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Bleomycin, a widely used anti-cancer drug, may give rise to pulmonary fibrosis, a seri-
ous side effect which is associated with significant morbidity and mortality. Despite the
intensive efforts, the precise pathogenic mechanisms of pulmonary fibrosis still remain
to be clarified. Our previous study showed that bleomycin bound directly to annexin A2
(ANXA2, or p36), leading to development of pulmonary fibrosis by impeding transcrip-
tion factor EB (TFEB)-induced autophagic flux. Here, we demonstrated that ANXA2 also
played a critical role in bleomycin-induced inflammation, which represents another ma-
jor cause of bleomycin-induced pulmonary fibrosis. We found that bleomycin could in-
duce the cell surface translocation of ANXA2 in lung epithelial cells through exosomal se-
cretion, associated with enhanced interaction between ANXA2 and p11. Knockdown of
ANXA2 or blocking membrane ANXA2 mitigated bleomycin-induced activation of nuclear
factor (NF)-κB pathway and production of pro-inflammatory cytokine IL-6 in lung epithelial
cells. ANXA2-deficient (ANXA2−/−) mice treated with bleomycin exhibit reduced pulmonary
fibrosis along with decreased cytokine production compared with bleomycin-challenged
wild-type mice. Further, the surface ANXA2 inhibitor TM601 could ameliorate fibrotic and in-
flammatory response in bleomycin-treated mice. Taken together, our results indicated that,
in addition to disturbing autophagic flux, ANXA2 can contribute to bleomycin-induced pul-
monary fibrosis by mediating inflammatory response.

Introduction
Bleomycin, a member of the glycopeptides group of antibiotics, is used for the treatment of testicular
carcinoma, lymphoma, and squamous cell carcinoma [1]. However, continuous and high-dose medication
of bleomycin causes severe pulmonary fibrosis, the most common and clinically significant adverse effect
[1]. On the other hand, intratracheal administration of bleomycin has been widely used as an experimental
model of lung fibrosis which resembles human pulmonary fibrosis biochemically and histologically [2–5].
Much of our understanding of the mechanisms underlying human idiopathic pulmonary fibrosis (IPF)
has focused on the studies of bleomycin-induced pulmonary fibrosis in mouse models [5]. However, there
is a lack of detailed, precise molecular mechanisms of bleomycin-induced pulmonary fibrosis, particularly
its molecular targets. Identifying the direct target of bleomycin will shed light on better understanding of
the pathologic mechanisms of pulmonary fibrosis.

© 2019 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).

789

D
ow

nloaded from
 http://port.silverchair.com

/clinsci/article-pdf/133/7/789/863374/cs-2018-0687.pdf by guest on 20 April 2024

http://orcid.org/0000-0003-4299-3568
mailto:ztbillcmc@163.com
mailto:hcanhua@hotmail.com
https://crossmark.crossref.org/dialog/?doi=10.1042/CS20180687&domain=pdf&date_stamp=2019-04-02


Clinical Science (2019) 133 789–804
https://doi.org/10.1042/CS20180687

Pulmonary fibrosis, the end stage of a chronic progressive disorder and a lethal lung disease, is characterized by the
loss of normal functional alveolar structure [4,6–9]. The most common and aggressive form of pulmonary fibrosis
is IPF, which is associated with high mortality and an uniformly poor prognosis, with an average survival of 3 years
from the onset of dyspnoea [3,4]. IPF typically afflicts individuals of the age between 50 and 70 years old, with an
estimated prevalence of 42.7 per 100000 and incidence of 16.3 per 100000 in the U.S.A. [6,10]. Although in recent
years diagnostic approach and active research have been improved, IPF patients are still generally refractory to cur-
rent available pharmacological therapies, and the only effective life-prolonging intervention is lung transplantation
[10,11].

The precise pathogenic mechanisms of pulmonary fibrosis remain largely unknown. But it has been widely accepted
that chronic inflammation, cytokine production, autophagy imbalance and oxidative stress can injure the lung ep-
ithelial cells and modulate fibrogenic process, thus leading to the formation of end-stage fibrotic scar [3,4,6]. The role
of inflammation in IPF is controversial. Although an influx of inflammatory cells is not observed in lung pathology
and immunosuppression exhibits no obvious effect for IPF treatment, chronic inflammation is still considered as a
critical event in pulmonary fibrosis [12]. For example, in some clinical studies, the increased inflammatory cells, such
as neutrophilia and eosinophilia, have been found to be associated with worse prognosis and mortality of pulmonary
fibrosis [4,6]. Balestro et al. [13] found that an innate and adaptive inflammation appears to be a prominent feature
in the lung of IPF patients and could contribute to determining the rate of disease progression. Inflammatory cells
contribute to the development of pulmonary fibrosis by their ability to secrete various cytokines, which could fur-
ther promote the secretion of inflammatory cytokines, chemokines and growth factors from surrounding cells to a
large quantity, resulting in inflammation and proliferation of mesenchymal cells [4,5,14]. Several transcription fac-
tors, including especially nuclear factor (NF)-κB, are involved in this process, and inhibition of NF-κB pathway could
ameliorate pulmonary fibrosis in different fibrosis models [4,5,14].

The annexins are a family of widely distributed, calcium-dependent, anionic phospholipid-binding peripheral
membrane proteins. Multiple members of the annexin family, including annexin A1, A2, A3, A5 and A11, have been
reported to be associated with the fibrotic disease [15–19]. ANXA2 (p36, calpactin I heavy chain, lipocortin II) is
unique among the annexin family, since it exists as a monomer or a heterotetramer form [20–22]. ANXA2 can be
distributed in different cellular compartments, including nucleus, cytoplasm, organelle membranes, inner and outer
plasma membrane [17,23]. Monomeric ANXA2 is mainly located in cytoplasm, while its heterotetramer form, com-
posed of two ANXA2 monomers and two S100A10 calcium-binding protein subunits (p11), is distributed on the
plasma membrane [17,22,24]. Since ANXA2 lacks a signal peptide for trafficking to the cellular plasma membrane
through the classical endoplasmic reticulum (ER)-Golgi route, the surface translocation of ANXA2 was mainly de-
pendent on exosomal secretion [24–26]. Different subcellular localization and various forms of ANXA2 appear to
allow for its diverse and distinct biological functions, such as TLR4-mediated activation of macrophages by surface
ANXA2 tetramer [27], the promoted DNA synthesis and cell proliferation by nuclear ANXA2 monomer [28], as well
as induction of endocytosis, exocytosis, cytoskeletal rearrangement, and intracellular signal transduction by cytoplas-
mic ANXA2 monomer [23,24,29].

In our previous study, we determined that Glu139 of ANXA2 directly binds to the sugar moiety of bleomycin in
lung epithelial cells, which could impede autophagic flux by inactivating transcription factor EB (TFEB) and lead
to pulmonary fibrosis [30]. In the current study, we further found that ANXA2 was involved in bleomycin-induced
pulmonary fibrosis by mediating inflammatory response, suggesting a novel function of ANXA2 in regulating pul-
monary fibrosis.

Materials and methods
Ethics statements
The research has been carried out in accordance with the World Medical Association Declaration of Helsinki. Human
tissue ethics approval was obtained from the Institutional Ethics Committee of Sichuan University. The animal stud-
ies involved in ANXA2−/− mice were performed in the University of North Dakota, and other animal studies were
performed in Sichuan University. All animal studies were reviewed and approved by the Institutional Animal Care
and Treatment Committee of Sichuan University, and the University of North Dakota Institutional Animal Care and
Use Committee. All institutional and national guidelines for the care and use of laboratory animals were followed.

Cell treatment and transfections
A549 cells and 16HBE cells were purchased from American Type Culture Collection (ATCC, Rockville, MD). Cells
were maintained in RPMI1640 medium (Gibco, U.S.A.) containing 10% fetal calf serum (Hyclone, U.S.A.), penicillin
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(107 U/L), and streptomycin (107 U/L) at 37◦C in a humidified chamber containing 5% CO2. For ANXA2 silencing,
the ANXA2 shRNA plasmid and control vector with no homology to any human gene were separately transfected
into the indicated cells and the stable transfectants were selected in the presence of G418 (details about shRNA was
described in our previous study [31]).

For colony formation assay, the cells were seeded at a density of 1000 cells/well in 6-well plates, the medium was
changed every 3 days. After 14 days, the colonies were fixed with methanol and stained with Crystal Violet (Sigma,
St. Louis, MO, U.S.A.) for 30 min.

Integrin-linked kinase (ILK) small interfering RNA (siRNA) was chemically synthesized by GenePharma com-
pany (Shanghai, China) with target sequence as UCAGAGCUUUGUCACUUGC TT. The target sequence of control
siRNA is UUCUCCGAACGUGUCACGU TT. The siRNA was transfected into the indicated cells using Lipofec-
tamine RNAiMAX reagent (Invitrogen, Carlsbad, CA, U.S.A.) according to the manufacturer’s instructions.

Animals exposure to bleomycin and Histopathologic assessment
C57BL/6 wild-type (WT) mice were purchased from Beijing HFK Bioscience Co., Ltd (Beijing, China) and
ANXA2−/− mice is provided by Dr. Katherine A. Hajjar at Weill Medical College of Cornell University. All the mice
used in the present study were 6–8 weeks old (18–20 g body weight) and maintained in the animal facilities under
specific pathogen-free conditions. As described in previous study [32], mice were anesthetized intraperitoneally with
80 μl of a ketamine and xylazine solution (3.2 and 0.16 mg/kg, respectively) before intratracheal delivery, and then
administered 5 mg/kg bleomycin or saline intratracheally.

The lungs of 0, 14, and 21 days were removed after bleomycin or saline administration. Following fixation, the
lungs were embedded in paraffin. The sections were then stained with hematoxylin and eosin (H&E), and Masson’s
trichrome stain. The grade of pulmonary fibrosis in the lung sections was scored on a scale of 0–8 using Ashcroft
scoring method [33]. The severity of fibrotic changes in each histological section of the lung was assessed as the mean
score of severity from observed microscopic fields. After the examination of 50 randomly chosen regions in each
sample at a magnification of � 400×, the mean score of all the fields was taken as the fibrosis score. Grading was
done in a blinded manner by three independent observers. Hydroxyproline (Sigma–Aldrich, MAK008) contents of
whole lungs were performed according to the manufacturer’s instructions.

In the treatment group, mice were challenged with bleomycin, and then treated with saline or TM601 (Morphotek)
(10 mg/kg, every third day) for 21 days.

Human samples
A total of 34 IPF tissues and 28 paired adjacent normal lung tissues were obtained under informed consent from
patients who underwent surgical resection at either West China Hospital or Sichuan Provincial People’s Hospital
(Chengdu, China). Patient demographics and clinical characteristics are shown in Supplementary Table S1. Excised
Lungs were fixed with 4% paraformaldehyde and embedded with paraffin for immunohistochemical examination.

Cell surface elution
Cellular surface ANXA2 was eluted by the extracellular calcium-chelating agent EGTA as previous reported [24,34].
Briefly, 1.5 × 106 A549 or 16HBE cells were grown in 10-cm culture plates for 24 h and then treated with different
concentrations of bleomycin for 24 or 48 h. After bleomycin treatment, cells were washed three times with ice-cold
Hepes-buffered saline (HBS: 11 mM Hepes,137 mM NaCl, 4 mM KCl, 3 mM CaCl2, 1 mM MgCl2, 1 mM glucose).
Then cells were eluted with HBS buffer containing 20 mM EGTA and protease inhibitors at 4◦C for 30 min. The
eluates were collected, centrifuged 400 g for 5 min, and then detected by Western blot. In some experiments, cells
were pretreated with methyl-β-cyclodextrin (MβCD) for 1 h before bleomycin treatment.

Western blot and co-immunoprecipitation
Proteins were extracted in RIPA buffer and quantified using the DC protein assay kit (Bio-Rad, U.S.A.). Samples
proteins were separated by 12% SDS/PAGE and then transferred to PVDF membranes (Amersham Biosciences,
U.S.A.). The membranes were blocked overnight with PBS (phosphate buffered saline) containing 0.1% Tween 20
in 5% skimmed milk at 4◦C, and subsequently probed using the primary antibodies: rabbit-anti-ANXA2 (diluted
1:800, Santa Cruz, U.S.A.), rabbit-anti-p11 (diluted 1:800, Santa Cruz, U.S.A.), mouse-anti-tubulin (diluted 1:1000,
Santa Cruz, U.S.A.), rabbit-anti-p65 (diluted 1:1000, Cell Signaling, U.S.A.), rabbit-anti-Phospho-p65 (S536) (di-
luted 1:500, Cell Signaling, U.S.A.), rabbit-anti-ILK (diluted 1:800, Cell Signaling, U.S.A.), rabbit-anti-IκBα (diluted
1:1000, Cell Signaling, U.S.A.), mouse-anti-Phospho-IκBα (Ser32/36) (5A5) (diluted 1:1000, Cell Signaling, U.S.A.),
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mouse-anti-IL-6 (diluted 1:1000, Santa Cruz, U.S.A.). Blots were incubated with the respective primary antibodies for
2 h at room temperature and washed three times in PBST (phosphate buffered saline with Tween-20). Subsequently,
the blots were incubated with secondary antibody conjugated to Horseradish Peroxidase for 2 h at room temperature.
Target proteins were detected by enhanced chemiluminescence reagents (Amersham Pharmacia Biotech, Piscataway,
U.S.A.). β-actin was used as an internal control. In some experiments, bleomycin-treated A549 or 16HBE cells were
pre-neutralized with 10 μg/ml rabbit-anti-ANXA2 (Santa Cruz, U.S.A.) or control IgG.

Co-Immunoprecipitation assay was carried out as described in previous study [35]. Briefly, A549 or 16HBE cell
lysates (400 μg of protein) were incubated with 40 μl (1:1 slurry) of protein A/G-Sepharose and 4 μg of polyclonal
ANXA2 antibody. Following incubation, beads were washed quintic with lysis buffer. Proteins were eluted with
Laemmli SDS sample dilution buffer and then detected by Western blot.

Immunofluorescence
For immunofluorescence, cells were fixed with 2% paraformaldehyde in PBS for 10 min. After being washed twice
with ice-cold PBS, fixed cells were blocked with PBS containing 5% BSA at room temperature for 30 min, and incu-
bated with anti-ANXA2 (diluted 1:200, Santa Cruz, U.S.A.) or anti-p11 (diluted 1:100, Santa Cruz, U.S.A.) antibody
at 4◦C overnight. The cells were washed twice with PBS and treated with fluorescein-conjugated secondary antibodies
(diluted 1:100) in PBS for 1 h at room temperature, followed by Hoechst staining of the cell nucleus (blue). In the per-
meabilized control, cells were first fixed with 2% paraformaldehyde and then permeabilized with 0.4% Triton X-100
at room temperature for 30 min. Images were obtained using a Zeiss Imager.Z1 fluorescence microscope equipped
with an AxioCam MRc5 digital CCD camera (Carl Zeiss Microimaging Inc.)

Cytokine profiling and assays
Cytokine concentrations in the first 0.6 ml bronchoalveolar lavage fluid (BALF) collected at the indicated times were
measured by standard ELISA kits following the manufacturer’s instructions (eBioscience Inc., San Diego, CA).

Exosome isolation
As described in previous study [24], the culture medium containing 10% FBS was centrifuged overnight at 110000 g
to remove endogenous exosomes. After bleomycin stimulation, the culture medium was collected and centrifuged at
300 g for 10 min to remove suspended cells. The supernatant was then centrifuged at 2000 g for 10 min to remove
the dead cells. After centrifugation at 10000 g for 30 min to remove cell debris, the exosomes from the supernatant
were centrifuged at 110000 g for 70 min. The exosomal pellet was washed once in PBS and then resuspended in 200
ml PBS.

Statistics
All quantitative data were recorded as mean +− S.D., and comparisons between two groups were performed by Stu-
dent’s T-test. The differences among multiple groups were assessed by one-way ANOVA analysis (Tukey’s multiple
comparisons test), while statistical significance was defined as P<0.05.

Results
The expression of ANXA2 was not altered in bleomycin-triggered
inflammation process
In previous study, we found that ANXA2-bleomycin binding inhibited TFEB-induced autophagy flux, which con-
tributed to bleomycin-induced pulmonary fibrosis [30]. The pathologic mechanisms of pulmonary fibrosis is com-
plex, in addition to autophagy, chronic inflammation and cytokines production were widely accepted to play a role in
pulmonary fibrosis [5,36–39]. Several recent studies found that ANXA2 could induce the activation of NF-κB path-
way which has been demonstrated as an important cue of inflammation and pulmonary fibrosis [5,36–39]. To deter-
mine whether the pattern of ANXA2 expression was associated with inflammation in bleomycin-induced pulmonary
fibrosis, mice were intratracheally treated with bleomycin or saline control. To evaluate histopathologic changes and
the extent of pulmonary fibrosis, tissue sections were subjected to H&E staining and Masson trichrome staining. As
shown in Figure 1A, bleomycin challenging induced enlarged and thickened alveolar wall on day 14, while the pul-
monary architecture was nearly destructed and replaced by collapsed box-like air spaces separated by wide patches
of connective tissue on day 21. The accumulation of extracellular collagen is a hallmark of pulmonary fibrosis. Using
Masson trichrome staining, we observed an increased collagen deposition in the thickened alveolar regions at days
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Figure 1. The expression of ANXA2 was not altered in bleomycin-triggered inflammation process

(A and B) Histologic examination of bleomycin-induced pulmonary fibrosis in C57BL/6 mice. Lungs were harvested, sectioned, and

stained with H&E (A) or with Masson trichrome stain (B) on day 14 and 21 after bleomycin instillation. Microscope magnification:

(A) top panels, � 50×; (A) bottom panels, � 400×; (B) top panels, � 200×; (B) bottom panels, � 400×. (C and E) Representative

immunostaining of p65, p-p65 (C), and ANXA2 (E) in lungs from bleomycin-treated mice. Positive staining was indicated by arrows.

Microscope magnification: (C) � 400×; (E) top panels, � 200×; (E) bottom panels, � 400×. (D) IFN-γ, TNF-α, IL-4, IL-6, IL-17,

and TGF-β levels were measured in BALF at the indicated time points post bleomycin treatment. n=6-8 per group. (F) ANXA2

immunohistochemical staining in pulmonary fibrosis (PF) tissues (n=34) or adjacent normal lung tissues (n=28) from patients.

Microscope magnification: � 200×.*P<0.05, **P<0.01, ***P<0.001.
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Figure 2. ANXA2 deficiency protects mice from fibrosis and decreases cytokine production

(A) Sectioned lungs stained with H&E (top panels) and Masson’s trichrome staining (bottom panels). Ashcroft score was determined

by H&E staining of sectioned lungs. Fibrotic area was determined by Masson’s trichrome staining. n=4–6 per group. Microscope

magnification: � 200×. (B) The hydroxyproline contents of whole lung homogenates were analyzed to examine collagen contents.

(C) Western blot analysis of ANXA2 and key mediators in NF-κB pathway including p65, p50, IκB-α, p-IκB-α, and IL-6 in lungs.

β-actin was measured as an internal control. (D) IFN-γ, TNF-α, IL-4, IL-6, IL-17, and TGF-β levels were measured in BALF from

wild-type and ANXA2−/− (ANXA2 knockout (KO)) mice at the indicated time points post-bleomycin treatment. n=4–6 per group.
*P<0.05, **P<0.01, ***P<0.001.

14 following bleomycin treatment, while the lungs contained dense patches of collagen replaced large areas of lung
parenchyma on day 21 (Figure 1B). In addition, consistent with previous studies [2–7], we observed up-regulated
p65 and p-p65 in the lung tissues, as well as elevated inflammatory factors, including interferon-γ (IFN-γ), tumor
necrosis factor-α (TNF-α), interleukin(IL)-4, IL-6, IL-17, and transforming growth factor beta (TGF-β) in BALF
of bleomycin-challenged mice (Figure 1C,D), indicating inflammation was associated with bleomycin-induced pul-
monary fibrosis. Furthermore, immunohistochemical staining showed that ANXA2 was localized in various lung
cell types by morphological observations, such as the endothelial cells, inflammatory cells, fibroblasts, alveolar, and
bronchiolar epithelial cells. However, the expression of ANXA2 was not obviously changed in the lung tissues of
bleomycin-challenged mice compared with the control (Figure 1E). Consistent with this, although about 33% patients
exhibited elevated ANXA2 expression, no significantly difference was found in the expression of ANXA2 between
34 human pulmonary fibrosis tissues and 28 paired adjacent normal lung tissues (Figure 1F). These results suggested
that the expression of ANXA2 was not altered in bleomycin-triggered inflammation process.

ANXA2 deficiency protects mice from pulmonary fibrosis and decreases
cytokine production induced by bleomycin
We next investigated whether ANXA2 expression was essential for bleomycin-induced inflammation and lung fi-
brosis in mice. To test this hypothesis, we exposed WT or ANXA2-deficient (ANXA2−/−) mice to bleomycin by in-
tratracheal injection. As shown in Figure 2A, ANXA2−/− mice were protected from bleomycin-induced pulmonary
fibrosis compared with WT mice. ANXA2−/− mice revealed reduced interstitial thickening (Figure 2A, top panels),
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and reduced subpleural collagen deposition evidenced by Masson trichrome staining (Figure 2A, bottom panels)
and hydroxyproline (a marker of collagen) quantification (Figure 2B). To determine whether the pro-fibrotic role of
ANXA2 was involved in inflammation induced by bleomycin, we assessed the activation of NF-κB pathway in lung
tissues. As shown in Figure 2C, ANXA2 depletion in mice reduced bleomycin-induced phosphorylation of IκBα and
expression of p65 and IL-6 (a downstream target of NF-κB pathway). Consistent with this, the levels of inflamma-
tory factors (including IFN-γ, TNF-α, IL-4, IL-6 and IL-17) and TGF-β in BALF of bleomycin-treated mice were
significantly reduced in ANXA2−/− mice compared with those in WT mice (Figure 2D). Consistent with our results,
Schuliga et al. [40] also showed that ANXA2 deletion reduces lung IL-6 production and fibrogenesis. These results
suggest that ANXA2 is required for bleomycin-induced inflammation and lung fibrosis development by activating
NF-κB signaling.

Bleomycin induced surface expression of ANXA2 and activation of NF-κB
signaling in lung epithelial cells
In addition to possible profibrotic effects in response to cytokines produced by inflammatory cells, the fibrosis pro-
gression could be also influenced by the cytokines produced by epithelial cells themselves [7–9]. To address the role
of ANXA2 in bleomycin-induced activation of NF-κB pathway in lung epithelial cells, we treated A549 cells with
bleomycin for 48 h, and determined cell viability by MTT assay. Our data showed that bleomycin treatment inhibited
proliferation of A549 in a dose-dependent manner, and the IC50 value of bleomycin against A549 cells was about 100
μg/ml (Supplementary Figure S1A). Next, we examined bleomycin-induced apoptosis in A549 using TUNEL assay,
and found that treatment with bleomycin induced limited apoptosis until 160 μg/ml (Supplementary Figure S1B).
These results were consistent with a previous study [41], in which bleomycin-treated A549 cells exhibited a high level
of growth arrest for 120 h and led to about 20% cell death at concentration of 100 μg/ml. Then, we measured the
expression of ANXA2 and p65, as well as the phosphorylation status of p65 in A549 cells treated with different sub-
lethal doses of bleomycin (less than 80 μg/ml) for 24 and 48 h. Bleomycin treatment induces phosphorylation of p65,
while no obvious change was observed in the expression of ANXA2 (Figure 3A). Similar results were also observed
in normal human bronchial epithelial 16HBE cells (Figure 3B and Supplementary Figure S2).

ANXA2 has different subcellular localization, leading to distinct biological functions [24]. Several recent studies
have demonstrated that the surface expression of ANXA2 on macrophage cells and pancreatic cancer cells could
induce the activation of NF-κB pathway [27,39,42]. Thus, we have a particular interest to detect whether bleomycin
could affect the surface expression of ANXA2 on A549 and 16HBE cells. To this end, A549 and 16HBE cells treated
with different doses of bleomycin at different time points were surface-eluted with HBS containing 20 mM EGTA,
which is an extracellular calcium chelator to elute cell surface ANXA2 [24,34]. As shown in Figure 3A,B, the level of
surface ANXA2 in the EGTA eluate was increased in response to bleomycin treatment, while the cytoplasmic protein,
α-tubulin, was not detected in the surface EGTA eluate. In addition, surface staining also confirmed that bleomycin
could enhance the expression of ANXA2 on the surface of A549 and 16HBE cells (Figure 3C,D). To validate whether
bleomycin binding facilitates the surface translocation of ANXA2, we next performed immunofluorescence analysis
to examine the interaction between F-BLM and ANXA2 on the surface of A549 cells. Our data showed that both
ANXA2 expression and its colocalization with F-BLM on cell surface were enhanced over time following bleomycin
treatment (Figure 3E), suggesting that bleomycin binding induces the surface translocation of ANXA2. These results
firmly establish that bleomycin induces surface translocation of ANXA2 and activation of NF-κB pathway.

Surface translocation of ANXA2 is essential in bleomycin-induced
activation of NF-κB pathway by activating ILK
NF-κB activation induces the production of pro-inflammatory cytokines in lung epithelial cells, such as TNF-α, IL-6
and IL-8, which could contribute to a sustained inflammatory response in pulmonary fibrosis [43]. We found in-
creased expression of IL-6 in both bleomycin-treated A549 cells and 16HBE cells (Figure 4A). To examine whether
bleomycin-induced activation of NF-κB pathway was associated with the surface expression of ANXA2 in lung epithe-
lial cells, A549 cells and 16HBE cells were pre-neutralized with anti-ANXA2 or control (rabbit IgG) antibody before
bleomycin treatment. As shown in Figure 4B, functional inhibition of surface ANXA2 attenuated bleomycin-induced
phosphorylation of p65 and production of IL-6 in both A549 cells and 16HBE cells, suggesting that ANXA2 sur-
face translocation plays important role in bleomycin-induced activation of NF-κB pathway. Next, we stably trans-
fected A549 and 16HBE cells with shRNA-ANXA2 (shANXA2) to knockdown ANXA2 expression and found that
depletion of ANXA2 significantly reduced phosphorylation of p65 and production of IL-6 in A549 and 16HBE cells
with or without bleomycin treatment (Figure 4C). In addition to the regulation of inflammatory and innate immune
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Figure 3. Bleomycin could enhance the surface translocation of ANXA2 and activation of NF-κB pathway in lung cells

(A) A549 cells were treated with indicated concentrations of bleomycin (μg/ml) for 24 and 48 h, respectively. Western blot analysis

of total expression and surface expression ANXA2 from EGTA elution (see Materials and methods) after bleomycin treatment (top).

α-tubulin andβ-actin were used as a control. The total p65 and phosphorylation status of p65 treated with or without bleomycin were

measured by Western blot analysis (bottom). β-actin was used as an internal control. (B) Western blot analysis of total expression

ANXA2 and surface expression ANXA2 from EGTA elution, as well as the total p65 and phosphorylation status of p65 in 16HBE cells

treated with indicated concentrations of bleomycin (μg/ml) for 48 h. α-tublin or β-actin was used as a control. (C) Immunofluorescent

detection of ANXA2 on the surface of A549 cells treated with or without 40 μg/ml bleomycin for 48 h. (D) Immunofluorescent

detection of ANXA2 on the surface of 16HBE cells treated with or without 40 μg/ml bleomycin for 48 h. (E) Colocalization of ANXA2

with F-BLM on the surface of A549 cells. Microscope magnification: � 400×.
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Figure 4. The surface translocation of ANXA2 is essential in bleomycin-induced activation of NF-κB pathway and production

of pro-inflammatory cytokines by inducing ILK expression

(A) Western blot analysis of IL-6 production treated with or without 40 μg/ml bleomycin for 48 h in both A549 cells and 16HBE cells.

(B) Bleomycin-treated A549 cells and 16HBE cells were pre-neutralized with 10 μg/ml rabbit-anti-ANXA2 or control IgG antibody,

and then the expression of p65 and IL-6, as well as phosphorylation status of p65 were detected by Western blot. (C) The total

expression of ANXA2, IL-6, and p65, surface expression ANXA2 and the phosphorylation status of p65 in ANXA2-knockdown A549

and 16HBE cells or control cells treated with or without 40 μg/ml bleomycin for 48 h were measured by Western blot analysis.

α-tubulin or β-actin was used as a control. (D) The total expression of ANXA2 and ILK in ANXA2-knockdown A549 and 16HBE

cells or control cells treated with or without 40 μg/ml bleomycin for 48 h were measured by Western blot analysis. β-actin was used

as an internal control. (E) Cells were transfected with siScramble or siILK for 24 h, and then treated with 40 μg/ml bleomycin for 48

h. The total expression of ILK and IL-6, and the phosphorylation status of p65 and IκBα were measured by Western blot analysis.

β-actin was used as an internal control.

responses, NF-κB pathway in cells has been associated with the balance between proliferation and apoptosis, al-
teration of which has emerged as a significant characteristic of pulmonary fibrosis. Our results also showed that
ANXA2 deficiency reduced the proliferative capacity and increased caspase 3 activity in A549 and 16HBE cells upon
bleomycin treatment (Supplementary Figures S3 and S4). These results revealed that surface ANXA2 was crucial in
bleomycin-induced activation of NF-κB pathway.

Surface ANXA2 has been reported to activate NF-κB pathway by inducing expression of ILK [39], which
was involved in bleomycin-induced skin fibrosis [44]. Thus, we have particular interest to detect whether ILK
was involved in bleomycin-induced and ANXA2-mediated NF-κB pathway activation. As shown as Figure 4D,
bleomycin treatment could increase ILK expression in A549 and 16HBE cells, while ANXA2 knockdown abol-
ished bleomycin-induced ILK expression. Furthermore, interfered ILK expression by specific siRNA counteracted
bleomycin-induced accumulation of p-p65, p-IκBα, and IL6 in A549 and 16HBE cells (Figure 4E). These results sug-
gested that ILK plays an important role in bleomycin-induced and ANXA2-mediated activation of NF-κB in A549
and 16HBE cells.
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Figure 5. Interaction of ANXA2 with p11 and exosomal secretion was involved in surface expression of ANXA2

(A) A549 cells and 16HBE cells were treated with or without 40 μg/ml bleomycin for 48 h. The secreted and exosomal ANXA2 in

recovered culture supernatants, as well as the expression of p11 in total cell lysates were detected by Western blot analysis (top).

Total lysates were immunoprecipitated with ANXA2 antibody, and immunoblotted with ANXA2 antibody or p11 antibody (bottom).

(B) Cells were pretreated with inhibitors MβCD for 1 h, and then treated with or without 40 μg/ml bleomycin for 48 h. The surface

ANXA2 from the EGTA eluates was detected by Western blot analysis. (C) Immunofluorescent detection of p11 on the surface of

A549 cells and 16HBE cells treated with or without 40 μg/ml bleomycin for 48 h. Microscope magnification: � 400×.

Interaction of ANXA2 with p11 and exosomal secretion is involved in
surface expression of ANXA2
Since ANXA2 lacks a signal peptide for trafficking to the cellular plasma membrane through the classical ER-Golgi
route, we presumed that the surface expression of ANXA2 upon bleomycin stimulation may be associated with ex-
osomal secretion [24–26]. Indeed, we found that the level of ANXA2 was markedly increased in the cultured super-
natant and exosome from both bleomycin-stimulated A549 cells and 16HBE cells (Figure 5A). To further examine
whether bleomycin-induced surface expression of ANXA2 is associated with exosomal secretion, we pretreated cells
with MβCD which inhibits exosome formation by disrupting cholesterol-rich lipid raft domains. Our result showed
that MβCD treatment inhibited bleomycin-induced surface translocation of ANXA2 in both A549 cells and 16HBE
cells (Figure 5B), suggesting that bleomycin-induced surface translocation of ANXA2 was dependent on exosomal
secretion.

In addition, surface ANXA2 are known to form a molecular complex by interacting with its natural ligand
p11/S100A10, which may be involved in its surface translocation and is required for maintaining biological func-
tion of ANXA2 [24,45,46]. To reveal the role of p11 in bleomycin-induced surface expression of ANXA2, we first
examined whether bleomycin could affect the expression of p11. As shown in Figure 5A,C, although intracellular
expression of p11 remained unchanged, surface expression of p11 was increased upon bleomycin treatment in A549
cells and 16HBE cells. The N-termini of ANXA2 can bind to p11, which was involved in exosome-induced sur-
face expression of ANXA2 [24]. Therefore, we detected the level of cytoplasmic ANXA2/p11 complex and noted a
significant increase in the interaction between ANXA2 and p11 in total cell lysates of A549 and 16HBE cells upon
bleomycin treatment (Figure 5A), showing that bleomycin-induced surface translocation of ANXA2 was associated
with enhanced interaction between ANXA2 and p11.
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Figure 6. Inhibition of membrane ANXA2 by TM601 attenuates bleomycin-induced fibrosis and inflammation in vivo

Mice were challenged with bleomycin, and then treated with saline or TM601 (10 mg/kg, every third day) for 21 days. Mice were

examined on day 21. (A) Sectioned lungs stained with H&E (top) and Masson’s trichrome staining (bottom). Ashcroft score was

determined by H&E staining of sectioned lungs. Fibrotic area was determined by Masson’s trichrome staining. Microscope magnifi-

cation: � 200×. (B) The hydroxyproline contents of whole lung homogenates were analyzed to examine collagen contents. (C) The

expression of ANXA2 and key mediators in NF-κB pathway including p-p65, p65, IκB-α, p-IκB-α, and IL-6 in lungs were measured

by Western blot analysis. β-actin was measured as an internal control. (D) IFN-γ, TNF-α, IL-4, IL-6, IL-17, and TGF-β levels were

measured in BALF from bleomycin-challenged mice at the indicated time points post-saline or TM601 treatment. n=4–6 per group.
*P<0.05, **P<0.01.

Inhibition of membrane ANXA2 by TM601 attenuates bleomycin-induced
fibrosis in vivo
To further elucidate the role of membrane ANXA2 in bleomycin-induced fibrosis in vivo, we treated
bleomycin-challenged mice with saline or TM601, a peptide which can bind and inhibit membrane ANXA2. We
found that treatment with TM601 reduced bleomycin-induced tissue destruction and collagen deposition in mice
compared with controls (Figure 6A,B). Activation of the NF-κB pathway in lung tissues induced by bleomycin was
also significantly dampened by TM601, as evidenced by reduced expression of IL-6 as well as phosphorylation levels of
IκBα and p65 (Figure 6C). Furthermore, the secreted levels of inflammatory factors (including IFN-γ, TNF-α, IL-4,
IL-6, and IL-17) and TGF-β in BALF of bleomycin-treated mice were also decreased in response to TM601 treatment
(Figure 6D). These results indicate that membrane ANXA2 indeed played an important role in bleomycin-induced
inflammatory responses and pulmonary fibrosis development.
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Discussion
IPF is a serious disease in which the lung tissue becomes thickened, stiff and scarred due to plural stimuli [6]. Com-
plex and redundant pathways are involved in this process, such as inflammation, overexpression of profibrotic cy-
tokines, autophagy, oxidant/antioxidant imbalances, EMT of lung epithelial cells, abnormal repair, and dysregulated
angiogenesis [3–6,47]. However, the precise molecular mechanisms of IPF remain to be fully revealed, and thus the
optimal therapeutic treatment has not yet been developed [6–9]. In previous study, we found that ANXA2 was a
special target of bleomycin and contributed to the development of pulmonary fibrosis by blocking TFEB-induced au-
tophagy [30]. ANXA2 is required for multiple biological functions such as signal transduction, inflammation, EMT,
oxidative balance, angiogenesis, cell proliferation and apoptosis, airway epithelial wound repair etc., all of which are
also believed to be important pathologic mechanisms of pulmonary fibrosis [20,21,37,48–55]. Aberrant expression
of ANXA2 has been linked to fibrotic diseases, including liver fibrosis, renal fibrosis, cystic fibrosis, and pulmonary
fibrosis [19,40,56–59]. In the present study, we found that bleomycin specifically binds to ANXA2, which promotes
the interaction between ANXA2 and p11, resulting in translocation of ANXA2 from cytoplasm to cellular surface
through exosomal secretion. Surface translocation of ANXA2 could activate NF-κB pathway for the production of
pro-inflammatory cytokines by inducing ILK expression in lung epithelial cells. Both ANXA2 knockdown and func-
tional inhibition of surface ANXA2 can ameliorate fibrotic and inflammatory response in bleomycin-challenged mice.
In addition, different from Korfei’s and Schuliga’s study, which found the down-regulation of ANXA2 expression in
IPF lung samples (n=9 and n=5, respectively) versus controls (both n=5) by Western blot analysis, we observed no
significant difference in the expression of ANXA2 between 34 human pulmonary fibrosis tissues and 28 paired adja-
cent normal lung tissues by immunohistochemistry although about 33% patients with elevated ANXA2 expression.
This might be due to the highly heterogeneous clinical course of IPF.

A recent study has shown that the expression of ANXA2 represents the highest correlation with inflammatory
activity stage in human fibrotic liver and a rat bile duct ligation (BDL) model [60]. Furthermore, previous stud-
ies have shown that exposure to fibrogenic agents, such as bleomycin and silica particles, can activate the NF-κB
pathway and elicit the production of inflammatory cytokines in lung epithelial cells, which is associated with the
development of pulmonary inflammation [61,62]. In lung epithelial cells, we found that bleomycin binding could
enhance surface translocation of ANXA2. Surface expression of ANXA2 is recently known to be involved in the ac-
tivation of NF-κB pathway which is critical for inflammatory processes [5,38]. For example, Swisher et al. found
that on the surface of human and murine macrophages, ANXA2 tetramer could elicit activation of NF-κB through
TLR4, resulting in inflammatory cytokine production as well as chemokine production [27,42]. While Gong et
al. [63] found that interaction between alternatively spliced segment of Tenascin-C and surface ANXA2 activate
the NF-κB pathway, resulting in gemcitabine resistance in pancreatic cancer cells. Lin et al. [39] found that tis-
sue plasminogen activator (tPA) activates the NF-κB pathway in macrophages through a signaling pathway involv-
ing surface ANXA2/CD11b-mediated ILK expression. Therefore, we first determined the role of surface ANXA2
in bleomycin-induced inflammatory response in lung epithelial cells. We found that bleomycin-induced activation
of NF-κB and production of pro-inflammatory cytokine IL-6 were significantly attenuated by anti-ANXA2 anti-
body in A549 and 16HBE cells. Consistent with the in vitro results, inhibition of surface ANXA2 with TM601 can
also attenuate fibrotic and inflammatory responses in bleomycin-challenged mice (Figure 6). Consistently, Schuliga
et al. [40] also found that ANXA2 deletion attenuated inflammation and fibrotic features in bleomycin-challenged
mice. However, because of the different modeling methods (intranasal instillation compare with intratracheal instilla-
tion), no significant difference in lung hydroxyproline (collagen) content was observed in bleomycin-treated WT and
ANXA2−/− mice in this previous study [40]. These results demonstrated that bleomycin binding-induced ANXA2
surface translocation could contribute to bleomycin-induced pulmonary fibrosis through regulating inflammatory
process. Interestingly, we also found bleomycin-induced and ANXA2-mediated activation of NF-κB pathway was, at
least partially, dependent on ILK expression, which is widely linked to fibrosis process including skin, kidney, liver,
and lung fibrosis [44,64]. In addition, Brichory et al. found that lung cancer patients that exhibited autoantibodies
to annexins I and II had significantly higher IL-6 serum levels, while treatment of A549 cells with IL-6 resulted in
an increase in membrane-bound annexin A1 and A2 [36,65]. These studies suggest that surface ANXA2 induced
production of IL-6 might further enhance surface translocation of ANXA2 in lung epithelial cells.

A wide range of stimuli factors, such as IFN-γ, tyrosine phosphorylation, heat stress and thrombin, have been
reported to induce surface translocation of ANXA2. However, ANXA2 devoid of a signal peptide cannot be trans-
ported to cell surface through the classical ER-Golgi pathway [22–24,36,45,46]. Exosomes present in multivesicular
bodies (MVBs) which are intracellular transport vesicles independent of the ER/Golgi system, and membrane lipids
at the inner leaflet of plasma membranes by which proteins physically traverse the plasma membrane, have been
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discussed as playing a role in surface translocation of ANXA2 [24,36]. Consistent with the results obtained from
IFN-γ-treated A549 cells by Fang et al., we observed that bleomycin-induced surface translocation of ANXA2 was
dependent on exosomal secretion associated with enhanced interaction between ANXA2 and p11, suggesting that
external stimuli-induced surface translocation of ANXA2 may mainly depend on intracellular transport vesicles. In
addition, autophagy was also involved in exosome transport. Autophagosome could fuse with MVBs to form amphi-
some, which will finally fuse with lysosome to degrade damaged proteins and organelles [66]. If autophagy is inhibited,
exosome secretion will be enhanced and act as an alternative way to excrete harmful/damaged proteins and RNAs,
and thereby preserve cell viability [67]. In our previous study, we found bleomycin could impede autophagy flux by
binding ANXA2 [30], which may play a role in surface translocation of ANXA2 by enhancing exosome secretion.

In conclusion, we have shown that surface ANXA2 translocation plays an important role in bleomycin-induced pul-
monary fibrosis by activating ILK/NF-κB pathway-mediated inflammatory responses. Both ANXA2 deficiency and
surface ANXA2 inhibition could ameliorate fibrotic and inflammatory response in bleomycin-treated mice. These
findings reveal that ANXA2 is a potential target for the treatment of pulmonary fibrosis.

Clinical perspectives
• This preclinical study aims to further reveal the role of ANXA2 in bleomycin-induced pulmonary

fibrosis, which may help optimize the clinical use of bleomycin in cancer therapy and enable better
understanding of the pathologic mechanisms of pulmonary fibrosis.

• Cell-surface translocation of Annexin A2 is essential in bleomycin-induced activation of NF-κB
pathway and production of pro-inflammatory cytokines, which is a critical event in pulmonary
fibrosis.

• ANXA2-deficient (ANXA2−/−) mice treated with bleomycin exhibits reduced pulmonary fibrosis
along with decreased cytokine production, while the surface ANXA2 inhibitor TM601, could also
ameliorate fibrotic and inflammatory response in bleomycin-treated mice, suggesting that ANXA2
is a potential target for the treatment of pulmonary fibrosis.
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