
we speculated that GRP78 might play distinct roles in different cells,
and we would attempt to explore its mechanism. Furthermore,

FIGURE 10 | Schematic diagram of the molecular mechanisms underlying the extracellular HSP90αinteracts with ER stress to promote fibroblasts activation
through PI3K/AKT pathway in pulmonary fibrosis.
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inhibiting ER stress with TUDCA remarkedly attenuated fibroblast
activation and pulmonary fibrosis progression in vitro and in vivo.
These findings elucidated the mechanism by which eHSP90α
contributes to the development of pulmonary fibrosis by inducing
ER stress in lung fibroblasts.

HSP90 inhibitors have been reported to be potential treatments for
multiple cancers and pulmonary fibrosis (Trepel et al., 2010; Colunga
et al., 2020). However, almost all the clinical trials have failed because of
the pan-inhibitory activity of HSP90 inhibitors (Sanchez et al., 2020).
Therefore, a selectively HSP90α-inhibiting agent is more suitable for
pulmonary fibrosis treatment. We previously utilized monoclonal
antibody 1G6-D7 to antagonize HSP90α to evaluate the effect of
eHSP90α on pulmonary fibrosis in a prophylactical model. Although
we observed that 1G6-D7 could protect against BLM-induced
pulmonary fibrosis, whether 1G6-D7 played a similar role in the
therapeutical model was not fully understood. In this study, we
confirmed that administration of 1G6-D7 from Day7 to Day 21
after intratracheal BLM injection also effectively attenuated
pulmonary fibrosis. We further demonstrated that 1G6-D7
decreased the expression of ER stress marker GRP78 in our model
both prophylactically and therapeutically. Consistently, the effect of
extracellular HSP90α on lung fibroblasts could be hampered by 1G6-
D7 in vitro. Our findings suggest that antagonism with 1G6-D7 might
have a potential antifibrotic effect on pulmonary fibrosis through
inhibiting ER stress.

The PI3K/AKT pathway is the most commonly signaling
pathway in pulmonary diseases, including pulmonary fibrosis
(Hsu et al., 2017; Wang et al., 2018; Shi et al., 2019; Wan et al.,
2019). Several studies have suggested that the PI3K/AKT signaling
pathway is particularly important in mediating ER stress in various
diseases (Hsu et al., 2017; Song et al., 2019b; Wang et al., 2020).
However, the mechanisms of the PI3K/AKT signaling pathway
underlying the effect of eHSP90α on pulmonary fibrosis remain
poorly understood. Our RNA-seq data showed that treatment of lung
fibroblasts with rHSP90α activated the PI3K/AKT signaling pathway
in comparison with the untreated group. Notably, by using a selective
PI3K/AKT inhibitor (LY294002), we verified that the PI3K/AKT
signaling pathway is essential for eHSP90α-induced fibroblast
activation and ER stress. Similarly, a recent study indicated that
ultrafine silicon dioxide nanoparticle could cause lung epithelial cells
ER stress via the PI3K/AKT signaling pathway. Treatment with the
ROS inhibitor N-acetyl-l-cysteine (NAC) and LY294002 reversed the
signals induced by ultrafine silicon dioxide nanoparticle (Lee et al.,
2020). Collectively, these findings suggest that eHSP90α activates ER
stress and fibroblasts via the PI3K/AKT signaling pathway.

Some studies have demonstrated that ER stress could
stimulate extracellular vesicle secretion to further promote
cancer immune escape and inflammation (Dasgupta et al.,
2020; Yao et al., 2020). We previously observed that eHSP90α
secretion was increased whether in the lung fibroblasts
stimulated by TGF-β1 or BALF/serum induced by BLM
(Dong et al., 2017). TGF-β1 has been to induce ER stress in
lung fibroblasts (Hsu et al., 2017). Thus, we speculated that the
eHSP90α production might be regulated by ER stress. In our
study, we discovered that treatment with TUDCA significantly
decreased HSP90α levels in the BALF and serum. Intriguingly,
TUDCA did not alter HSP90α expression at the intracellular

level, but markedly reduced the eHSP90α content. Thus, these
findings suggest that eHSP90α production is involved in ER
stress in the pulmonary fibrosis.

However, one of the limitations of this study is that we were unable
to demonstrate that the direct molecular mechanism by which ER
stress regulates the eHSP90α secretion in pulmonary fibrosis. Several
studies reported that exosome induced by ER stress was highly
associated with IRE1α (Kakazu et al., 2016b; Hosoi et al., 2018; Xu
et al., 2019). Future research will focus on whether eHSP90α secretion
is IRE1α-dependent. This future direction may be important to better
understand how eHSP90α regulates pulmonary fibrosis.

In summary, the present study demonstrated that eHSP90α
promoted lung fibroblast activation in the pulmonary fibrosis
by inducing ER stress in vitro and in vivo. The role of eHSP90α
in ER stress is, at least partially, mediated by activation of the
PI3K/Akt signaling pathway. The production of eHSP90α in
the pulmonary fibrosis is mediated by ER stress activation.
These observations strengthen our notion that eHSP90α
interacts with ER stress to promote lung fibroblast activation
in pulmonary fibrosis and provide a potential therapeutic
strategy for pulmonary fibrosis.
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