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Summary

Aging constitutes a significant risk factor for fibrosis, and
idiopathic pulmonary fibrosis (IPF) is characteristically associated
with advancing age. We propose that age-dependent defects in
the quality of protein and cellular organelle catabolism may be
causally related to pulmonary fibrosis. Our research found that
autophagy diminished with corresponding elevated levels of
oxidized proteins and lipofuscin in response to lung injury in old
mice and middle-aged mice compared to younger animals. More
importantly, older mice expose to lung injury are characterized by
deficient autophagic response and reduced selective targeting of
mitochondria for autophagy (mitophagy). Fibroblast to myofi-
broblast differentiation (FMD) is an important feature of pulmo-
nary fibrosis in which the profibrotic cytokine TGFp1 plays a
pivotal role. Promotion of autophagy is necessary and sufficient
to maintain normal lung fibroblasts’ fate. On the contrary, FMD
mediated by TGFp1 is characterized by reduced autophagy flux,
altered mitophagy, and defects in mitochondrial function. In
accord with these findings, PINK1 expression appeared to be
reduced in fibrotic lung tissue from bleomycin and a TGFf1-
adenoviral model of lung fibrosis. PINK1 expression is also
reduced in the aging murine lung and biopsies from IPF patients
compared to controls. Furthermore, deficient PINK1 promotes a
profibrotic environment. Collectively, this study indicates that an
age-related decline in autophagy and mitophagy responses to
lung injury may contribute to the promotion and/or perpetuation
of pulmonary fibrosis. We propose that promotion of autophagy
and mitochondrial quality control may offer an intervention
against age-related fibrotic diseases.
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Introduction

While interstitial lung disease can affect both the young and the elderly,
aging constitutes a significant risk factor for pulmonary fibrosis.
Idiopathic pulmonary fibrosis (IPF) is an interstitial lung disease that is
specifically associated with advancing age. An estimated 100 000
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people in the United States have IPF, a chronic and lethal disorder with
progressive decline of pulmonary function resulting in a median survival
of only 3 years from time of diagnosis (Klingsberg et al., 2010). IPF is
characterized by abnormal accumulation of myofibroblasts and forma-
tion of fibrotic foci in the lung, with excessive deposition of extracellular
matrix components (Pardo & Selman, 2002).

Although the precise etiology of IPF remains elusive, significant
advances in understanding this disease have been made through omics
studies using lung biopsies from IPF patients (Korfei et al., 2011; Deng
et al., 2013) Proteomic analysis has shown that an IPF-afflicted lung
bears features of chronic cellular stress, with an increase in the unfolded
protein response (UPR), accumulation of heat-shock proteins, and DNA
damage (Korfei et al., 2011). It is also clear that TGFB1 is an important
factor in the pathogenesis of pulmonary fibrosis (Zhao et al., 2002). The
predisposition for disrepair during aging coincides with increases in
TGFB1 signaling (Sueblinvong et al., 2012, 2014). TGFB1 promotes
fibroblast to myofibroblast differentiation (FMD) and myofibroblast
survival by inducing a variety of signaling pathways, including the
canonical TGFB1 signaling pathway (Smad2/3-dependent) and nonca-
nonical pathways, such as PI3K/AKT/mTOR pathway (Biernacka et al.,
2011). The PI3K/AKT/mTOR pathway is constitutively activated in IPF
fibroblasts within a polymerized collagen matrix (Nho & Hergert, 2014).
The mTOR pathway regulates autophagy and insufficient autophagy has
been shown to promote lung fibroblast differentiation (Araya et al.,
2013).

Autophagy is a catabolic process conserved from yeast to mammals
that provides a mechanism for stress recognition. Macroautophagy is the
type of autophagy that involves sequestering portions of the cytosol
(including soluble proteins, organelles, and aggregates) inside a forming
autophagosomal membrane, which ultimately seals and fuses with
lysosomes for degradation of the entrapped cargo. This process can
occur in bulk or can be highly selective. The formation and elongation of
the autophagosomal double membrane is controlled by the coordinated
actions of autophagy-related genes (Atgs), including the microtubule-
associated protein-1 light chain-3B (LC3B) (Klionsky et al., 2010). This
process regulates several functions in the cell, including the reduction of
oxidative stress primarily through mitochondrial turnover.

Under stress, mitochondrial dysfunction induces ubiquitin-dependent
responses that involve remodeling of the mitochondrial proteome and
organelle removal by mitophagy. PINK1, a serine/threonine kinase, is
involved in the degradation of dysfunctional mitochondria, accumulates
on depolarized mitochondria and recruits Parkin. At the depolarized
mitochondria, Parkin, an E3 ubiquitin ligase, catalyzes the polyubiqui-
tination of several substrates, triggering the engulfment of mitochondria
by the autophagosome-lysosome pathway through recruitment of an
LC3-binding protein, p62/SQSTM1 (Geisler et al., 2010).

Importantly, defects in mitochondrial turnover are associated with
late-onset pathologies, the accumulation of defective mitochondria in
aging tissues, and advanced oxidative stress (Bratic & Larsson, 2013;
Schiavi & Ventura, 2014). Induction of mitochondrial turnover and
recycling through autophagy is thus a legitimate pharmacological target
in age-related lung diseases. Here, we demonstrate for the first time an
age-related decline in autophagy and selective targeting of mitochondria
for autophagic degradation, with reduced PINK1 expression, in animal
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models of pulmonary fibrosis. We propose that enhancement of
autophagic flux and mitochondrial recycling by hormetic compounds
can diminish the expression of damaging reactive oxygen species and
help to maintain mitochondria function, the normal lung fibroblast
phenotype and promotion of a healthy lung.

Results

Deficient autophagic response and increase in lipofuscin
deposits are concomitant with disrepair in the aging lung

The lungs of old mice show worse fibrosis after bleomycin-induced injury, an
animal model that recapitulates the features of human pulmonary fibrosis,
compared with the lungs from young mice (Sueblinvong et al., 2012; Peng
et al., 2013). As shown, bleomycin promotes activation of TGFf and AKT/
mTOR pathways (Fig. S1). We studied bleomycin-exposed lungs from young
mice (2 month old) and older mice, including 14 month old and 22 month
old, for lipofuscin content, a nondegradable intralysosomal polymeric
substance that accumulates during aging (Brunk & Terman, 2002). The
purpose was to determine whether what have heretofore been considered
age-related changes in lipofuscin can be detected and promoted in fibrotic
lungs of young and late middle aged, as well as old mice, and whether these
changes were progressive. Assessment of Sudan Black B staining and
quantification by ImageJ revealed more lipofuscin aggregates in the lungs of
14-month-old mice versus 2-month-old mice after oropharyngeal aspiration
of bleomycin (Fig. 1A,B). No significant differences were detected between
14-month-old and 22-month-old mice. The results were confirmed using
OxylHC™ Oxidative Stress system for protein oxidation (Fig. S2A).

Collagen deposition was detected by Masson's trichrome staining
analysis. An increase in collagen deposition in the 14-month-old mice
compared to young mice was observed (Fig. 1C,D). Tissues were immuno-
stained for heat-shock protein 47 (Hsp47), a collagen-binding glycoprotein
localized in the endoplasmic reticulum, and a biomarker of early stages of
fibrogenesis (Taguchi & Razzaque, 2007). Higher levels of Hsp47-positive
cells (myofibroblast-type cells) appeared in 22- and 14-month-old mice
compared to 2-month-old mice subjected to bleomycin (Fig. 1E,F). After
bleomycin exposure, an age-dependent increase in the expression of fibrotic
markers, collagen type | (Col1), connective tissue growth factor (CTGF/
CCN2), and plasminogen activator inhibitor-1 (PAI1) were confirmed by
gRT-PCR (Fig. S2B). Compared to 2-month-old mice, the lungs of the older
mice exposed to bleomycin exhibited severe interstitial and intra-alveolar
pneumonia and fibrosis with the presence of myofibroblasts, as well as an
increase in collagen fibers detected by electron microscopy images (Fig.
S2C). Nossignificant differences were detected between 14- and 22-month-
old mice after lung injury. Interestingly, untreated 22-month-old mice have
enlarged alveolar spaces compared to 2-month-old mice with higher levels
of MMP9 expression (Fig. S2B).

The autophagic response to bleomycin was evaluated by microtubule-
associated protein-1 light chain 3 B punctae (the lipidated form of LC3)
immunostaining. The analysis revealed more punctae in younger mice
(2 month old) when compared to older mice (14 and 22 month old) exposed
to bleomycin (Fig. 1G,H). Similarly, young mice had higher levels of LC3b
punctae in both the interstitium and the respiratory epithelium (Fig. S3).

Age-related changes in the mitophagic response to
bleomycin

In accordance with the increase in collagen deposition in aging lung (Fig.
S4A) and mitochondrial dysfunction observed in age-related diseases
(Sueblinvong et al., 2012; Bratic & Larsson, 2013), we chose to further
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evaluate changes in mitophagy in old mice (22 month old) and young
mice (2-month-old) treated with bleomycin. Sequestration of mitochon-
dria inside autophagic vacuoles was determined by colocalization of
TOM20 (mitochondria) and LC3b (autophagosome) by immunofluores-
cence in lung tissue from control (PBS) and bleomycin-exposed young
and old mice (Fig. 2A,B). Quantification and analysis demonstrated that
higher levels of mitophagy events are induced in the 2-month-old mice
compared to older mice after bleomycin exposure (Fig. 2B, Fig. S4B).

TGFp1 inhibits autophagy during myofibroblast
differentiation in a time-dependent manner

Due to therole of TGFB1 in fibrogenesis, we tested the effect of TGFB1 upon
autophagy in NHLF by treating cells for 12, 24, and 48 hwith 1 ng mL™" of
TGFB1, alone or with 30 pum chloroquine (CQ) treatment 4 h prior to
collection. The purpose was to observe time-dependent differences in the
autophagy flux during the process of myofibroblast differentiation. The
lysosome inhibitor CQ promoted accumulation of collagen type | (Col1) but
not a-smooth muscle actin (a-SMA), even in the absence of TGFpB1,
suggesting that in normal human lung fibroblasts, as well as differentiated
myofibroblasts, Col1 is targeted for lysosomal degradation, but not a-SMA
(Fig. 3A). We next evaluated the time-dependent regulation of mTOR
during the process of myofibroblast differentiation after TGFB1 induction.
Western blots using antibodies specific for the active (phosphorylated) forms
of AKT and a downstream target of mTOR, p70 S6-Kinase 1, indicated that
TGFB1 induced the AKT/mTOR pathway in a time-dependent manner with
an activation peak at 24 h (Fig. 3B).

Western blots also confirmed that TGFB1 reduced autophagy at 24 h
(determined as the increase in LC3Il levels upon addition of CQ), but no
significant differences were noticed after 48 h (Fig. 3C, Fig. S5A).
Changes in the autophagy flux were confirmed by an increase in the
immunofluorescence of the LC3b punctae upon CQ treatment (Fig. 3D,
S5B). Analysis of the CQ treatment confirms that the maximum
inhibition of the autophagy flux (CQ treated/untreated) corresponds
temporally with the peak in mTOR activity (Fig. 3D).

Importantly, p62/SQSTM1 protein levels assessed by Western blot
declined in TGFB1-treated fibroblasts and CQ treatment failed to
increase p62/SQSTM1 to the same levels observed in control fibroblasts
(Fig. 3C). The measurement of p62/SQSTM1 expression as a marker of
autophagic flux is controversial and misinterpreted; this protein is subject
to regulation at both transcriptional and post-translational levels.
Analyses by qRT-PCR showed that TGFB1 repressed p62/SQSTM1 gene
expression by 50% (Fig. 3E), which indicates that p62/SQSTM1 cannot
be used as an autophagy flux marker in this context.

Finally, we confirmed the inhibitory effects of TGF1 on autophagy in
the human lung fibroblasts by semiquantitative analysis of number of
autophagic vacuoles (AV) detected by electron microcopy, as presented
in Fig. 3F,G.

TGFp1 modulates the transcription of autophagy-related
genes during myofibroblast differentiation

Our findings regarding TGFB1-dependent repression of p62/SQSTM1
mMRNA levels prompted us to determine whether other autophagy-related
genes were regulated similarly. RNAs from NHLF untreated and treated with
TGFB1 for 24 h were analyzed by gRT-PCR in an array format for 84 key
genes involved in autophagy as components of the molecular machinery
and regulators. The results showed that 21 different autophagy-related
mRNAs were significantly requlated by TGFB1in NHLF (Fig. S6). These results
were confirmed by gRT-PCR with an independent set of primers (Fig. 4,
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Fig. 1 Bleomycin exposure exacerbates age-dependent differences in lipofuscin content, collagen deposition, Hsp47, and the autophagic marker LC3. Twenty-two-
month-old (old) and 14-month-old (middle aged) mice exposed to bleomycin (Bleo), pulmonary fibrosis model, accumulates more lipofuscin as compared to 2-month-old
(young) mice. (A) Representative images of Sudan Black B (SBB) staining for lipofuscin during fibrogenesis in young and middle-aged lung. Positive SBB appears dark brown—
black. Nuclei were counterstained with methyl green (blue-green). Arrows show SBB-positive lipofuscin. (B) Quantification of SBB staining in 2-, 14-, and 22-month-old
mouse lung sections. (C, D) Representative images and quantification of Masson'’s trichrome staining to evaluate collagen deposition in young (shown), middle-aged
(shown), and old lung. Positive collagen deposition appears blue. (E, F) Representative images and quantification of Hsp47 staining/cell demonstrate fibrogenesis in middle-
aged lung. Positive cells stain red (NovaRed stain). Nuclei were counterstained with hematoxylin. (G, H) Representative images and quantification of LC3b staining show the
autophagic response to injury in 2-, 14-, and 22-month-old mouse lung. Positive LC3b appears as red punctae. Nuclei were counterstained with DAPI (blue). *P < 0.05,
**p < 0.01, ***P < 0.005.

Supporting Information). The complete list of gene expression changes are apoptosis, and regulators of autophagy in response to intracellular
shown in the Table S1. Interestingly, TGFB1 repressed genes involved in pathogens and other intracellular signals (Fig. 4). Only one gene, IGF1,
autophagosome formation, maturation, coregulators of autophagy/ was significantly upregulated (>30-fold change) by TGFB1 (Fig. 4).

© 2015 The Authors. Aging Cell published by the Anatomical Society and John Wiley & Sons Ltd.
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Fig. 2 Deficient mitophagy response after lung injury in aged mice. (A) Left: Representative images of mitochondria inside autophagosomes (yellow), detected by
colocalization of LC3b punctae (red) and TOM20 a mitochondria marker (green) in young (2 month old) and old (22 month old) bleomycin (Bleo) exposed mouse lung tissue.
Nuclei were counterstained with DAPI (blue). Center: Colocalization labeled in pink on black and white images using the colocalization finder plug-in in Image J (NIH).
Right: 1gG-only controls in lung tissues used as negative controls. Kidney stained for LC3 and TOM20 used as positive control. (B) Quantification of number of mitochondria
inside autophagic compartments in young and old mice exposed with vehicle (PBS) or bleomycin. ***P < 0.005.

could occur during FMD through TGFB1-induced deregulation of the
PINK1/PARKIN/p62 pathway.
To determine whether the reduction in PINK1 and p62/SQSTM1

TGFB1 modulates PINK1 expression, mitophagy, and
mitochondrial homeostasis during fibrogenesis

gRT-PCR analysis confirmed TGFB1-induced transcriptional inhibition for expression observed during the process of FMD s reflected in the level of
p62/SQSTM1 and PINK1 in dose-dependent manner (Fig. 5A). These recruitment of mitochondria for degradation, we performed total
results suggest that deficient mitochondrial targeting for mitophagy protein analysis and mitochondria isolation in NHLF treated with or
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Fig. 3 Repression of autophagy during FMD in lung fibroblasts by TGFB1. TGFB1 induces AKT/mTOR activation during the first 24 h of FMD, which occurs concomitantly
with a decline in autophagy and expression of autophagy-related genes. (A) NHLF cultured for 12, 24, and 48 h with and without TGFB1 and/or chloroquine (CQ) added 4 h
prior to collection for Western blot (WB) analysis. Representative WB for fibrotic markers collagen type | (Col1), a-smooth muscle actin («-SMA), and B-actin loading control.
(B) Representative WB for mTOR pathway activation with the indicated antibodies and B-actin loading control. (C) Representative WB for autophagic markers with the

indicated antibodies and B-actin loading control. Densitometry analysis of WB in Fig. S5A. (D) Quantification of LC3 punctae immunofluorescence indicates differences in the
autophagic flux after 24-h treatment with TGFB1. (E) Real-time RT-PCR (qRT-PCR) analysis for p62/SQSTM1 expression in TGFB1-treated NHLF at 24 h. (F) Quantification of
autophagic vacuoles (AV) in electron microscopy images in (G) performed on control (10 cells), TGFB1 treated (12 cells), and TGFB1 and RSV cotreatment (6 cells). (G)

Confirmatory electron microscopy (TEM) for autophagosome analysis. Resveratrol (RSV) cotreatment is used as a tool to induce autophagosome formation. Arrows show

autophagic vacuoles and are labeled AV. **P < 0.01, ***P < 0.005.

without TGFB1 and/or resveratrol (RSV), a hormetic compound that
promotes autophagy and inhibits FMD. Western blot analysis demon-
strated that the TGFB1-mediated decline in p62/SQSTM1 in total cell
protein was also observed in the isolated mitochondria, and mitochon-
drial protein was normalized with TOM20 (Fig. 5B). Similarly, the levels
of PINK1 and BNIP3L (Nix), a receptor for mitophagy, declined in the
isolated mitochondria from TGFB1-treated cells. (Fig. 5B). On the
contrary, cotreatment with RSV maintains the expression levels of
PINK1, p62/SQSTM1, and BNIP3L in mitochondria (Fig. 5B). Defects in
mitochondria recycling were confirmed using NHLF with and without 4-h
CQ treatment. CQ increased the accumulation of PINK1 and TOM20 as a
result of the active autophagy flux in NHLF; however, this process was
impaired in the presence of TGFB1. By contrast, RSV promoted active
mitophagy (Fig. S7).

To demonstrate the functional relevance of these results, we
performed Western blot analyses of the relative levels of the oxidative
phosphorylation (OXPHOS) complexes in mitochondrial preparations
from these cells. Levels of complex Il and IV declined in mitochondria
from TGFpB1-treated cells, which were reversed by cotreatment with RSV
(Fig. 5C). Assessment of ROS levels using the DCFH-DA assay demon-
strated an increase in ROS consequent to TGFB1 that was reversed by
RSV treatment (Fig. 5D).

To demonstrate whether the transcriptional downregulation of PINK1
by TGFB1 in normal human lung fibroblasts is recapitulated in animal
models of pulmonary fibrosis, we exposed mice to 3 x 10% PFU of

replication-deficient adenovirus encoding either GFP (AdGFP) or active
TGFB1 (AATGFB1). Real-time RT-PCR and Western blot analyses from
whole lung extracts were performed 7 days postinfection. The results
demonstrated a TGFB1-associated reduction in PINK1 in the lung 7 days
postinfection (Fig. 5E). A corresponding reduction in PINK1 protein levels
was confirmed by Western blots and densitometry (Fig. S8A,B). We
obtain similar results using the bleomycin animal model of pulmonary
fibrosis (Fig. 5F). PINK1 expression was found to be reduced in the
22-month-old mice compared to 2-month-old mice. Finally, immuno-
histochemistry performed on human IPF lung and control lung samples
confirmed low levels of PINK1 in the IPF tissue and nondetectable PINK1
staining in the fibrotic foci (Fig. 5G).

Fibroblasts undergoing active autophagy resist the
remodeling effects of TGFp1

Myofibroblasts are key players in pulmonary fibrosis and the major
source of Hsp47 expression and interstitial collagen deposition. We
explored possible therapeutic implications of autophagy induction
relative to FMD in cell culture. NHLFs were treated with TGFb1 in
presence of autophagy inducers. The FMD response to TGFB1 was
evaluated by Western blot for Col1 and a-SMA. The results indicates that
selective inhibition of mTOR with Torin-1 repressed TGFB1-mediated
induction of Col1 and a-SMA, while increasing the LC3b-II/LC3b-I ratio
(Fig. 6A, Fig. S9A). Calorie restriction decelerates mTOR-driven aging in

© 2015 The Authors. Aging Cell published by the Anatomical Society and John Wiley & Sons Ltd.
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cells as well as in organisms, including humans (Blagosklonny, 2010).
NHLFs were pretreated with complete media or HBSS media to induce
nutrient restriction for 24 h followed by treatment with TGFB1 for an
additional 24 h. The results from Western blots (and gRT-PCR, data not
shown) demonstrated that preconditioning with nutrient restriction
promoted resistance to induction of fibrotic markers, Col1 expression,
and o-SMA, by TGFB1 (Fig. 6B, Fig. S9B). Nonspecific hormetic
compounds such as RSV promoted autophagy and also prevented
FMD in a dose-dependent manner (Fig. 6C, Fig. S9C).

To more directly implicate autophagy in repression of TGFB1-
mediated FMD, we used Tat-beclin 1, a membrane permeable peptide
that selectively induces autophagy (Shoji-Kawata et al., 2013). Treat-
ment with Tat-beclin 1 peptide reduced the expression of fibrotic
markers in a dose-dependent manner (Fig. 6D, Fig. S9D). Moreover,
using a genetic approach, we confirmed that inhibition of autophagy
by knockdown of ATG5 and ATG7 in NHLF promoted expression of o-
SMA and Col1 (Fig. S10A,B). Taken together, these results indicate
that active autophagy prevents FMD and that promotion of auto-
phagy may be necessary and sufficient to maintain normal lung
fibroblasts’ fate.

Discussion

Our data support the role of autophagy and mitophagy, as protective
mechanisms, against pulmonary fibrosis. In accord, our studies in animal
models of pulmonary fibrosis demonstrated that susceptibility to
pulmonary fibrosis during aging correlates with reduced autophagy,
measured by the number of autophagosomes and mitochondria
associated with autophagosomes, an increase in lipofuscin deposits
and age-dependent decline in PINK1 expression. Also, lung tissues from
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IPF patients express reduced levels of PINK1. Furthermore, we found that
TGFB1 represses autophagy, mitochondrial recycling, and homeostasis in
normal human lung fibroblasts during FMD and inhibits PINK1 expres-
sion during pulmonary fibrosis. Autophagy is a stress response and a
quality control mechanism that protects against cellular stress and injury
(Aguirre et al., 2014; Chang et al., 2015). Thus, impaired autophagic
activity and mitophagy in response to injury may contribute to the onset
of age-related lung diseases.

Our data identified an inverse correlation between the number of
autophagosomes and the accumulation of lipofuscin and collagen
deposits in bleomycin-treated mice. We propose that deficient auto-
phagy can exacerbate lung injury by promoting oxidative stress,
dysfunctional mitochondria, and lipofuscin deposits. Moreover, the
accumulation of lipofuscin further limits autophagic turnover, exacer-
bating fibrosis. Our finding that repressed autophagic response during
aging contributes to lung fibrosis contrasts with the excessive autophagy
that underlies the pathogenesis of emphysema (Chen et al., 2008). Our
results support the possibility that autophagy may be a critical
determinant of the response to lung injury by settling the development
of fibrosis or emphysema.

Previous studies using lung biopsies from IPF patients reported a
diminution in autophagy (Patel et al., 2012; Araya et al., 2013). Herein,
we impart an appreciation for TGFB1-mediated regulation of the
autophagic response during lung aging as part of the normal and
pathological response to injury and fibrogenesis. Our findings demon-
strate that autophagy may restrain transdifferentiation of normal human
lung fibroblasts. A proposed model of these events is shown in Fig. 6E.
TGFB1 reduces autophagy, in part, by selectively repressing expression of
autophagy mediators in normal lung fibroblasts. Furthermore, TGFB1
reduced autophagy flux, PINK1/p62-dependent mitochondrial recycling,
and mitochondrial oxidative phosphorylation. This study connects
autophagy and mitochondrial homeostasis to cell fate during fibrogen-
esis. Nevertheless, a cell type-specific genetic approach and the
redundancy of mechanisms that regulate mitochondrial homeostasis
need to be investigated, as pulmonary fibrosis is a complex disease that
involves multiple interacting signaling pathways (Hecker et al., 2014).

We found that TGFB1 stimulates the expression of the cytokine IGF1,
an inhibitor of autophagy and a marker of aging in healthy adults
(Vestergaard et al., 2014). In some organisms, mutations that reduce the
activity of the IGF1/AKT pathway increase longevity (Feng & Levine,
2010). Like TGFB1, IGF1 is elevated in the lungs of patients with IPF as
well as in animal models of pulmonary fibrosis (Honeyman et al., 2013).
IGF1 and TGFB1 can act synergistically to promote changes in cell
metabolism, survival, and cytoskeletal reorganization (Honeyman et al.,
2013).

As shown in our studies, TGFB1 reduces the expression of p62/
SQSTM1. p62/SQSTM1 serves as multifunctional regulator of cell
signaling involved in selective autophagy, intracellular trafficking and
the NRF2 antioxidant response (Ichimura et al., 2013; Calderilla-Barbosa
et al., 2014). Relative to the latter activity, defects in p62/SQSTM1 may
contribute to the deregulation in NRF2 activity seen in myofibroblasts
and pulmonary fibrosis (Ichimura et al., 2013; Hecker et al., 2014). Thus,
p62/SQSTM1 could provide dual protection to stressed cells by facilitat-
ing both autophagy and the Nrf2-mediated antioxidant response. The
relevance of p62/SQSTM1 function to pulmonary fibrosis is further
supported by studies describing accelerated aging and age-related
pathologies associated with loss of p62/SQSTM1 (Bitto et al., 2014).

Our findings indicate PINK1 is another target repressed by TGFB1.
Studies demonstrating that TGFB1 regulates phosphatase and tensin
homolog (PTEN), a driver of PINK1 expression, are consistent with this
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Fig. 5 Deregulated mitochondrial homeostasis and PINK1 expression in pulmonary fibrosis. TGFB1 treatment alters expression of mitophagy-related proteins, specifically
PINK1, consistent with IPF-related changes. (A) gRT-PCR analysis for TGFB1 dose-dependent changes in the transcriptional levels of PINK1 and p62/SQSTM1 in NHLF after
24 h. (B) Representative WB of mitochondria isolated from NHLF treated or untreated with TGFB1 and/or resveratrol (RSV) probed for indicated antibodies. TOM20 was used
as loading control. (C) Representative WB for OXPHOS complexes from NHLF treated or untreated with TGFB1 and/or RSV. TOM20 was used as loading control. (D)
Quantification of reactive oxygen species from NHLF treated with or without TGF1 and/or RSV. E) gRT-PCR analysis for mRNA expression levels of PINK1, at 7 days post
oropharyngeal aspiration of control adenovirus-GFP (AdGFP) or adenovirus-TGFB1 (AdTGFB1) in mice (n = 5 per treatment). (F) gRT-PCR analysis for PINK1 expression in
2-month-old (n = 5) and 22-month-old mice (n = 5) after oropharyngeal aspiration of bleomycin (Bleo) or PBS vehicle only, at 14 days postexposure. (G) IHC in lung tissue
samples from an IPF patient and a control patient show differential expression of PINK1. Positive cells appear red (NovaRed stain). Nuclei counterstained with hematoxylin
appear blue. Arrow shows fibrotic lesion. IgG only was used as negative control. *P < 0.05, **P < 0.01, ***P < 0.005.

finding (Chow et al., 2008). PTEN deficiency promotes fibrogenesis (He
et al., 2014; Roe et al., 2015). The relevance of our findings was further
confirmed by our recent observation that PINK1 knockout mice have a
pro-inflammatory environment characterized by increased levels of IL-6
(data not shown). In fact, recent studies in PINK1 null mice demonstrated
high levels of TGFB1 and susceptibility to pulmonary fibrosis (Knight
et al., 2003; Bueno et al., 2015). The TGFB1-PINK1 interaction could
constitute a feed forward cycle that favors the perpetuation of fibrosis
that is characteristic of the IPF lung. Further analyses of PINK1 knockout
mice will better define the role of PINK1 in lung aging and pulmonary
fibrosis.

It is still unclear whether or how TGFf1 influences human aging. In
C. elegans, the TGFp signaling pathway represses lifespan (Hirose et al.,
2003). In humans, a correlation between a polymorphism in the TGFB1
gene and longevity suggests a similar function (Carrieri et al., 2004). The
aging lung displays a profibrotic phenotype characterized by enhanced
TGFB1 expression and signaling (Doyle et al., 2010; van der Kraan et al.,
2012; Sueblinvong et al., 2012). Our data describe the influence of
TGFB1 upon aging through changes in autophagy, mitochondrial
homeostasis, and promotion of aberrant responses to lung injury.

At the cellular level, reduction of autophagy and mitophagy could
abet myofibroblast differentiation and assist adaptation to metabolic
changes and thereby prevent apoptosis (ML Sosulski, R Gongora, CG
Sanchez unpublished data). However, deregulated cellular proteostasis
and mitochondria recycling may contribute to other features of

interstitial lung diseases, such as disrupted cellular redox, chronic
inflammation, and increased vulnerability of the lung epithelia to
second-hit injury (Hecker et al., 2014; Hawkins et al, 2015). Con-
versely, moderate induction of autophagy promotes resistance to
oxidative stress and extension of lifespan (Pyo et al., 2013). In fact,
we and others found that hormetic compounds like resveratrol
promote autophagy and mitochondrial homeostasis, while inhibiting
FMD and pulmonary fibrosis in animal models (Sener et al., 2007;
Akgedik et al.,, 2012). Finally, we propose promoting autophagy and
mitochondrial homeostasis to intervene against age-related lung
diseases like pulmonary fibrosis.

Experimental procedures

Cell culture, reagents, and transfection

Normal human lung fibroblasts (NHLFs) were obtained from ATCC and
maintained in Fibroblast Growth Medium-2 (FGM-2, Lonza, Walkersville,
MD, USA) before serum starving cells in Fibroblast Basal Medium (FBM,
Lonza) supplemented with 0.2% bovine serum albumin (BSA, Gemini
Bio-Products Inc., Woodland, CA, USA). During treatments, NHLFs were
cultured in FBM plus 0.2% BSA. For siRNA knockdown experiments, cells
were transfected using the Neon Transfection System (Invitrogen,
Carlsbad, CA, USA). Additional information is provided in Supplemental
Experimental Procedures.
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Fig. 6 Fibroblasts undergoing active autophagy resist the remodeling effects of TGFB1. Inhibition of FMD is demonstrated by Western blot from total extracts derived from
NHLF treated with TGFB1 and autophagy inducers. Representative WB shown was probed with antibodies to fibrotic markers collagen type | (Col1) and a-smooth muscle
actin (a-SMA) using B-actin as protein loading control. (A) NHLF cultured in the presence of TGFB1 and Torin 1 for 24 h. (B) NHLF precultured in nutrient-restricted conditions
(HBSS) or complete media (M) then cotreated with TGFB1 for an additional 24 h. (C) TGFB1 alone or cotreatment with TGFB1 plus resveratrol (RSV) at multiple doses for
24 h. (D) NHLFs were cultured in the presence of TGF1 and doses of Tat-beclin 1 peptide for 24 h. (E) Proposed model for TGFB1 repression of autophagy during
myofibroblast differentiation. TGFB1 activates the PI3K/AKT/mTOR pathway which inhibits the initiation of the autophagosome formation. TGFB1 will impart, directly or
indirectly, deregulation of autophagy-related genes that will inhibit autophagy at different levels of the process, including autophagosome formation, selectivity, and
degradation. Furthermore, TGFB1 inhibits the expression and recruitment of PINK1/PARKIN/p62 to the mitochondria, promoting accumulation of dysfunctional
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On the contrary, inhibition of autophagy promotes myofibroblast differentiation independently of TGFB1.

Mice & tissue samples Additional details are provided in Supplemental Experimental Proce-

dures.
All animal protocols were performed as approved by the Tulane
University Institutional Animal Care and Use Committee. C57BL/6 male Antibodies
mice were obtained from the Jackson Laboratory (Bar Harbor, ME, USA)
and housed in sterile conditions. Additional details are provided in Antibody details are provided in Supplemental Experimental Procedures.

Supplemental Experimental Procedures.
Electron microscopy

Information is given in Supplemental Experimental Procedures.
Western blots
Histology, immunofluorescence-paraffin staining, and

Cells were harvested in 1x RIPA Buffer (Cell Signaling, Danvers, MA, . ' .
immunohistochemistry

USA), sonicated, and quantified using the Bradford Method (Bio-Rad

Laboratories Inc., Hercules, CA, USA). Flash-frozen lung tissue from mice Histologic sections of lung tissue (4 um) were deparaffinized and
was homogenized in 1x RIPA Buffer with an EDTA-free protease rehydrated according to the standard protocol. Additional details are
inhibitor cocktail (Roche Applied Science, Indianapolis, IN, USA). given in Supplemental Experimental Procedures.
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Sudan black B staining

Tissue slides were deparaffinized and rehydrated to 70% ethanol. Freshly
prepared Sudan Black B (SBB; Fisher Scientific, Pittsburgh, PA, USA) stain was
prepared as previously described (Georgakopoulou et al., 2013), and slides were
incubated in SBB for 20 min. Nuclei were counterstained with methyl green.

Oxidative stress assays

In cells, ROS levels were measured by detection of DCF, the fluorescent
product formed from the oxidation of 2,7-dichlorodihydrofluorescein
diacetate (DCFH-DA, Sigma, St. Louis, MO, USA). See Supplemental
Experimental Procedures.

Imaging & quantitative analysis

Information is given in Supplemental Experimental Procedures.

RNA isolation, qRT-PCR, and gene expression array

Total RNA was isolated using Trizol® Reagent (Invitrogen) according to
manufacturer’s instructions. The gene expression profile was evaluated
using RT? Profiler™ PCR array for autophagy (PAHS-084A; SABioscienc-
es, Frederick, MD, USA) according to standard protocol. Details are given
in the Supplemental Experimental Procedures.

Mitochondria isolation

Mitochondria were isolated from NHLF post-treatment using the Thermo
Scientific (Rockford, IL, USA) mitochondrial isolation kit for cultured cells
according to the manufacturer’s protocol.

Statistical analysis

All data are expressed as mean values 4+ SEM. Comparisons between two
groups were made using unpaired, two-tailed Student’s t-test. Analysis of
variance (anova) followed by Bonferroni’s multiple comparison test was
used for multiple groups. Statistical significance was assigned at a value of
P < 0.05. All experiments were repeated at least twice.
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