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ABSTRACT
Bleomycin is a clinically potent anticancer drug used for the treatment of germ-cell tumors, lymphomas
and squamous-cell carcinomas. Unfortunately, the therapeutic efficacy of bleomycin is severely hampered
by the development of pulmonary fibrosis. However, the mechanisms underlying bleomycin-induced
pulmonary fibrosis, particularly the molecular target of bleomycin, remains unknown. Here, using a
chemical proteomics approach, we identify ANXA2 (annexin A2) as a direct binding target of bleomycin.
The interaction of bleomycin with ANXA2 was corroborated both in vitro and in vivo. Genetic depletion of
anxa2 in mice mitigates bleomycin-induced pulmonary fibrosis. We further demonstrate that Glu139
(E139) of ANXA2 is required for bleomycin binding in lung epithelial cells. A CRISPR-Cas9-engineered
ANXA2E139A mutation in lung epithelial cells ablates bleomycin binding and activates TFEB (transcription
factor EB), a master regulator of macroautophagy/autophagy, resulting in substantial acceleration of
autophagic flux. Pharmacological activation of TFEB elevates bleomycin-initiated autophagic flux, inhibits
apoptosis and proliferation of epithelial cells, and ameliorates pulmonary fibrosis in bleomycin-treated
mice. Notably, we observe lowered TFEB and LC3B levels in human pulmonary fibrosis tissues compared
to normal controls, suggesting a critical role of TFEB-mediated autophagy in pulmonary fibrosis.
Collectively, our data demonstrate that ANXA2 is a specific bleomycin target, and bleomycin binding with
ANXA2 impedes TFEB-induced autophagic flux, leading to induction of pulmonary fibrosis. Our findings
provide insight into the mechanisms of bleomycin-induced fibrosis and may facilitate development of
optimized bleomycin therapeutics devoid of lung toxicity.

Abbreviations: ANXA2: annexin A2; ATII: alveolar epithelial type II; BALF: bronchoalveolar lavage fluid; F-
Bleo: fluorescein-labeled bleomycin; H&E: hematoxylin and eosin; His: hexahistidine; IPF: idiopathic
pulmonary fibrosis; MAP1LC3B/LC3B: microtubule associated protein 1 light chain 3 beta;
MTOR: mechanistic target of rapamycin; RNA-seq: RNA sequencing; SQSTM1/p62: sequestosome 1;
TFEB: transcription factor EB; TGFB1: transforming growth factor beta 1; WT: wild type
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Introduction

Bleomycin is a glycopeptide antibiotic originally isolated from
Streptomyces verticillus in 1966.1 For about half a century, bleo-
mycin has been used clinically in combination with chemother-
apy for the treatment of testicular cancer, malignant
lymphomas and squamous cell carcinomas with attractive ther-
apeutic efficacy due to minimal myelosuppression and immu-
nosuppression.2,3 In addition, bleomycin also exhibits potent
and broad anticancer activities against other types of cancer,
including ovarian cancer, cervical cancer, sarcoma and

melanoma.2,4 However, the clinical use and therapeutic efficacy
of bleomycin are severely limited by interstitial pneumonitis
with an incidence rate of up to 46%, which can frequently
develop into pulmonary fibrosis.2–6 Given that the toxic side
effects are major clinical problems encountered for chemother-
apy,7 deciphering the molecular mechanisms underlying this
side effect of bleomycin will contribute to optimizing bleomy-
cin therapeutics.

During the past decades, many studies have sought to deci-
pher the mechanism of pulmonary fibrosis induced by
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bleomycin. Previous studies have suggested that bleomycin-
induced oxidative stress and inflammatory response contribute
to the development of pulmonary fibrosis.2,8–10 However, the
use of the antioxidant N-acetylcysteine or antiinflammatory
agents (such as corticosteroids) to protect against lung toxicity
of bleomycin remains equivocal.9–13 These findings imply that
in addition to oxidative stress and inflammatory response,
additional undefined mechanisms might be involved. Although
recent transcriptomics and proteomics studies have made
much progress in deciphering the cellular consequences during
bleomycin-induced pulmonary fibrosis in mice,14,15 the mecha-
nisms of bleomycin-induced pulmonary fibrosis still merits fur-
ther investigation. In this regard, identifying the binding targets
of bleomycin will gain new perspectives for the understanding
of bleomycin-induced pulmonary fibrosis.

Here, using a chemical proteomics strategy, we have identi-
fied ANXA2 (annexin A2) as a direct binding target of bleomy-
cin in lung epithelial cells. Binding of bleomycin to ANXA2
impedes TFEB (transcription factor EB)-induced autophagic
flux, leading to induction of pulmonary fibrosis. Our study
reveals a novel cellular outcome in bleomycin-induced pulmo-
nary fibrosis and may help optimize the clinical use of bleomy-
cin in cancer therapy.

Results

ANXA2 directly binds to bleomycin in lung epithelial cells

To identify the cellular targets of bleomycin, we performed
compound-centric chemical proteomics to purify and charac-
terize bleomycin-binding proteins (Fig. S1).16–19 Bleomycin A5
was covalently conjugated to NHS-activated Sepharose beads
with high coupling efficacy (90.26 § 7.54%) (Fig. S2A-C). The
immobilized bleomycin A5 was then incubated with lung
homogenates from normal C57BL/6J mice (Fig. 1A) or cell
lysates of human A549 lung epithelial cells (Fig. S3A). High-
affinity binders were competitively eluted with free bleomycin
A5 and then subjected to SDS-PAGE and mass spectrometry
analysis. We found that only ANXA2 could be affinity-purified
from both mouse lung homogenates (Fig. 1A, lane 3 and Table
S1) and A549 cell lysates (Fig. S3A, lane 2 and Table S2). As
expected, ANXA2 was not identified when free bleomycin A5
was added to mouse lung homogenates before incubation with
the beads (Fig. 1A, lane 4), suggesting that bleomycin A5 selec-
tively bound to ANXA2. We then confirmed the binding of
bleomycin A5 with ANXA2 using immunoblotting both in
mouse lung homogenates (Fig. 1A, bottom) and A549 cell
lysates (Fig. S3A, bottom).

Bleomycin A5 was conjugated to NHS-activated Sepharose
beads via the active amino group at the end of its bithiazole tail
(Fig. S2A and B). Because the bleomycin A2/B2 complex (the
main component of Blenoxane), which shares the same core
structure with bleomycin A5 but differs by the bithiazole tail, is
the clinically administered form of this drug,2 we used bleomy-
cin A2/B2 (hereafter called bleomycin) for subsequent
experiments.

To determine whether bleomycin binds to ANXA2 directly,
we prepared recombinant human ANXA2 protein and found
that recombinant ANXA2 could be affinity-purified by

bleomycin (Fig. 1B). This direct interaction was further con-
firmed to have high affinity by surface plasmon resonance
(Fig. 1C) and isothermal titration calorimetry analysis
(Fig. 1D). In addition, fluorescence titration against bleomycin
with recombinant ANXA2 resulted in fluorescence quenching,
revealing that bleomycin binding causes conformational
changes of ANXA2 (Fig. 1E).

Because injury in lung epithelium and activation of lung epi-
thelial cells are associated with both the initiation and progres-
sion of pulmonary fibrosis,20–23 we considered the possibility
that the binding of bleomycin to ANXA2 might occur in lung
epithelial cells. To this end, we intratracheally injected fluores-
cein-labelled bleomycin (F-Bleo) in normal C57BL/6J mice and
found that F-Bleo colocalized with ANXA2 in mouse lung epi-
thelial cells in lung sections (Fig. S3B). This colocalization was
also observed in cultured primary human alveolar epithelial
type II (ATII) cells (Fig. S3C). We then used 2 lung epithelial
cell lines (mouse MLE-12 and human A549 cells) to validate
the interaction of bleomycin with ANXA2. In living cells, ther-
mal stabilization of a cellular protein will be enhanced when
binding with a chemical agent.24 Using a cellular thermal shift
assay, we found that ANXA2 was physically engaged and stabi-
lized against thermal changes in bleomycin-treated MLE-12
(Fig. 1F, left) and A549 (Fig. 1F, right) cells. In addition, we
found that ANXA2 could be affinity-purified with bleomycin-
immobilized beads from both MLE-12 and A549 cells, which
could be reversed when bleomycin A5 or bleomycin A2/B2 was
added into lysates prior to incubation with the beads (Fig. 1G).
Consistent with these results, siRNA knockdown of ANXA2
clearly diminished bleomycin binding in MLE-12, A549 and
primary human ATII cells (Fig. 1H). The selective binding of
bleomycin with ANXA2 was also observed in a number of spe-
cies (including human, monkey, mouse, rat and rabbit) that
can develop pulmonary fibrosis after bleomycin exposure
(Fig. 1I).25 Collectively, these findings demonstrate that
ANXA2 is a specific target of bleomycin in lung epithelial cells
both in vitro and in vivo.

ANXA2 facilitates bleomycin-induced pulmonary fibrosis

To determine the role of ANXA2 in bleomycin-induced pulmo-
nary fibrosis, we intratracheally injected bleomycin or saline
(control) into wild-type (WT) and anxa2¡/- mice and analyzed
the lung tissues, bronchoalveolar lavage fluid (BALF) and body
weights. We showed that bleomycin elicited alveolar septal
thickening, alveolar structure distortion and fibrotic foci in
wild-type (WT) mice compared to anxa2¡/¡ mice (Fig. 2A).
We then histopathologically evaluated the severity of fibrosis in
hematoxylin and eosin (H&E)-stained lung sections using the
Ashcroft score, an established continuous numerical scale for
determining the degree of pulmonary fibrosis.26 Bleomycin-
challenged WT mice exhibited a great extent of fibrosis as evi-
denced by elevated fibrotic score, which was considerably alle-
viated in bleomycin-treated anxa2¡/¡ mice (Fig. 2B). Next, we
assessed abnormal collagen deposition (a hallmark of pulmo-
nary fibrosis) in mouse lungs by trichrome staining, Sircol assay
and hydroxyproline (a marker of collagen) quantification.
Notably, bleomycin-treated WT mice exhibited prominent col-
lagen accumulation and increased hydroxyproline content
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compared with saline controls, whereas bleomycin-injected
anxa2¡/¡ mice showed attenuated collagen deposition and
hydroxyproline levels (Fig. 2C-E). We then prepared BALF,
and found increased total protein contents and TGFB1 (trans-
forming growth factor beta 1) levels in bleomycin-treated WT
mice compared to bleomycin-challenged anxa2¡/¡ mice
(Fig. 2F-G). In addition, body weight loss induced by bleomy-
cin was more pronounced in WT mice than that in anxa2¡/¡

mice (Fig. 2H). Overall, these data indicate that ANXA2 is
required for bleomycin-induced pulmonary fibrosis.

Glu139 of ANXA2 is required for bleomycin binding in lung
epithelial cells

To investigate the mechanism by which ANXA2 contributes to
bleomycin-induced pulmonary fibrosis, we first examined
ANXA2 expression upon bleomycin treatment. Intriguingly,
bleomycin has no obvious effect on ANXA2 expression both in
vivo and in vitro (Fig. S4A-D). In this regard, we next set out to
identify the binding site of ANXA2 with bleomycin. We gener-
ated a series of ANXA2 truncation mutants and mapped a

Figure 1. ANXA2 is a binding target of bleomycin in vitro and in vivo. (A) Bleomycin (Bleo)-binding proteins were affinity-purified from lung homogenates of normal mice
using bleomycin-immobilized NHS-activated Sepharose beads. Bound proteins were eluted with free bleomycin (lane 3). The SDS-PAGE gel was stained with Coomassie
Brilliant Blue (top) or immunoblotted with anti-ANXA2 antibody (bottom). Candidate binding targets are listed (right). (B) Recombinant human ANXA2 (non-His tagged)
was incubated with bleomycin-immobilized beads for affinity purification and then immunoblotted with anti-ANXA2 antibody. (C) Surface plasmon resonance analysis of
the binding of bleomycin with increasing concentrations of recombinant human ANXA2 (non-His tagged). (D) Isothermal titration calorimetry analysis of bleomycin bind-
ing with recombinant human ANXA2 (non-His tagged). (E) Fluorescence quenching assay to examine the conformational changes of ANXA2 (non-His tagged) caused by
bleomycin binding. (F) Cellular thermal shift assay showing ANXA2 target engagement by bleomycin A2 (Bleo) in MLE-12 cells (left) and A549 cells (right). The thermal sta-
bility of ANXA2 was quantified as indicated at the top of each immunoblot (n = 3). Data are shown as mean§ s.d. (G) Target proteins were affinity-purified using bleomy-
cin-immobilized beads from MLE-12 or A549 cells and then immunoblotted with anti-ANXA2 antibody. (H) Target proteins were affinity-purified using bleomycin-
immobilized beads from MLE-12, A549 or primary human ATII cells treated with ANXA2 siRNA (siANXA2) or control siRNA (siControl) and then immunoblotted with anti-
ANXA2 antibody. GAPDH, loading control. (I) Target proteins was affinity-purified using bleomycin-immobilized beads from normal lung homogenates of human, monkey,
mouse, rat or rabbit and then immunoblotted with anti-ANXA2 antibody. In the competition experiments (comp.) in (A, G and I), 5-fold excess bleomycin was added to
protein extracts before incubation with the beads. Results are representative of 3 independent experiments unless otherwise stated.
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central 82-amino acid region (105-186) of ANXA2 as a bleo-
mycin-binding region (Fig. 3A and B). Using docking analysis,
we identified Glu139 (E139) and Asp182 (D182) in this 82-
amino acid region as possible binding sites (Fig. 3C, D and
S5A). We then constructed plasmids containing these 2 point
mutants of ANXA2 (E139A and D182A), and purified recom-
binant proteins of these 2 ANXA2 mutants. We found that
recombinant ANXA2E139A barely interacted with bleomycin,
whereas ANXA2D182A retained bleomycin binding activity
comparable to ANXA2WT (Fig. 3E). A fluorescence quenching
assay revealed no obvious conformational change of ANX-
A2E139A compared with ANXA2WT protein (Fig. 3F). These
data suggest that Glu139 of ANXA2 may be required for bleo-
mycin binding. In addition, the docking analysis also showed
that bleomycin may bind to ANXA2 through the amide group
on its sugar moiety (Fig. S5A). We thus presumed that bleomy-
cin lacking this sugar moiety may disrupt ANXA2 binding.
Indeed, both recombinant ANXA2 and endogenous ANXA2 in
lung epithelial cells failed to be affinity-purified by

deglycosylated bleomycin (Fig. S5B and C), indicating that the
sugar moiety of bleomycin is required for ANXA2 binding.

To further determine whether Glu139 is required for bleo-
mycin-ANXA2 binding, we used CRISPR-Cas9-based genome
editing to engineer the E319A mutation in lung epithelial
MLE-12 and A549 cells (Fig. S6A and B). The E139A mutation
in living cells had no apparent effect on cell morphology and
ANXA2 localization (Fig. S6C and D). In addition, ANXA2
expression was marginally affected in response to E139A muta-
tion (Fig. S6E). As expected, CRISPR-Cas9-engineered ANX-
A2E139A-mutant cells (MLE-12 ANXA2E139A and A549
ANXA2E139A cells) revealed no obvious bleomycin binding in
contrast to MLE-12 parental and A549 parental cells (Fig. 3G).
Consistently, the thermal stabilization of ANXA2 in bleomy-
cin-treated cells was markedly decreased when the E139A
mutation was introduced (Fig. 3H). These findings demonstrate
that Glu139 is required for the binding of ANXA2 with bleo-
mycin. These data also suggest that the paired parental and
ANXA2E139A lung epithelial cells are suitable models to dissect

Figure 2. ANXA2 deficiency ameliorates bleomycin-induced pulmonary fibrosis. Wild-type (WT) and anxa2¡/¡ mice were treated intratracheally with bleomycin (Bleo) or
saline for 21 days (n = 5 per group). (A) Representative images of hematoxylin and eosin (H&E) staining of lung tissue sections. Scale bars: 100 mm. (B) Ashcroft fibrotic
scores were determined by H&E staining of lung sections. (C) Representative images of Masson’s trichrome staining of lung tissue sections. Scale bars: 100 mm. (D and E)
Whole lung homogenates were analyzed to examine collagen contents using the Sircol assay (D) and hydroxyproline contents (E). (F and G) Total protein contents (F)
and TGFB1 levels (G) were determined in bronchoalveolar lavage fluid (BALF). (H) Body weights were measured over time. Data are means § s.d. ���P < 0.001 (Student t
test).
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the molecular events downstream of bleomycin-ANXA2 bind-
ing that may play a role in the development of pulmonary
fibrosis.

Bleomycin-ANXA2 interaction impedes autophagic flux in
lung epithelial cells

Bleomycin induces autophagy in lung epithelial cells, and
autophagy deficiency exacerbates bleomycin-induced pulmo-
nary fibrosis in atg4¡/¡ mice.27,28 We presumed that the contri-
bution of ANXA2 binding to bleomycin-induced pulmonary
fibrosis might be due to the regulation of autophagy. Bleomycin
treatment increased LC3B-II abundance and GFP-LC3B puncta
formation, and decreased autophagic substrate SQSTM1/p62

levels in MLE-12 and A549 parental cells (Figs. 4A-E). LC3B-II
levels were further elevated after lysosomal inhibition with
chloroquine or bafilomycin A1 (Fig. 4A). These data indicate
that bleomycin induces autophagic flux in lung epithelial cells,
which is consistent with a previous report.28 Notably, we
observed markedly reduced LC3B-II abundance and GFP-
LC3B puncta formation, as well as decreased SQSTM1 levels in
bleomycin-treated ANXA2E139A cells compared to bleomycin-
treated parental cells (Figs. 4A-E). In addition, chloroquine or
bafilomycin A1 significantly increased LC3B-II levels in bleo-
mycin-treated ANXA2E139A cells in comparison with bleomy-
cin-treated parental cells (Fig. 4A and B). These data imply that
the decrease of the bleomycin-ANXA2 interaction may dramat-
ically accelerate autophagic flux.

Figure 3. Glu139 of ANXA2 is required for bleomycin binding. (A) Schematic representation of full-length (FL) ANXA2 and its truncation mutants. (B) Recombinant His-
ANXA2-FL and its truncation mutants were affinity-purified using bleomycin-immobilized NHS-activated Sepharose beads and then immunoblotted with anti-His anti-
body. (C and D) Cartoon representation (C) and electrostatic surface representation (D) of the docking model of bleomycin binding to H. sapiens ANXA2. (E) Recombinant
His-ANXA2E139A or His-ANXA2D182A was affinity-purified using bleomycin-immobilized NHS-activated Sepharose beads and then immunoblotted with anti-His antibody.
(F) Fluorescence quenching assay to examine the conformational changes of recombinant ANXA2 and ANXA2E139A (non-His tagged). (G) Target proteins were affinity-puri-
fied with bleomycin-immobilized beads from MLE-12 parental or MLE-12 ANXA2E139A cells and A549 parental or A549 ANXA2E139A cells, and then immunoblotted with
anti-ANXA2 antibody. GAPDH, loading control. (H) Cellular thermal shift assay showing ANXA2 or ANXA2E139A target engagement by bleomycin (Bleo) in MLE-12 parental
or MLE-12 ANXA2E139A cells (left) and A549 parental or A549 ANXA2E139A cells (right). The thermal stability of ANXA2 was quantified as indicated at the top of each immu-
noblot. Results are representative of 3 independent experiments unless stated otherwise. Data in (H) are means § s.d.
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To corroborate these findings, we used LC3B tandemly
tagged with acid-resistant monomeric RFP and acid-sensitive
GFP (mRFP-GFP-LC3B) to measure the formation of autopha-
gosomes (RFP+ GFP+ signal) and autolysosomes (RFP+ GFP¡

signal).29 As expected, the number of RFP+ GFP¡ puncta (auto-
lysosomes) was increased in bleomycin-treated ANXA2E139A

cells compared with bleomycin-treated parental cells (Fig. 4E
and F), suggesting increased formation of autolysosomes
caused by disrupting the bleomycin-ANXA2 interaction. To
determine whether this autolysosome increase led to enhanced
autophagic degradation, we used a highly self-quenched BOD-
IPY-conjugated bovine serum albumin (DQ-BSA) that displays

Figure 4. Disruption of bleomycin-ANXA2 interaction accelerates autophagic flux in lung epithelial cells. (A) Immunoblots for LC3B in parental and ANXA2E139A cells
treated with bleomycin (50 mM) or cotreated with chloroquine (CQ, 20 mM) or bafilomycin A1 (BafA1, 100 nM) for 24 h. GAPDH, loading control. S.E., short exposure; L.E.,
long exposure. Quantification of LC3B levels in parental and ANXA2E139A cells treated with or without bleomycin is shown. (B) LC3B-II:GAPDH levels in parental and ANX-
A2E139A cells treated with bleomycin in the presence of CQ or BafA1 shown in (A). LC3B-II:GAPDH was calculated as: (LC3B-II level treated with bleomycin combined with
CQ or BafA1 ¡ LC3B-II level treated with bleomycin alone) � LC3B-II basal levels. (C) Immunoblots for SQSTM1 in parental and ANXA2E139A cells treated with or without
bleomycin (50 mM). GAPDH, loading control. Quantification of SQSTM1 levels is shown. (D) Representative images of parental or ANXA2E139A cells transiently expressing
GFP-LC3B plasmids followed by bleomycin (Bleo, 50 mM) treatment for 24 h. DNA was counterstained with Hoechst 33342 (blue). Scale bars: 10 mm. (E) Quantification of
LC3B puncta shown in (D). (F) Representative images of parental or ANXA2E139A cells transiently expressing mRFP-GFP-LC3B plasmids followed by treatment with bleomy-
cin (50 mM) for 24 h. Scale bars: 10 mm. (G) Quantification of LC3B puncta shown in (F). (H) Representative images of parental or ANXA2E139A cells incubated with BODIPY-
conjugated bovine serum (DQ-BSA, red) followed by bleomycin treatment (50 mM) for 24 h. DNA was counterstained with Hoechst 33342 (blue). Scale bars: 10 mm. Data
in (B, D, F and H) are means § s.d., Results are representative of 3 independent experiments. �P < 0.05, ��P < 0.01, ���P < 0.001 (Student t test). NS, nonsignificant.
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bright red fluorescence only when proteolytic degradation
occurs.29,30 Indeed, the increase of degradation-induced DQ-
BSA fluorescent signal in bleomycin-treated parental cells was
further elevated in bleomycin-treated ANXA2E139A cells
(Fig. 4G). In agreement with these observations, bleomycin
induced LC3B accumulation in the lungs of wild-type (WT)
mice, whereas with much reduced LC3B level in the lungs of
anxa2¡/¡ mice, which might be attributed to accelerated auto-
phagic flux in bleomycin-treated anxa2¡/¡ mice (Fig. S7). Col-
lectively, these data suggest that ANXA2 binding impedes
bleomycin-induced autophagic flux.

Bleomycin binding with ANXA2 impedes autophagic flux
by inactivating TFEB in lung epithelial cells

To interrogate how ANXA2 binding attenuates bleomycin-
induced autophagic flux, we profiled the global gene expression
by RNA sequencing (RNA-seq) analysis in MLE-12 parental
and MLE-12 ANXA2E139A cells in response to bleomycin treat-
ment (Fig. 5A and Table S3). The RNA-seq data identified a set
of autophagy-lysosome genes that were upregulated in bleomy-
cin-treated ANXA2E139A cells in comparison with bleomycin-
treated parental cells. The upregulation of these genes was fur-
ther confirmed by qPCR analysis (Fig. 5B). These autophagy-
lysosome genes have been previously reported to be regulated
by TFEB, a master regulator of autophagy.31–33 Indeed, bleomy-
cin treatment markedly induced nuclear translocation of TFEB
in ANXA2E139A cells compared to parental cells (Fig. 5C and
S8).

It has been reported that YWHA/14-3-3 interacts with TFEB
to inhibit the translocation of TFEB into the nucleus,34,35 we
therefore performed an immunoprecipitation assay to deter-
mine whether YWHA was involved in bleomycin-induced
nuclear translocation of TFEB in ANXA2E139A cells. As
expected, ANXA2, TFEB and YWHA exhibited strong interac-
tions with each other in bleomycin-treated parental cells, while
these interactions were markedly reduced in bleomycin-treated
ANXA2E139A cells (Fig. 5D). YWHA knockdown using siRNA
significantly attenuated the interaction of TFEB with ANXA2
in bleomycin-treated parental cells, to a similar level observed
in bleomycin-treated ANXA2E139A cells (Fig. 5E). These results
indicate that ANXA2, YWHA and TFEB form a triplex result-
ing in TFEB cytoplasmic retention and inactivation, and that
YWHA mediates ANXA2 and TFEB interaction.

We further presumed that TFEB might contribute to the
accelerated autophagic flux in bleomycin-treated ANXA2E139A

cells. As expected, TFEB knockdown in bleomycin-treated
ANXA2E139A cells increased LC3B-II levels and decreased RFP+

GFP¡ puncta (Fig. 5F-H and S9A), akin to what were observed
in bleomycin-treated parental cells (Fig. 4A, B, G and H). Con-
sistently, constitutive activation of TFEB in ANXA2E139A cells
using TFEB-mutants (MmTFEBS210A in MLE-12 parental cells
and HsTFEBS211A in A549 parental cells)33,34 did not further
accelerate bleomycin-induced autophagic flux (Fig. 5I and J).
In addition, constitutive activation of TFEB in bleomycin-
treated parental cells using TFEB mutants decreased LC3B-II
and increased RFP+ GFP¡ puncta (Fig. S9B-D), to a similar
extent to that in bleomycin-treated ANXA2E139A cells (Fig. 4A,
B, G and H). Collectively, these results demonstrate that the

bleomycin-ANXA2 interaction impedes autophagic flux
by inducing cytoplasmic retention of TFEB in lung epithelial
cells.

Pharmacological activation of TFEB-induced autophagy
ameliorates bleomycin-induced pulmonary fibrosis

Given the TFEB inactivation and autophagy impediment
caused by bleomycin-ANXA2 binding, we next investigated
whether stimulation of TFEB-mediated autophagy by Torin 1
(treated from day 1), a TFEB activator that inhibits its phos-
phorylation and induces its nuclear translocation,32,35,36 could
prevent the occurrence of pulmonary fibrosis under bleomycin
treatment conditions. As expected, Torin 1 treatment from d 1
significantly reduced LC3B expression levels in lungs from
bleomycin-treated mice (Fig. 6A and B), which might be attrib-
uted to TFEB-accelerated autophagic flux. In addition, Torin 1
reduced bleomycin-induced alveolar septal thickening, fibrotic
foci, alveolar structure distortion and fibrotic scores (Fig. 6C
and D). Moreover, Torin 1 alleviated collagen accumulation
and hydroxyproline content in bleomycin-induced mice
(Fig. 6E-G). Total protein contents and TGFB1 levels in BALF
were also decreased by Torin 1 treatment in bleomycin-injected
mice (Fig. 6H and I). As expected, body weight loss induced by
bleomycin was restored by Torin 1 treatment (Fig. 6J). These
results indicate that the TFEB activator Torin 1 induces auto-
phagic flux and ameliorates bleomycin-induced pulmonary
fibrosis in mice.

To achieve a more rational strategy for clinical intervention,
we evaluated the anti-fibrotic effect of Torin 1 (treated from d
7). As expected, Torin 1 treatment from d 7 significantly ame-
liorated bleomycin-induced pulmonary fibrosis (Fig. S10A-G),
which is consistent with that of Torin 1 treatment from d 1.
However, in addition to TFEB activation, Torin 1 was also
reported to induce autophagy as an MTOR (mechanistic target
of rapamycin) inhibitor.37 Thus, we further investigated the
anti-fibrotic effect of the curcumin analog compound C1, an
MTOR-independent activator of TFEB.38 As shown in Fig.
S11A-G, compound C1 significantly attenuated bleomycin-
induced pulmonary fibrosis. These results strongly support the
idea that TFEB activation plays an important role in ameliorat-
ing bleomycin-induced pulmonary fibrosis.

It has been recently reported that apoptosis and hyperprolif-
eration of lung epithelial cells contribute to bleomycin-induced
lung injury and fibrosis.39–41 Consistently, we found that bleo-
mycin increased TUNEL- and MKI67-positive cells in mice,
whereas the increase of apoptotic and proliferative cells was
attenuated by Torin 1 treatment (Fig. 6K-N). Together, these
findings indicate that pharmacological activation of TFEB-
induced autophagy ameliorates bleomycin-induced pulmonary
fibrosis in mice.

TFEB-induced autophagy is negatively associated with
human pulmonary fibrosis

To evaluate the clinical relevance of TFEB, we examined the
expression of TFEB in 41 paired human idiopathic pulmonary
fibrosis (IPF) tissues and adjacent normal lung tissues (Table
S4). Compared with normal lung tissues, TFEB expression in
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lung epithelial cells was downregulated from pulmonary fibro-
sis tissues (Fig. 7A and B). Consistently, we noted that in con-
trast to fibrosis tissues, TFEB was preferentially expressed in
the nuclei of lung epithelial cells in normal tissues
(Fig. 7C). In addition, we found that LC3B was also down-
regulated in fibrotic tissue (Fig. 7D and E), and TFEB
expression positively correlated with LC3B expression

(Fig. 7F). These data suggest a critical role of TFEB-medi-
ated autophagy in IPF. Although we have not directly eval-
uated the role of bleomycin-ANXA2 binding in bleomycin-
induced fibrosis samples from patients due to unavailability,
the potential signaling pathways including TFEB-induced
autophagy in IPF human samples could partially address
the clinical relevance of our study.

Figure 5. Disrupting bleomycin-ANXA2 interaction accelerates autophagic flux by activating TFEB in lung epithelial cells. (A) RNA-seq analysis of the differential expres-
sion profiles in 2 different clones of MLE-12 ANXA2E139A cells compared with MLE-12 parental cells following bleomycin treatment for 24 h. (B and C) Parental and ANX-
A2E139A cells were treated with or without bleomycin (Bleo, 50 mM) for 24 h. mRNA levels of autophagy-lysosome genes controlled by TFEB were measured by qPCR
analysis (B). TFEB levels in cytosolic and nuclear fractions were examined by immunoblotting. GAPDH and H3F3/H3 are loading controls for the cytosol and nucleus,
respectively (C). (D) Parental and ANXA2E139A cells were treated with bleomycin (Bleo, 50 mM) for 24 h. Immunoprecipitation of TFEB with ANXA2 or YHWA was detected
by immunoblotting analysis. (E) Parental and ANXA2E139A cells were transfected with control siRNA or YWHA siRNA followed by bleomycin (50 mM) treatment for 24 h.
Immunoprecipitation of ANXA2 with TFEB was detected by immunoblotting analysis. (F) ANXA2E139A cells transfected with siControl or siTFEB were treated with or without
bleomycin (50 mM) for 24 h and immunoblotted for LC3B and SQSTM1. GAPDH, loading control. (G) Representative images of ANXA2E139A cells transiently expressing
mRFP-GFP-LC3B plasmids transfected with control siRNA or siTFEB, followed by treatment with bleomycin (50 mM) for 24 h. Scale bars: 10 mm. (H) Quantification of LC3B
puncta shown in (G). (I) Representative images of ANXA2E139A cells transiently expressing mRFP-GFP-LC3B plasmids transfected with vector or TFEB mutants (MmTFEBS210A

in MLE-12 cells and HsTFEBS211A in A549 cells, respectively), followed by treatment with bleomycin (50 mM) for 24 h. Scale bars: 10 mm. (J) Quantification of LC3B puncta
shown in (I). Data in (B, H and J) are means § s.d. Results are representative of 3 independent experiments unless stated otherwise. �P < 0.05, ��P < 0.01, ���P < 0.001
(Student t test). NS, nonsignificant.

276 K. WANG ET AL.



Discussion

Despite being a potent anticancer chemotherapeutic drug, bleo-
mycin has a main limitation due to causing severe pulmonary
fibrosis that shortens patient life span. Studies have thus far
focused on investigating cellular and physiological details of
bleomycin-induced pulmonary fibrosis. However, virtually no
attempt has been made to identify bleomycin’s direct molecular
targets in eukaryotes. Here, we identify and demonstrate that
ANXA2 is a binding target of bleomycin in causing pulmonary
fibrosis. Blocking this binding by introducing the E139A
mutant into ANXA2 or modifying the chemical structure of
bleomycin may represent feasible strategies to prevent pulmo-
nary fibrosis during anticancer therapy with bleomycin.

In our experiments, we show that bleomycin is anchored to
E139 of ANXA2 through the amide group on the sugar moiety.
Deletion of this sugar moiety of bleomycin disrupts ANXA2
binding and should therefore reduce pulmonary toxicity. In
accordance with this concept, it has been recently reported that

deglycosylated bleomycin, a bleomycin-derived drug in which
the sugar residue located in the glycosylated portion is
removed, shows similar anticancer activity to bleomycin, but
does not induce pulmonary fibrosis.42 Our findings together
with this previous study suggest that deglycosylated bleomycin
may represent a potential alternative to bleomycin for cancer
treatment.

ANXA2, an evolutionarily conserved calcium-dependent
protein, has been reported to be involved in initiating the
autophagy process either by promoting phagophore assembly
via actin in physiological contexts or enabling ATG9A traffick-
ing to phagophores under starvation conditions.43,44 In addi-
tion, our previous study suggests that ANXA2 regulates
autophagy through the AKT-MTOR pathway in alveolar mac-
rophages in a mouse infection model.45 These studies address
the important role of ANXA2 in autophagy, but the regulatory
mechanisms seem to be context dependent. In the current
study, we characterize an additional mechanism of ANXA2-
regulated autophagy in the context of bleomycin treatment.

Figure 6. Pharmacological activation of TFEB by Torin 1 elevates autophagic flux and ameliorates pulmonary fibrosis in bleomycin-treated mice. Mice were injected intra-
tracheally with bleomycin or saline, and treated with Torin 1 (20 mg/kg) every other day for 21 d (n = 5 per group). (A) Lung tissues were homogenized and immunoblot-
ted for LC3B. ACTB, loading control. (B) Representative images of LC3B immunohistochemical staining of lung tissue sections. Scale bars: 50 mm. (C) Representative
images of hematoxylin and eosin (H&E) staining of lung tissue sections. Scale bars: 50 mm. (D) Ashcroft fibrotic scores were determined by H&E staining of lung sections.
(E) Representative images of Masson’s trichrome staining of lung tissue sections. Scale bars: 50 mm. (F and G) Whole lung homogenates were analyzed to examine colla-
gen contents using the Sircol assay (F) and hydroxyproline contents (G). (H and I) Total protein contents (H) and TGFB1 levels (I) were determined in bronchoalveolar
lavage fluid (BALF). (J) Body weights were measured over time. (K) Representative images of TUNEL staining of apoptotic cells in lung tissue sections. Scale bars: 50 mm.
(L) Quantification of apoptotic cells shown in (A). (M) Representative images of MKI67 immunohistochemical staining in lung tissue sections. Scale bars: 50 mm. (N) Per-
centage of MKI67-positive cells shown in (M). Data are means § s.d. ��P < 0.01, ���P < 0.001 (Student t test).
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ANXA2 is selectively targeted by bleomycin, leading to recruit-
ment of TFEB to form a bleomycin-ANXA2-YWHA-TFEB
complex in the cytoplasm. The cytoplasmic retention of TFEB
blunts its transcriptional activity and impedes autophagic flux
(Fig. S12).

Recently, increasing evidence has suggested that autophagy
plays a role in pulmonary fibrosis. For instance, insufficient
autophagy has been observed in this condition.46 Induction of
autophagy in epithelial cells by blocking IL17A enhances colla-
gen degradation and decreases pulmonary fibrosis.47 In addi-
tion, it has been found that bleomycin induced more severe
pulmonary fibrosis in atg4b¡/¡ mice.28 These findings suggest
that autophagy plays a protective role in the development of
pulmonary fibrosis. In this study, we found that bleomycin-
ANXA2 binding impedes autophagic flux by TFEB inactiva-
tion. This autophagic event occurs in lung epithelial cells, the
injury and activation of which are required for the initiation
and progression of pulmonary fibrosis.20–22 Consistent with

our data, it has been reported that rapamycin (an MTOR inhib-
itor promoting autophagic flux) partially reversed bleomycin-
induced pulmonary fibrosis, and this effect could be inhibited
by chloroquine (an inhibitor of autolysosome formation block-
ing autophagic flux).48 Our data together with other studies
reveal a protective role of autophagic flux in bleomycin-
induced pulmonary fibrosis, suggesting that promotion of auto-
phagic flux, such as via TFEB activators, may represent a possi-
ble intervention strategy against pulmonary fibrosis.

It is well known that bleomycin-induced lung toxicity
involves oxidative stress and DNA damage that causes an
inflammatory response.2 These events occur in the nucleus
whereas autophagy takes place in the cytoplasm, implying that
both cytoplasmic and nuclear events play essential roles in
bleomycin-induced pulmonary fibrosis. Autophagy has been
reported to be involved in regulating oxidative stress, DNA
damage and inflammatory response49–52; whether autophagy
affects bleomycin-induced oxidative stress, DNA damage or
inflammatory response requires further investigation. More-
over, although TFEB-induced autophagy is negatively associ-
ated with IPF in human samples, it should be noted that
ANXA2, the molecular target of bleomycin, has only been dem-
onstrated to be involved in bleomycin-induced pulmonary
fibrosis in the current study. Whether ANXA2 is relevant to
IPF is currently not clear.

In summary, we demonstrate that bleomycin binds directly
to ANXA2, impedes TFEB-induced autophagic flux and
thereby contributes to the development of pulmonary fibrosis.
Our study offers insight into the mechanistic basis of bleomy-
cin-induced pulmonary fibrosis, and opens new perspectives
for developing potential strategies to minimize the pulmonary
toxicity of bleomycin.

Materials and methods

Cell culture

MLE-12, A549 and 293T cells were obtained from the Ameri-
can Type Culture Collection (CRL-2110, CCL-185 and CRL-
3216). A549 and 293T cells were cultured in Dulbecco’s modi-
fied Eagle’s medium (Thermo Fisher Scientific, 12800017) sup-
plemented with 10% fetal bovine serum (FBS; HyClone,
SH30088.03). MLE-12 cells were maintained in DMEM/F12
containing 2% FBS. Short tandem-repeat profiling was per-
formed for all cell lines. Primary human alveolar epithelial type
II (ATII) cells were isolated from distal normal lung tissue of
lung cancer as previously described and cultured in DMEM
supplemented with 10% FBS.53 All cell lines and primary cells
were free of mycoplasma contamination as tested using the
LookOut Mycoplasma PCR Detection Kit (Sigma-Aldrich,
MP0035).

Reagents

Antibodies for ANXA2 (annexin A2) (PA5-14318), GAPDH
(MA5-15738), 6 £ His Epitope Tag (MA1-21315) and Flag
Epitope Tag (MA1-91878) were from Thermo Fisher Scientific.
Antibody for LC3B (NB100-233) was from Novus Biologicals.
Antibody for SQSTM1 (PM045) was from MBL International

Figure 7. Expressions of TFEB and LC3B are negatively associated with human pul-
monary fibrosis. (A) Representative images of TFEB immunohistochemical staining
in pulmonary fibrosis (PF) tissues or adjacent normal lung tissues from patients.
Arrows represent lung epithelial cells with nuclear TFEB staining. Scale bars:
50 mm. (B and C) TFEB staining intensity (B) and percentage of nuclear TFEB-posi-
tive cells (C) of lung epithelial cells in 41 PF tissues and paired adjacent normal
lung tissues from patients. (D) Representative images of LC3B immunohistochemi-
cal staining in pulmonary fibrosis (PF) tissues or adjacent normal lung tissues from
patients. Scale bars: 50 mm. (E) LC3B staining intensity in PF tissues and paired
adjacent normal lung tissues from patients (n = 41). (F) Association of the staining
intensity of TFEB and LC3B in PF tissues (n = 41). Concordance was determined by
Pearson correlation and linear regression. Data in (B, C and E) are means § s.d.
Results are representative of 3 independent experiments unless stated otherwise.
���P < 0.001 (Student t test).
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Corporation. Antibodies for TFEB (sc-48784) and H3F3/his-
tone H3 (sc-10809) were from Santa Cruz Biotechnology. Anti-
body for YWHA (8312) was from Cell Signaling Technology.
Antibodies for goat anti-mouse IgG-HRP (sc-2005) and goat
anti-rabbit IgG-HRP (sc-2004) were from Santa Cruz
Biotechnology.

ANXA2 siRNA (Hs) (sc-270151), Anxa2 siRNA (Mm) (sc-
29683), TFEB siRNA (Hs) (sc-38509) and Tfeb siRNA (Mm)
(sc-38509) were purchased from Santa Cruz Biotechnology.
Bleomycin A5 (MB1038) and bleomycin A2/B2 (MB1039)
were from Melone Pharmaceutical Co. Chloroquine (1327000)
and bafilomycin A1 (B1793) were purchased from Sigma-
Aldrich. Torin 1 (A8312) was from ApexBio Technology. Lipo-
fectamine 3000 (L3000015) and Hoechst 33342 (H3570) were
purchased from Thermo Fisher Scientific.

Affinity purification with bleomycin-immobilized beads

The scheme for coupling bleomycin A5 to NHS-activated
Sepharose beads is shown in Fig. S2B. NHS-Activated Sephar-
ose 4 Fast Flow agarose matrix (GE Healthcare Life Sciences,
17-0906-01) was washed with 1 mM cold HCl and incubated
with bleomycin A5 in coupling buffer (0.2 M NaHCO3, 0.5 M
NaCl, pH 8.3) overnight at 4�C. Bleomycin A5 was immobi-
lized on beads via its amino reactivity. Unreacted residues were
blocked with 0.5 M ethanolamine, pH 8.3. Beads were washed
and stored at 4�C for use. HPLC analysis of bleomycin A5 solu-
tions before or after bleomycin conjugation was performed to
determine the coupling efficacy.

Bleomycin-immobilized beads were equilibrated with 1%
NP-40 lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl,
1% NP-40 (Sigma-Aldrich, 74385) and then incubated with
protein lysates prepared from mouse MLE-12, human A549
cells or lung homogenates of human, mouse, rabbit, rat and
monkey for 2 h at 4�C. The beads were washed 3 times with 1%
NP-40 lysis buffer. Bound proteins were eluted with 5 mM free
bleomycin A5. In the competition experiment, 1 mM free bleo-
mycin A5 was added to protein extracts before incubation with
the beads. Bound proteins were separated by SDS-PAGE and
subjected to mass spectrometry or immunoblotting analysis.

Expression of recombinant human ANXA2 (rHsANXA2)

Human ANXA2 cDNA (provided by Dr. Jiahuai Han, Xiamen
University) was cloned into a pET28a vector with an N-termi-
nal hexahistidine (His) tag (Provided by Dr. Yamei Yu, Sichuan
University) between restriction sites BamHI and XhoI. cDNAs
encoding residues 34–399, 105–339, 187–339, 1–186, 1–264, 1–
336 of human ANXA2 were individually amplified by PCR and
inserted into the pET28a vector as above. Mutations of E139A
and D182A were created by site directed mutagenesis. All pri-
mers are shown in Table S5. pET28a His-ANXA2 plasmids
were transformed into Rosetta (DE3) E. coli cells (EMD Milli-
pore, 70954). Cells were inoculated in Luria-Bertani medium
(10 g NaCl, 10 g tryptone and 5 g yeast extract in 1 L ddH2O)
containing kanamycin and induced with 400 mM IPTG (EMD
Millipore, 420322). Cells were harvested and lysed by sonica-
tion. His-tag ANXA2 was purified using a Ni2+-charged
HiTrap Chelating column (GE Healthcare Life Sciences, 17-

0409-05) on an AKTA Explorer Purification Unit (GE Health-
care Life Sciences, Piscataway, NJ, USA). Where necessary, the
His tag was removed by TEV protease (Sigma-Aldrich, T4455)
cleavage. The purified human ANXA2 was characterized by
SDS-PAGE, Immunoblotting and ESI-Q-TOF-MS analysis.

Surface plasmon resonance analysis

Surface plasmon resonance experiments were performed on a
BIAcore T200 biosensor system (GE Healthcare Life Sciences,
Piscataway, NJ, USA) at 25�C. Bleomycin A5 was dissolved in
10 mM sodium borate, pH 8.5 and immobilized on an activated
CM5 dextran chip using amine-coupling chemistry (GE
Healthcare Life Sciences, 29104988). The remaining active sites
were blocked with 1 M ethanolamine, pH 8.3. The binding of
rHsANXA2 at different concentrations was performed in 1 £
PBS buffer (Beyotime, C0221A) containing 0.05% Tween-20
(Sigma-Aldrich, P1379), pH 7.4 at a flow rate of 30 ml min¡1

for 120 s. For chip regeneration, bound rHsANXA2 was
removed by injection of 5 mM NaOH for 30 sec. The binding
kinetics was analyzed by BIAevaluation software 2.0 using the
1:1 Langmuir binding model.

Isothermal titration calorimetry

Isothermal titration calorimetry experiments were carried out
on a MicroCal iTC200 calorimeter (Malvern Instruments, Mal-
vern, UK) at 25�C in 1 £ PBS buffer, pH 7.4. Bleomycin (1
mM) was titrated into 50 mM rHsANXA2. The data were ana-
lyzed with the Origin calorimetry software package using a sin-
gle site-binding model.

Fluorescence quenching assay

Fluorescence titrations were performed using a Lumina Fluo-
rescence Spectrometer (Thermo Fisher Scientific, MA, USA) at
25�C with 1-nm excitation and 10-nm emission bandwidths.
The excitation wavelength was 280 nm, and the emission spec-
tra were measured between 290 and 450 nm. Different concen-
trations of bleomycin were titrated into 200 mM rHsANXA2 in
1 £ PBS buffer, pH 7.4. During titrations, the additives were
not allowed to exceed 2% of the total solution volume.

Cellular thermal shift assay

The stabilization of targets in cells by compound interaction
was evaluated by cellular thermal shift assay as described previ-
ously.24 Briefly, cells grown in 100-mm dishes to 80% conflu-
ency were treated with 50 mM bleomycin or PBS for 6 h. Cells
were harvested by trypsin and subsequently resuspended in
PBS. The cell suspension was then aliquoted into 10 PCR tubes,
heated for 5 min to 42, 44, 46, 48, 50, 52, 54, 56, 58 or 60�C fol-
lowed by 3 cycles of freeze-thawing with liquid nitrogen and
centrifugation at 17,000 g for 15 min. The soluble fractions
were analyzed by SDS-PAGE and immunoblotted with anti-
ANXA2 antibody.
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Preparation of fluorescein-labeled bleomycin

Fluorescein-labeled bleomycin (F-Bleo) was prepared as
described by Aouida et al.54 Briefly, 2.1 mM 5-(and-6)-carboxy-
fluorescein, succinimidyl ester (5(6)-FAM, SE (Thermo Fisher
Scientific, C1311) was incubated with 0.6 mM bleomycin A5 in
0.2 M NaHCO3, pH 8.3, at 4�C overnight. Unreacted residues
were blocked with 1.0 M hydroxylamine, pH 8.3. The products
were then separated on a 1% agarose gel with 40 mM MES
buffer, pH 6.5. The F-Bleo product, which slowly migrated
towards the cathode, was visualized by UV and excised fol-
lowed by 3 cycles of freeze-thawing at -80�C. Excised gels were
centrifuged at 12,000 g for 10 min, freeze dried and dissolved
in sterile deionized water. F-Bleo products were then purified
and quantified by RP-HPLC using an Acquity BEH C18 col-
umn (100 mm £ 2.1 mm £ 1.8 mm; Waters, 186008755).

Immunofluorescence

Cells were seeded onto glass cover slips in 24-well culture plates
and incubated overnight. After treatment, cells were fixed with
4% paraformaldehyde at room temperature for 30 min. The slips
were rinsed with PBS and cells were permeabilized with 0.04%
Triton X-100 for 10 min and blocked with 5% goat serum
(EMD Millipore, S26). Cells were incubated with primary anti-
body at 4�C overnight, washed in PBS, incubated with appropri-
ate secondary antibody (Thermo Fisher Scientific, 35560 for
DyLight 594-conjugated goat anti-rabbit IgG, and 35502 for
DyLight 488-conjugated goat anti-mouse IgG) and then counter-
stained with Hoechst 33342 (Sigma-Aldrich, 14533). For the
DQ-BSA assay, cells were incubated with 10 mg/ml DQ-BSA
Red (Thermo Fisher Scientific, D-12051) for 1 h and then
treated with or without bleomycin (50 mM) for 24 h. Cells were
washed, fixed and counterstained with Hoechst 33342. The red
fluorescent signal indicating degradation capacity was measured.

Immunoblotting

Total protein lysates were prepared in RIPA buffer (50 mM Tris
base, 150 mMNaCl, 0.1% SDS, 1% NP-40, pH 7.6) and quantified
using the BCA Protein Assay (Thermo Fisher Scientific, 23250).
Nuclear and cytoplasmic fractionation was performed using NE-
PERTM Nuclear and Cytoplasmic Extraction Reagents (Thermo
Fisher Scientific, 78833). Proteins were separated by SDS-PAGE
gels, transferred onto PVDF membranes (EMD Millipore,
ISEQ00010) and blocked with 5% skimmed milk in TBST
(20 mM Tris base, 137 mM NaCl, 0.1% Tween-20, pH 7.6) for
2 h. The membranes were probed with primary antibodies at 4�C
overnight, and then washed with TBST followed by incubation
with HRP secondary antibodies (Thermo Fisher Scientific, 31430
for goat anti-mouse IgG (H+L) secondary antibody, and 31460
for goat anti-rabbit IgG (H+L) secondary antibody) for 1 h at
room temperature. Immunoreactivity was visualized by enhanced
chemiluminescence reagents (EMDMillipore, WBKLS0500).

Animal studies

anxa2¡/¡ mice were kindly provided by Dr. Katherine A. Haj-
jar (Cornell University).55 C57BL/6J female mice of 6–8 wk of

age were used. Bleomycin (2.5 U/kg) in 50 ml saline was intra-
tracheally administered in anxa2¡/¡ and wild-type (WT) mice.
Where indicated, Torin 1 (20 mg/kg) in 5% DMSO:50% PEG-
400 (Sigma-Aldrich, 202398) in PBS was injected intraperitone-
ally every other day from after bleomycin administration (d 1
or d 7). Curcumin analog compound C1 (20 mg/kg; Sigma-
Aldrich, L157139) in 1% sodium carbonyl methylcellulose
(Sigma-Aldrich, C5678) was orally administered by gavage
every other day. The body weights were measured on each day
of treatment. Lungs were removed and bronchoalveolar lavage
fluid (BALF) was obtained from anesthetized mice on d 21.
The measurement of collagen (Sicrol Collagen Assay; Biocolor,
S2000) and hydroxyproline (Sigma-Aldrich, MAK008) con-
tents of whole lungs were performed according to the manufac-
turer’s instructions. Protein contents of BALF were measured
with a BCA Protein Assay Kit (Thermo Fisher Scientific,
23250). TGFB1 levels in BALF were determined with the ELISA
Ready-SET-Go! Kit (Thermo Fisher Scientific, 88-8350-22). For
histopathological examination, mouse lungs were fixed in 4%
paraformaldehyde and embedded in paraffin. The lung sections
were stained with H&E or Masson’s trichrome reagent. The
severity of fibrosis was evaluated by Ashcroft score in H&E-
stained sections.26 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.

CRISPR-Cas9 genome editing

Homology directed repair-mediated E139A mutation of
ANXA2 in A549 or MLE-12 cells was performed by CRISPR-
Cas9 genome editing. The single guide RNA sequence for tar-
geting human ANXA2 in A549 cells (5’-
CCTGCTGATGTTCGTGCTCCT-3’) or mouse ANXA2 in
MLE-12 cells (5’-ACGCATGCAAGAGTGCGCACGG-3’),
respectively, was designed using the CRISPR design web inter-
face (http://crispr.genome-engineering.org/). The guide
sequence was cloned into the pX330 vector as described previ-
ously.56 The E139A repair template was amplified from geno-
mic DNA in A549 or MLE-12 cells and inserted into the
pcDNA3.1 vector (Thermo Fisher Scientific, V79020). Then
the E139A mutation and silent mutation (preventing re-cutting
of the targeted locus following homologous recombination)
were introduced into the repair template by site directed muta-
genesis. The proper pX330/guide RNA and pcDNA3.1/repair
template plasmids were cotransfected into A549 or MLE-12
cells using Lipofectamine 3000 (Thermo Fisher Scientific,
L3000001). Cells were then expanded as single clones, of which
the genomic DNA was amplified by PCR and sequenced to
examine the E139A mutation.

Quantitative RT–PCR and RNA-seq

Total cellular RNAs were extracted using Trizol (Thermo
Fisher Scientific, 15596018). Total RNA (1 mg) was subjected
to reverse transcription using the SuperScript III FirstStrand
Synthesis System (Thermo Fisher Scientific, 18080051). Quan-
titative RT-PCR was performed with iTaq Universal SYBR
Green Supermix (Bio-Rad, 1725120) in a CFX Connect Real-
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Time PCR Detection System (Bio-Rad). The relative transcript
levels were normalized to endogenous GAPDH and expressed
as 2¡DDCt values. Primer sequences are described in Table S5.
RNA-Seq was performed with Illumina HiSeq 2000 by Beijing
Genomics Institute (BGI, Shenzhen, China).

Human samples

A total of 41 idiopathic pulmonary fibrosis tissues and paired
adjacent normal lung tissues were obtained under informed con-
sent from patients who underwent surgical resection at either
West China Hospital or Sichuan Provincial People’s Hospital
(Chengdu, China). Table S4 shows patient demographics and
clinical characteristics. Ethics approval was obtained from the
Institutional Ethics Committee of Sichuan University. Excised
Lungs were fixed with 4% paraformaldehyde and embedded
with paraffin for immunohistochemical examination.

Immunohistochemistry

Immunohistochemical staining was performed as described
previously.57 Briefly, the tissue sections were deparaffinized,
rehydrated and blocked with 3% H2O2 followed by microwave
antigen retrieval in citrate buffer (pH 6.0). Sections were then
treated with 10% normal serum, incubated with primary anti-
body at 4�C overnight. The EnVision Detection System (Agi-
lent Technologies, K5007) was used to detect antigen
expression. Staining intensity was graded as: negative (0), weak
(1), moderate (2), and strong (3). H-Score (0 – 300) = (1 £ %
of weak staining) + (2 £ % moderate staining) + (3 £ % strong
staining). Protein staining was evaluated independently by 2
experienced investigators.

Statistics

Significant differences between 2 groups were evaluated using a
2-tailed Student t test. Concordance was determined by Pear-
son correlation and linear regression. GraphPad Prism 6.0 soft-
ware was used for plotting graphs and statistical analysis. Data
were expressed as means § s.d. and significance was designated
as follows: �P < 0.05, ��P < 0.01, ��� P < 0.001.
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