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ABSTRACT

Aging is the main risk factor for the development of idiopathic pulmonary fibrosis (IPF), a progressive and
usually lethal lung disorder. Although the pathogenic mechanisms are uncertain, endoplasmic reticulum (ER)
stress and impaired proteostasis that have been linked with aging are strongly associated with the
pathogenesis of IPF. Using the Atgdb-deficient mice as a model, that partially reproduces the autophagy
deficient conditions reported in aging and IPF lungs, we show for the first time how autophagy impairment and
ER stress induction, contribute simultaneously to development of lung fibrosis in vivo. Increased expression of
ER stress markers, inflammation and apoptosis of alveolar epithelial cells were observed in Atg4b-deficient
mice compared to WT mice, when treated with the ER stress inducer tunicamycin. After tunicamycin treatment,
Atgdb null lungs showed accumulation of its substrate LC3-I, demonstrating that these mice failed to induce
autophagy despite the ER stress conditions. We also showed that compromised autophagy in lungs from Atg4b
null mice is associated with exacerbated lung damage, epithelial apoptosis and the development of lung fibrosis
at 21 days after tunicamycin treatment. Our findings indicate that ATG4B protein and autophagy are essential
to mitigate ER stress and to prevent tunicamycin-induced epithelial apoptosis and lung fibrosis.

INTRODUCTION mitochondrial dysfunction and cell senescence have
been revealed in IPF lungs [2, 3].

Idiopathic Pulmonary Fibrosis (IPF) is a chronic and

progressive aging-associated disease of unknown
etiology. IPF usually affects individuals over 60 years
old and its prevalence increases considerably with age
[1]. The disease is characterized by an aberrant
activation of alveolar epithelial cells and accumulation
of fibroblasts and myofibroblasts along with excessive
production of extracellular matrix resulting in the
abnormal scarring of the lung parenchyma [1, 2]. The
linkage of aging with this disorder is uncertain, but a
number of changes associated with aging, including
defective autophagy, endoplasmic reticulum (ER)
stress, telomere attrition, altered proteostasis,

One of the hallmarks of aging is the loss of proteostasis
characterized by perturbations in pathways involved in
protein synthesis, folding, trafficking, and secretion,
with impaired activity of the intracellular proteolytic
systems such autophagy and proteasome. Loss of
proteostasis could result in accumulation and
aggregation of misfolded proteins leading to ER stress
and activation of the unfolded protein response (UPR)
[4, 5]. Importantly, ER stress biomarkers has been
found elevated mainly in epithelial cells from lungs of
patients with familial IPF (primarily associated with
mutations in the surfactant protein C (SFTPC) gene),
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but also in sporadic IPF [6, 7]. Evidence from in vitro
studies in cultured type Il alveolar epithelial cells (AEC
I), have revealed that expression of L188Q SFTPC
mutant results in a precursor protein that cannot be
folded properly in the ER, leading to ER stress and
activation of UPR [8, 9]. Moreover, conditional
expression of mutant L188Q SFTPC in AEC Il or
tunicamycin treatment in mouse lung, induces ER stress
characterized by an increased expression of BiP and
XBP1 splicing, and exacerbates epithelial apoptosis and
lung remodeling in bleomycin-induced lung fibrosis [6,
7]. Together, these studies strongly support the
involvement of ER stress in the development of lung
fibrosis.

It is well known that ER stress induces autophagy,
targeting misfolded proteins to degradation and
promoting cell survival [10, 11]. However, lung tissues
from IPF patients demonstrate evidence of decreased
autophagic activity despite activation of pathways
known to promote autophagy, such as ER stress,
increased HIF1a level, oxidative stress or mitochondrial
dysfunction [12, 13]. Moreover, we have shown that
mice deficient in the cysteine-protease ATG4B, which
exhibit a decrease of basal and induced autophagy, are
more susceptible to bleomycin-induced lung injury and
fibrosis, upholding the protective role for autophagy
activity and ATG4B in the development of lung fibrosis
[14, 15]. ATG4B activity is essential for an appropriate
autophagic activity in mammals, enabling the correct
activation and localization of LC3, autophagosome
biogenesis and maturation, but also to maintain a
balance between lipidated and unlipidated forms of LC3
and its recycling when the autophagy flux is increased
and autophagic activity is enhanced [14, 16 - 18]. The
relationship between ER stress and autophagy in the
pathogenesis of IPF has not been elucidated. In this
study, we used our Atg4b null mice, which displays
systemic reduced autophagy, as a model that could
mimic the impaired autophagic activity observed in
aging and in the lungs of patients with IPF, to explore in
vivo the role of autophagy in response to ER stress
induced lung injury and fibrosis. We provide evidence
that tunicamycin-induced ER stress and lung injury is
exacerbated when autophagy is compromised. In lungs
from Atg4b” mice, tunicamycin treatment leads to
activation of UPR response, increased inflammation and
epithelial apoptosis compared to WT littermates. At 3
and 21 days post-tunicamycin administration, the
severity of lung injury characterized by thickness of
alveolar septa and inflammatory cell infiltrate was
markedly more severe in Atg4b null mice. Our data
indicate that ATG4B and autophagic response have a
cytoprotective effect against ER stress in lung and
prevents tissue injury.

RESULTS

Tunicamycin treatment activates autophagy and
ATG4B expression in mouse lung epithelial cells

Numerous studies have demonstrated that alveolar
epithelial cell (AEC) dysfunction and apoptosis have an
initial key role in the pathogenesis of IPF [8, 19, 20]. To
investigate whether autophagy is induced in AEC
during ER stress and if autophagy provides
cytoprotection, we evaluated the autophagic activity in
MLE12 mouse alveolar epithelial cells after treatment
with tunicamycin, a potent inductor of ER stress that
inhibits N-linked protein glycosylation. Cells were
incubated in presence or absence of the autophagy
inhibitor chloroquine and treated with 0.5 and 1 pg/ml
tunicamycin for 24 h. As shown in Figure 1A, by using
phase contrast microscopy, we observed that
tunicamycin induced changes in cell morphology and
while vehicle-treated control MLE12 cells have the
typical cuboidal morphology, tunicamycin-treated cells
lost their cuboidal shape, and cell-cell contacts, and
developed an elongated shape with cytoplasmic
extensions (Fig.1A, red arrows in insets). Chloroquine
treatment leads to membrane-enclosed vacuoles
formation in control MLE12, and combination of
tunicamycin + chloroquine induced an accumulation of
vacuoles and dilation of autolysosomes (Fig.1A, blue
arrows in insets). The turnover of the autophagosomal
markers LC3B-Il and p62, and ATGB4 levels were
examined by immunoblot after tunicamycin challenge
alone or in presence of chloroquine. Tunicamycin
treatment induced autophagy activation, as indicated by
an increase in ATG4B level, and in the conversion of
LC3-1 to its lipidated form LC3-1I (Fig. 1B and C).
Chloroquine treatment led to accumulation of LC3B-II
in both control and tunicamycin-treated cells, however,
LC3B-1I accumulation was significantly higher in
tunicamycin-treated cells compared to control cells
(Fig. 1B and C). Chloroquine also led to an
accumulation of p62 in tunicamycin-treated compared
to control cells (Fig. 1B and C). These results highlight
the notion that autophagic activity is induced after ER
stress and alveolar epithelial cell injury.

Inhibition of autophagy during tunicamycin-induced
ER stress promotes apoptosis in mouse lung
epithelial cells

Chloroquine-induced inhibition of autophagy during
tunicamycin treatment provoked an increased number of
apoptotic-like cells with condensed nuclei, round shape
and refractive MLE12 cells compared to control,
chloroquine alone or tunicamycin alone (Fig. 1A,
yellow asterisks in insets). This finding was corroborated
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Figure 1. Tunicamycin induces changes in cell morphology, ATG4B expression and autophagy activation in MLE12 cells.
(A) Phase contrast images of mouse epithelial MLE12 cells treated with vehicle control or 0.5 and 1 pg/ml tunicamycin alone or in
combination with chloroquine for 24h. The line scale bar represents 100 um. Lower panels represent magnified pictures of boxed area
in the corresponding upper panels. Red arrows point out loss of cell-cell contacts, blue arrows indicate accumulation of vacuoles in
cytoplasm and yellow asterisk point out apoptotic-like cells. (B) Representative immunoblots of ATG4B, LC3-1/ Il, and p62 in mouse
alveolar epithelial MLE12 cells treated with vehicle control or 0.5 and 1 pg/ml tunicamycin alone or in combination with chloroquine for
24h. B-tubulin was used as loading control. (C) Densitometry. Protein levels were normalized to vehicle control. Results represent mean
+ SD. Statistical significance was determined by one-way ANOVA (* p< 0.05).

by flow cytometry. As illustrated in Figure 2A and B,
after 24 hours of treatment with tunicamycin alone (1
ug/ml), MLE12 cells showed an increased apoptotic
rate determined by Annexin V-FITC/PI double staining
assay and this effect was significantly enhanced by
chloroquine.  Chloroquine alone had no significant
effect in apoptosis of MLE12 cells. Apoptosis was
further examined by immunoblotting, which reveals that
chloroquine promotes tunicamycin-induced cell death
as observed by an increased expression of cleaved-
caspase3 (Fig. 2C). These results suggest that
chloroquine could inhibit the cytoprotective effect of
autophagy by increasing the cytotoxicity of tunicamycin
and promoting apoptosis. Taken together, these findings
support the notion that autophagy activity confers
protection against ER stress induced injury in lung
alveolar epithelial cells.

Loss of ATG4B is associated with reduced
autophagic flux and mild UPR activation in lungs
during basal conditions

To investigate the association between ER stress and
autophagy in vivo, we use our Atg4b deficient mouse
model. We have previously shown that ATG4B absence
does not result in lung developmental defects [15].
However, ATG4B is required for LC3 conjugation and
to maintain basal activity of autophagy in lungs. As
shown in Figure 3A, we first confirmed by western blot
the lacking of ATG4B in lungs from Atgdb” mice.
ATG4B deficiency resulted in a significant
accumulation of unlipidated LC3 form (LC3-1) and
absence of conjugated form or LC3-Il as compared to
lungs from WT control mice (Fig. 3A). We also found
the accumulation of p62, another autophagy-related
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Figure 2. Disturbance of autophagy rendered mouse alveolar epithelial cells vulnerable to apoptosis after tunicamycin-
induced ER stress. Mouse alveolar epithelial MLE12 cells were treated with vehicle control or 0.5 and 1 pg/ml tunicamycin alone or in
combination with chloroquine 10uM for 24h. Apoptosis was determined by flow cytometric analysis of Annexin-V—FITC/ Pl-stained cells
after 24 h. Representative data (A) and cumulative data (B) from 3 independent experiments. (C) Representative immunoblot of pro-
and active CAS3 in mouse alveolar epithelial MLE12 cells treated as indicated. B-tubulin was used as loading control. Densitometry.
Protein levels were normalized to vehicle control. Results represent mean + SD. Statistical significance was determined by one-way

ANOVA (* p< 0.05).

marker, in the lungs from Atgdb” mice (Fig. 3A). To
test whether ATGA4B deficiency and autophagy
impairment results in spontaneous increase of ER stress,
we evaluated by immunoblot and immunohistochemis-
try the levels and localization of ER stress biomarkers
XBP1, CHOP and BiP/Grp78 in lungs form WT and
Atg4b” mice under basal conditions. By immunoblot,
XBP1, CHOP and BiP protein levels were slightly
higher in total lung extracts from Atg4b” compared to
WT mice but did not reach statistical significance (Fig.
3B). We observed a strong positive staining for XBP1
and CHOP in a small number of cells from the
bronchiolar epithelium in lungs from Atg4b™ mice. In
sharp contrast, we did not find positive staining for
these markers in lungs from WT mice (Fig. 3C).
Marginal staining of the chaperone BiP/ Grp78, was

found in some alveolar epithelial cells in both Atg4b™
and WT lungs, however the number of positive cells
was significantly higher in lungs from Atg4b” mice
(Fig. 3C). These data demonstrate that in basal
conditions, ATG4B disruption and impaired autophagy
results in mild UPR activation in lungs from Atg4b”
mice.

ATG4B deficiency enhances susceptibility to
tunicamycin-induced ER stress and lung injury

To determine the role of ATG4B and autophagy in the
response to tunicamycin-induced ER stress and its role
in lung injury and inflammation, WT and Atg4b™" mice
were instilled with tunicamycin (as described in
methods), and morphological changes and UPR
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Figure 3. Loss of autophagy function by Atg4b deficiency resulted in mild ER stress induction. (A) Representative
immunoblots of ATG4B, LC3-I/ Il, and p62 in lung tissue from WT and Atgdb null mice in basal conditions. (B) Representative
immunoblots of ER stress biomarkers in lung tissue from WT and Atg4b null mice in basal conditions. B-tubulin was used as loading
control. Densitometry analysis (bottom panels). (C) Representative photomicrographs of immunohistochemical staining performed with
specific primary antibodies against XBP1, CHOP and BiP in lung tissues sections from WT and Atg4b in unchallenged/basal conditions.
Positive signal is observed in red. All sections were counterstained with hematoxylin. All insets show 2X larger magnification. Total
number of positive stained cells per high power field (40X) in lung tissue sections by quantitative image analysis. Results are shown as
mean = SD. Statistical significance was determined by Student’s t-test (*p < 0.05).

biomarkers were assessed at 3 days after treatment.
Histological analysis revealed that mice from both
genotypes exhibited lung inflammation, however Atg4b™
mice displayed an enhanced inflammatory response
characterized by thickened alveoli, increased cellular
infiltration in the alveolar septa and a significantly
higher lung injury area relative to WT mice, in which
most of the tissue was preserved (Fig. 4A and B). To
specifically identify the cellular localization of BiIP,
CHOP and XBP1 during tunicamycin-induced lung
inflammation, we evaluate these proteins by
immunohistochemistry. We found BiP positive staining
in alveolar epithelial cells and macrophages in lungs

from both Atg4b™ and WT mice, however the number
of BiP positive cells was significantly higher in lungs
from Atg4b™ mice (Fig. 4C). Tunicamycin-induced ER
stress increased the number of XBP1l and CHOP
positive cells in WT lungs, where no staining was
detected under basal conditions, however, the number
of positive cells was significantly higher in lungs from
Atg4b” mice. XBP1 and CHOP positive staining was
observed in alveolar and bronchiolar epithelial cells and
macrophages in lungs from both Atg4b™ and WT mice,
but remarkably, we observed nuclear staining for XBP1
and CHOP mainly in bronchiolar epithelial only in
lungs from Atgdb”™ mice (Fig. 4C). These data indicate
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Figure 4. Exacerbated inflammatory and ER stress response in lungs from Atgdb null mice. (A) Representative light
microscopy images of H&E stained lung tissue sections from WT and Atg4b null mice after 3 days post-tunicamycin treatment. (B) Lung
injury area and total cell number in the lung fields by quantitative image analysis. (C) Representative light microscopy images of BiP,
XBP1 and CHOP positive stained lung tissue sections from WT and Atg4b null tunicamycin-treated mice at 3 days (top panels). All insets
show 2X larger magnification. Total number of positive stained cells per high power field (40X) in lung tissue sections by quantitative
image analysis (bottom panels). Results shown represent mean + SD. Statistical significance was determined by Student’s t test (*p <

0.05).

that activation of the UPR after tunicamycin-induced
ER stress and the inflammatory response were enhanced
in lungs from Atg4b”’" mice.

Tunicamycin induces ER stress but not autophagy in
lungs from Atg4b’ mice

Previous reports have shown that ER stress can
stimulate autophagy as a cytoprotective mechanism that
promotes cell survival [10, 11, 21]. To assess whether
tunicamycin treatment leads UPR and autophagy
activation in lung, autophagic activity and the levels of
ER stress biomarkers were evaluated at 3 days after TM
instillation. It is well known that XBP1 protein exists as
29-kDa transcriptionally inactive unspliced (XBP1u)
and 56-kDa transcriptionally active spliced (XBP1s)
isoforms [21-23]. We observed that tunicamycin
treatment results in processing of XBP1-u into its active
XBP1-s form in lungs from WT compared to vehicle

control mice. However, no processing of XBP1-u was
noticed in lungs from TM-treated compared to vehicle-
control Atgdb” mice (Fig. 5A and B). Tunicamycin
instillation also elicited an increased expression of BiP
in lungs from both Atg4b™” and WT mice. Increased
expression of CHOP was also noticed in lungs from
both TM-treated Atgdb” and WT mice, relative to lungs
from vehicle controls, but it was far less than BiP (Fig.
5A and B). Lung tissue extracts from TM-treated WT
mice showed a significant increase of the enzyme
ATG4B, and also a marked accumulation of LC3-II
form and p62, compared to lung tissue from vehicle WT
controls, indicating autophagy activation (Fig. 5C).
Conversely, in lungs from TM-treated Atg4b™ mice, a
strong accumulation of LC3-I and complete absence of
LC3-11 form were observed, which indicates that these
mice are unable to activate autophagy in response to
tunicamycin-induced ER stress (Fig. 5D). In summary,
these results support the notion that concomitantly with
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Figure 5. Tunicamycin treatment induces ER stress but not autophagy in lungs from Atgdb”- mice. (A) Representative
immunoblots of ER stress biomarkers in lung tissue from WT vehicle-control and WT tunicamycin-treated mice at 3 days post-challenge.
(B) Representative immunoblots of ER stress biomarkers in lung tissue from Atg4b vehicle-control and Atg4b tunicamycin-treated null
mice at 3 days post-challenge. (C) Representative immunoblots of ATG4B, LC3-I/ II, and p62 in lung tissue from WT vehicle-control and
WT tunicamycin-treated mice at 3 days post-challenge. (D) Representative immunoblots of ATG4B, LC3-1/ Il, and p62 in lung tissue from
WT compared to Atgdb null mice after 3 days of tunicamycin treatment. B-tubulin was used as loading control in all experiments.
Densitometry analysis (bottom panels). Results are shown as mean + SD. Statistical significance was determined by Student’s t-test (*p

<0.05).

tunicamycin-induced ER stress, autophagy and ATG4B
expression are induced in lungs from WT mice.
However, due to ATG4B disruption, autophagy is not
activated and XBP1u to XBP1s conversion is impaired
in lungs from Atg4b” mice despite ER stress conditions.

Apoptosis is increased in Atg4b”
tunicamycin-induced ER stress

lungs after

We have demonstrated in vitro that ER stress-induced
autophagy provides cytoprotection to epithelial cells
against tunicamycin. To identify cells undergoing
apoptosis in the lungs from WT and mutant mice after 3
days post-tunicamycin instillation, immunohisto-
chemistry for caspase-3 was performed. CAS3 positive
staining was mainly observed in bronchial and alveolar

epithelial cells and also in macrophages in lungs from
both Atg4b” and WT mice (Fig. 6A and B). However,
the number of CAS3 positive cells was significantly
higher in Atg4b™ mice. This finding was confirmed by
immunoblot in lung tissue extracts, where we observed
a significant increase in active CAS3 protein level in
Atg4b” mice, compared to WT lungs (Fig. 6C).
Additionally, we also evaluate the level of NFxB/RelA
(p65), a key transcription factor that activates
inflammation, and may promote apoptosis in response
to cellular stress [24, 25]. We observed an increased
number of NF«xB positive cells, as well as significantly
higher levels of NF«xB protein in lung tissue extracts
after 3 days post-tunicamycin instillation in lungs from
Atg4b” compared to WT mice (Fig. 6A, B and C). In
summary, our data reveal that ATG4B deficiency and

WwWw.aging-us.com 2104

AGING



NFkB

25 -
20 - I
15 -
10
5.

NFkB + cells/ field

0

CAS3

WT  Atgdb KO
60 -
50

| *
40 -
30 A
20
10 4
0

CAS3 + cells/ field

C wT Atgab-

W e = - > s NFKB (65 kDa)

» pro-CAS3 (32 kDa)
> a- CAS3 (19 kDa)

B = |5 TUBB1 (55KDa)

WT Atg4b KO

2 1 NFxB 25 1cAs3  «

215 - 2 21

H 15 |

=1 >

g - 1

205 { £o0s | I

z 0} . % 0 4 e s
WT Atgdb KO WT Atgdb KO

Figure 6. Atgdb deficiency resulted in increased NFkB and CAS3 expression in mouse lung at 3 days after tunicamycin
administration. (A) Representative photomicrographs of immunohistochemical staining performed with specific primary antibodies
against NFkB and CAS3 in lung tissues sections from WT and Atg4b tunicamycin-treated mice at 3 days post-instillation. Positive signal
is observed in red. All sections were counterstained with hematoxylin. (B) Total number of positive stained cells per high power field
(40X) in lung tissue sections by quantitative image analysis. (C) Representative immunoblots of NFkB and CAS3 in lung tissue from WT
and Atgdb null mice at 3 days post-tunicamycin instillation (left panel) and densitometry analysis (right panel). Results are shown as
mean = SD. Statistical significance was determined by Student’s t-test (*p < 0.05).

impaired autophagy, results in an exacerbated and
altered UPR response that could culminate in increased
apoptosis and enhanced inflammatory response.

Tunicamycin-induced ER stress promotes lung
fibrosis in Atg4b deficient but not in WT mice

A growing body of evidence suggests that ER stress
promotes fibrotic remodeling through activation of pro-
apoptotic pathways and promotion of inflammatory
response [6, 8, 9]. To determine if the inflammatory
process observed in Atg4b’ mice after tunicamycin-
induced ER stress could progress to pulmonary fibrosis,
WT and Atgdb” mice were treated with a single
intratracheal dose of tunicamycin or vehicle control and
lungs were harvested at 21 days post-instillation
(fibrotic phase). Histological examination of lung
sections stained with hematoxylin and eosin, and

Masson’s trichrome staining for collagen deposition,
underscored that WT mice did not developed
pulmonary fibrosis. Thus, lungs from TM- treated WT
mice showed a morphology similar to vehicle control
lungs, and collagen was identified only in areas
surrounding large vessels and airways. Conversely,
lungs from TM-treated Atgdb” mice exhibited
thickened alveolar septa and intra-alveolar and
interstitial collagen deposition (Figure 7A, black
arrows). Morphometric analysis of the fibrotic areas as
well as the quantification of hydroxyproline
concentration confirmed that collagen deposit was
significantly higher in the lungs from TM-treated Atg4b™
mice compared to TM-treated WT after 21 days (Figure
7B). Additionally, an increased number of bronchiolar
and alveolar epithelial cells stained for CAS3 and NF«xB
were found in TM-treated Atg4b™ lungs at 21 days post-
tunicamycin treatment, while few CAS3 positive signal
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Figure 7. Atgdb deficiency and impaired autophagy sensitizes mice to epithelial apoptosis and lung fibrosis. (A)
Representative light microscopy images of H&E and Masson’s trichrome stained lung tissue sections from WT and Atg4b null mice at 21
days post-tunicamycin instillation. (B) Fibrosis extent percentage of damaged tissue area in the lung fields by quantitative image
analysis and hydroxyproline content in lungs from tunicamycin-treated WT and Atg4b null mice. (C) Representative light microscopy
images of NFkB and CAS3 positive stained lung tissue sections from WT and Atg4b null tunicamycin-treated mice at 21days (top
panels). Total number of positive stained cells per high power field (40X) in lung tissue sections by quantitative image analysis (bottom
panels). Results shown represent mean + SD. Statistical significance was determined by Student’s t test (*p < 0.05).

and no staining for NFxB was found in TM-treated WT
lungs (Figure 7C). According to the data shown so far,
our findings suggest that autophagy activation in WT
lungs could restore defective proteostasis upon
detection of unfolded protein in the ER lumen, limiting
epithelial apoptosis, reducing the severity of
inflammatory response and preventing pulmonary
fibrosis development. In conclusion, our findings
indicate that ATG4B deficiency, and impaired
autophagy could compromise lung cells to reach
proteostasis and enhances the susceptibility of epithelial
cells to ER stress-induced pro-apoptotic and pro-fibrotic
stimuli.

DISCUSSION

Aging can significantly impair ER function through
reduction in chaperone production, defects in protein
folding, and inefficient degradation of proteins via

proteasome or autophagy [27, 28]. ER stress markers
are common in the lungs of patients with both familial
and sporadic IPF and it has been suggested that it is
involved in the pathogenesis [6, 7]. Along with ER
stress and UPR activation, a reduced rate of autophagy
has been found in IPF lungs [12, 13]. Mutations in
surfactant protein C, viral infections, reactive oxygen
species (ROS) generated by cigarette smoke or inhaled
particulates and abnormal or reduced clearance of
misfolded and damaged proteins have been identified as
ER stress inducing factors in this disease [27, 28].
Additionally, previous studies have shown that inflamed
airway epithelia alter ER homeostasis and trigger the
UPR. It has been demonstrated that mucin production
by distal airway cells is mediated by IRE1p and XBP1
activation under physiological conditions, but during
airway epithelial inflammation, IRE1 activation resulted
in the expansion of ER Ca?" stores in ciliated cells,
which provides a mechanism for amplification of Ca?*-
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dependent cytokine secretion and mucin production
[29]. Recently, a single nucleotide polymorphism (SNP)
in the MUC5B gene (rs35705950) has been strongly
associated with familial and sporadic IPF. However, the
relationship between ER stress and mucus secretion in
IPF lungs is still unknown [30-32].

Previous studies have shown the presence of ER stress,
UPR activation and epithelial to mesenchymal transition
in alveolar epithelial cells after TM administration or
mutant L188Q SFTPC expression [9, 33]. Our study in
mouse MLE12 AEC confirmed that TM treatment
increased expression of UPR biomarkers such as BiP,
XPB1s and CHOP, but reveals for the first time that
UPR activation in lung epithelial cells is accompanied
by increased ATG4B expression and autophagy
activation. Autophagy has been associated with both
pro-apoptotic and pro-survival functions [34, 35]. Thus,
we evaluated the regulatory effects of autophagy on ER
stress induced by tunicamycin, using chloroquine to
block autophagosome fusion with lysosome and to
inhibit autophagosome cargo degradation. We found
that MLE12 cells treated with chloroquine and
tunicamycin where more sensitive to cell death
suggesting that a proper autophagic activation is
important for relieve proteostatic stress and promote
cell survival.

We and others have previously demonstrated that
ATG4B is a cysteine protease required for autophagy
[14, 16-18]. Here, we addressed the role of autophagy in
regulating ER stress in vivo, taking advantage of our
Atgdb KO model and analyzed how defective
autophagy could influence UPR and impact on cell
death, inflammation and fibrotic remodeling in lung.

The UPR is initiated by the activation of three
specialized stress sensors, including IREla (inositol-
requiring transmembrane kinase/endonuclease), PERK
(PKR-like ER kinase) and ATF6 (activating
transcription factor 6). UPR downstream effectors
include BiP, CHOP and XBP1 [27, 36, 37]. Different
studies have shown that deficiency in UPR effectors
such as CHOP and XBP1 induce an increase in Atg
proteins and autophagic activity to exert a
cytoprotective effect [10]. Accordingly, strong evidence
indicates that, loss of autophagy function by conditional
deficiency in Atg7 in T lymphocytes or Atg5 in B
lymphocytes/plasma cells resulted in expanded ER and
increased ER stress signaling, supporting a role for
autophagy in ER homeostasis [38, 39]. Moreover,
knockout of Atg5 or Atg7 in pancreatic acinar cells
produces ER dilation, stress, cell death and
inflammation [40, 41]. Therefore, to evaluate if ATG4B
deficiency and autophagy impairment activates UPR,
we evaluated the expression levels and cell localization

of BiP, XBP1 and CHOP in lungs from Atg4b” and WT
mice under basal conditions. We found that ATG4B
deficiency and concomitant reduced autophagic activity
stimulated a mild UPR with few cells positive for XBP1
and CHOP in mutant mice, while in WT lungs these
markers were completely absent. BiP was expressed at
basal levels in alveolar epithelial cells in WT lungs,
indicating that this chaperone could be a gatekeeper of
ER homeostasis; however, an increased number of BiP
positive cells were found in Atg4b defective mutant
lungs. This mild UPR activation could be a
compensatory phenomenon to maintain  cellular
homeostasis in Atg4b” lungs.

Then, we addressed whether autophagy-defective
mutant mice were more sensitive than WT to lung ER
stress induced by intratracheal instillation of
tunicamycin. We found that exposure to tunicamycin,
resulted in widespread bronchiolar and alveolar damage
in both WT and Atg4b” lungs. However higher Cas3
activation and increased expression of NFKB, BiIP,
XBP1 and CHOP was observed in bronchiolar and
alveolar epithelium from Atg4b™ compared to WT
lungs, confirming that autophagy contributes to ER
stress attenuation.

Recently, a link between ER stress elevation and high
mucin biosynthesis has been found in bronchial
epithelium. It has been found that mucin production is
mediated by IREIB-dependent XBP1 activation in
primary cultures of human bronchial epithelia (HBE). In
vivo, Clara cells in lungs from Irel”~ mice produce
low levels of MUC5B after ovalbumin challenge [29].
On the other hand, subjects with IPF had significantly
higher levels of MUC5B and this protein was localized
in bronchial secretory columnar cells and in larger
proximal bronchioles. It has been speculated that high
MUCS5B levels in the respiratory bronchioles may
impaired alveolar repair by interfering with the
interaction between the type Il alveolar epithelial cells
and the underlying matrix or by interfering with the
surface-tension properties of surfactant leading to
failure in re-epithelialization and aberrant wound
healing [30, 32]. However, co-localization of this
protein with ER stress biomarkers in IPF lungs has not
been reported so far.

Regarding to the alveolar epithelium and ER stress, it
has been previously reported that transgenic expression
of the mutant L188QSFTPC in AEC or direct
intratracheal instillation of tunicamicyn into the lung,
resulted in ER stress but not in AEC apoptosis or
pulmonary fibrosis [6]. However, induction of ER stress
combined with a low dose bleomycin resulted in a
severe fibrotic response compared with bleomycin alone
[6, 9]. These results suggest that ER stress in AEC, is
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not sufficient to induce lung fibrosis but sensitize
animals to develop fibrosis following epithelial injury
[6, 27]. In our study however, we found intra-alveolar
and interstitial collagen deposition in lungs from
tunicamycin-challenged Atg4b” mice at 21 days post-
treatment, while WT mice were protected, suggesting
that ER stress alone is sufficient to promote lung
fibrosis when autophagic activity is compromised.
Several lines of evidence support that apoptosis of
epithelial cells is a key event initiating and promoting
pulmonary fibrosis [1-3]. Remarkably, we observed that
bronchiolar and alveolar epithelium were still very
reactive for NFKB and Cas3 staining after 21 days post-
tunicamycin challenge in Atgdb” lungs, while positive
staining was barely detected in WT lungs. These
findings suggest that in the WT lung epithelial cell turns
on autophagy as a pro-survival mechanism and ER
stress is resolved. By contrast, an abnormal autophagic
activity in Atgdb” lungs fails to protect the cells from
stress, and protein accumulation and ER stress could be
sustained, leading to a defective repair that may itself
contribute to epithelial apoptosis [9, 14, 19, 20]. In
conclusion, our study shows that Atg4b-deficient lung
epithelial cells appear to be particularly sensitive to
apoptosis following ER-stress lung injury, which
combined with autophagy deficiency results in
synergistic proinflammatory and pro-fibrotic activities.
Our findings confirm that autophagy is part of an
adaptive response to protect cells against ER stress and
it is closely engaged with the UPR pathway. We
propose that our Atg4b deficient model mimics a
pathogenic scenario in which lung fibrosis is favored by
aging associated drivers such as abnormal autophagy
and ER stress. Future work will expand our
understanding about the crosstalk between ER stress,
UPR and autophagy during pulmonary fibrosis.

MATERIALS AND METHODS
Culture and treatment of MLE-12 cells

Mouse lung epithelial cell line MLE-12 was purchased
from American Type Culture Collection (ATCC,
CRL2110). MLE 12 cells were cultured in a CO:
incubator (5% CO0,-95% air) at 37°C with HITES
medium (F-12/DMEM , Life Technologies, Inc.,
Gaithersburg, MD), supplemented with 0.01%
hydrocortisone, 1% insulin-transferrin-sodium selenite
(Sigma-Aldrich) , 0.01% pB-estradiol, 100 units/ml
penicillin, 100 pg/ml streptomycin, 1% L-glutamine,
1% HEPES, 0.01% p-estradiol (Sigma-Aldrich, E2257),
0.01% hydrocortisone and 2% fetal bovine serum. MLE
12 cells were exposed to 0.5 or 1ug/ml of tunicamycin
(Sigma-Aldrich, T7765) with or without chloroquine 10
MM (Sigma-Aldrich, C6628) for 24 h.

Flow cytometry

Cells were grown to 75% confluence in 12-well plates.
After stimulation with tunicamycin and chloroquine,
cells were harvested and double stained with annexin-V
and PI. We used FITC Annexin V Apoptosis Detection
Kit with PI (BioLegend, San Diego, CA) to quantitate
the early and late apoptosis. The protocol is described
briefly according to the manufacturer’s protocol. MLE-
12 cells were treated with indicated chemicals for 24 h,
and then were trypsinized and washed twice with cold
BioLegend cell staining buffer. The cell suspension was
transferred to a 5ml test tube, and then 5 pl of FITC
Annexin V and 5 pl of Propidium lodide (PI) solution
were added. The cells were gently vortexed and
incubated for 15 min at room temperature (25 °C) in the
dark. Four hundred pl of Annexin V binding buffer was
added to each tube and finally were analyzed using a
BD FACS Calibur flow cytometer (BD Biosciences).
Analysis and visualization of the flow cytometry data
were performed using FlowJo software (Tree Star, Inc.,
Ashland, OR). Three independent experiments were
performed.

Animals and ER stress induction

The generation of Atg4b” mice has been previously
described (14). Mice genotypes were determined by
PCR analysis of tail DNA. Mice were bred under
specific pathogen-free conditions. All experiments were
performed with 8- to 10-wk-old mice and were
approved by the Committee on Animal Experimentation
of the National Institute of Respiratory Diseases of
Mexico (INER). Lung injury was induced by
intratracheal instillation of tunicamycin (Sigma-Aldrich,
T7765) at a single dose of 10 pg in 50 ul of vehicle (2
mg/mL). Control groups received the same volume of
vehicle. Mice were sacrificed at 3 and 21 days after
tunicamycin or vehicle treatment. For tissue harvesting,
the lungs were perfused with sterile saline from right to
left ventricle of the heart. Lungs were removed for
fixation overnight in paraformaldehyde or shap frozen
in liquid nitrogen followed by storage at —80°C.

Morphology

Lungs were removed and fixed by inflation with 4%
paraformaldehyde in 1x PBS at continuous pressure of
25 cm H;O and were embedded in paraffin. Sections
were stained with hematoxylin-eosin and Masson
trichrome stain, and were scored blindly for severity
and extent of lung lesions. To measure focal areas of
fibrosis in the interstitium as well as in the intra-
alveolar spaces in the total lung area, 6 fields were
randomly chosen at x 400 magnification in each slide
and ROI sizes were manually calculated using NIS-
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Elements software. Positive cells quantification was
accomplished post-acquisition using NIS-Elements
Nikon software.

Immunohistochemistry

The tissue sections were deparaffinized and were then
rehydrated and blocked with 3% H202 in methanol
followed by antigen retrieval in a microwave in 10 mM
citrate buffer, pH 6.0. Tissue sections were treated with
universal blocking solution (BioGenex, HK085-5K) for
10 min, and then incubated overnight at 4°C with the
following primary antibodies: anti-XBP1 (Santa Cruz
Biotechnology), anti-CHOP (Sigma-Aldrich,), anti-BiP
(Sigma-Aldrich,), anti-pro/active-CASP3/caspase 3
(Novus Biologicals) and anti-NFkB (Abcam). A
secondary biotinylated anti-immunoglobulin followed
by horseradish peroxidase-conjugated streptavidin
(BioGenex, HK330-5K) was used according to the
manufacturer's instructions. 3-amino-9-ethyl-carbazole
(BioGenex, HK092-5K) in acetate buffer containing
0.05% H202 was used as the substrate. The sections
were counterstained with hematoxylin. The primary
antibody was replaced by nonimmune serum for
negative control slides. Image analysis and cell counting
was performed using the Nikon software, Nis Elements
3.0.

Positive signals were distinguished from cytoplasmic
staining and were quantified using automated image
analysis from different fields at 40X magnification. All
photomicrographs were taken with the same settings for
exposure time and light. The results are represented in
bar graphs as the percentage of positive cells per field.

Immunoblotting

Lung tissue or MLE12 cells were homogenized in a 20
mM Tris buffer pH 7.4, containing 150 mM NaCl, 1%
Triton X-100 (Sigma-Aldrich, T8787), 10 mM EDTA
and UltraCruz Protease Inhibitor Cocktail (Santa Cruz
Biotechnology, sc-29131). Tissue and cell extracts were
centrifuged at 15,000 x g at 4°C and supernatant
fractions were collected. Protein concentration was
quantified by bicinchoninic acid technique (BCA
protein assay Kit, Pierce Biotechnology, 23225). A total
of 25 pg of protein was loaded on either 8% or 13%
SDS-polyacrylamide gels. After electrophoresis, gels
were electrotransferred onto polyvinylidenedifluoride
membranes (PVDF, Millipore, IPV H00010), and then
membranes were blocked with 5% nonfat dried milk in
TBS-T (Tris-buffered saline with 0.05% Tween 20
[Sigma-Aldrich, P9416]) and incubated overnight at
4°C with the following primary antibodies diluted in

antibody diluent (Thermo-Fisher Scientific, 003118):
anti-ATG4B (Sigma-Aldrich, A2981), anti-SQSTM1
(Sigma-Aldrich, P0068), anti-LC3B (Sigma-Aldrich,
L7543), anti-TUBB4 (Santa Cruz Biotechnology, sc-
9104), anti-p-tubulin (Santa Cruz Biotechnology, sc-
47778), anti-XBP1 (Santa-Cruz, sc-7160), anti-CHOP
(Sigma-Aldrich, NB600-1335), anti-BiP  (Sigma-
Aldrich, G8918), anti-pro/active-CASP3/caspase 3
(Novus Biologicals) or anti-NFkB (Abcam) . After 3
washes with TBS-T, membranes were incubated with
the corresponding secondary antibody at 1:3000 dilution
in 1.5% milk in TBS-T, and developed with Immobilon
Western Chemiluminescent HRP substrate (Millipore,
WBKLS0500).

Statistics

All experimental data are reported as mean = SD.
Statistical analyses were performed by one-way
ANOVA and Student t test using Graphpad Prism
Software Version 4.0 (Graphpad Software Inc., San
Diego CA) and P values lower than 0.05 were
considered significant.

AUTHOR CONTRIBUTIONS

Mariana Maciel: Conceptualization, formal analysis,
investigation, methodology, and writing original draft.
Sandra Cabrera: Conceptualization, formal analysis,
investigation, writing original draft. Daniel Hernandez-
Barrientos: Investigation and methodology. Iliana
Herrera: Investigation and methodology. Moisés
Selman: Writing, review and editing. Annie Pardo:
Writing, review and editing.

ACKNOWLEDGEMENTS

The authors thank Dr. Carlos Lépez Otin from
Universidad de Oviedo, Asturias, Spain for providing
paternal stock mice for breeding and for continuous
support. This paper constitutes a partial fulfillment of
Mariana Maciel to obtain the PhD “Doctor en Ciencias
del Posgrado en Ciencias Bioldgicas”, Universidad
Nacional Auténoma de México (UNAM).

CONFLICTS OF INTEREST

The authors declare no competing financial interests.
FUNDING

The work was supported by CONACYT 235891 and

PAPIIT IN211818. Mariana Maciel had a PhD
scholarship supported by CONACYT 330289.

WWWw.aging-us.com 2109

AGING



REFERENCES

Selman M, Ldépez-Otin C, Pardo A. Age-driven
developmental drift in the pathogenesis of
idiopathic pulmonary fibrosis. Eur Respir J. 2016;
48:538-52.
https://doi.org/10.1183/13993003.00398-2016

Pardo A, Selman M. Lung Fibroblasts, Aging, and
Idiopathic Pulmonary Fibrosis. Ann Am Thorac Soc.
2016 (Supplement_5); 13:5417-21.
https://doi.org/10.1513/AnnalsATS.201605-341AW

Zank DC, Bueno M, Mora AL, Rojas M. Idiopathic
Pulmonary Fibrosis: Aging, Mitochondrial
Dysfunction, and Cellular Bioenergetics. Front Med
(Lausanne). 2018; 5:10.
https://doi.org/10.3389/fmed.2018.00010

Smith M, Wilkinson S. ER homeostasis and
autophagy. Essays Biochem. 2017; 61:625-35.
https://doi.org/10.1042/EBC20170092

Morimoto RI, Cuervo AM. Proteostasis and the aging
proteome in health and disease. J Gerontol A Biol Sci
Med Sci. 2014 (Suppl 1); 69:533-38.
https://doi.org/10.1093/gerona/glu049

Lawson WE, Cheng DS, Degryse AL, Tanjore H,
Polosukhin VV, Xu XC, Newcomb DC, Jones BR,
Roldan J, Lane KB, Morrisey EE, Beers MF, Yull FE,
Blackwell TS. Endoplasmic reticulum stress enhances
fibrotic remodeling in the lungs. Proc Natl Acad Sci
USA. 2011; 108:10562-67.
https://doi.org/10.1073/pnas.1107559108

Tanjore H, Blackwell TS, Lawson WE. Emerging
evidence for endoplasmic reticulum stress in the
pathogenesis of idiopathic pulmonary fibrosis. Am J
Physiol Lung Cell Mol Physiol. 2012; 302:L721-29.
https://doi.org/10.1152/ajplung.00410.2011

Korfei M, Ruppert C, Mahavadi P, Henneke |,
Markart P, Koch M, Lang G, Fink L, Bohle RM, Seeger
W, Weaver TE, Guenther A. Epithelial endoplasmic
reticulum stress and apoptosis in sporadic idiopathic
pulmonary fibrosis. Am J Respir Crit Care Med. 2008;
178:838-46.
https://doi.org/10.1164/rccm.200802-3130C

Lawson WE, Crossno PF, Polosukhin VV, Roldan J,
Cheng DS, Lane KB, Blackwell TR, Xu C, Markin C,
Ware LB, Miller GG, Loyd JE, Blackwell TS.
Endoplasmic reticulum stress in alveolar epithelial
cells is prominent in IPF: association with altered
surfactant protein processing and herpesvirus
infection. Am J Physiol Lung Cell Mol Physiol. 2008;
294:11119-26.
https://doi.org/10.1152/ajplung.00382.2007

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Yorimitsu T, Nair U, Yang Z, Klionsky DJ. Endoplasmic
reticulum stress triggers autophagy. J Biol Chem.
2006; 281:30299-304.
https://doi.org/10.1074/jbc.M607007200

Lee WS, Yoo WH, Chae HJ. ER Stress and Autophagy.
Curr Mol Med. 2015; 15:735-45.
https://doi.org/10.2174/1566524015666150921105
453

Patel AS, Lin L, Geyer A, Haspel JA, An CH, Cao J,
Rosas 10, Morse D. Autophagy in idiopathic
pulmonary fibrosis. PLoS One. 2012; 7:e41394.
https://doi.org/10.1371/journal.pone.0041394

Araya J, Kojima J, Takasaka N, Ito S, Fujii S, Hara H,
Yanagisawa H, Kobayashi K, Tsurushige C, Kawaishi
M, Kamiya N, Hirano J, Odaka M, et al. Insufficient
autophagy in idiopathic pulmonary fibrosis. Am J
Physiol Lung Cell Mol Physiol. 2013; 304:L56—69.
https://doi.org/10.1152/ajplung.00213.2012

Marifio G, Fernandez AF, Cabrera S, Lundberg YW,
Cabanillas R, Rodriguez F, Salvador-Montoliu N, Vega
JA, Germana A, Fueyo A, Freije JM, Lépez-Otin C.
Autophagy is essential for mouse sense of balance. J
Clin Invest. 2010; 120:2331-44.
https://doi.org/10.1172/1C142601

Cabrera S, Maciel M, Herrera I, Nava T, Vergara F,
Gaxiola M, Loépez-Otin C, Selman M, Pardo A.
Essential role for the ATG4B protease and autophagy
in bleomycin-induced pulmonary fibrosis.
Autophagy. 2015; 11:670-84.
https://doi.org/10.1080/15548627.2015.1034409

Sugawara K, Suzuki NN, Fujioka Y, Mizushima N,
Ohsumi Y, Inagaki F. Structural basis for the
specificity and catalysis of human Atg4B responsible
for mammalian autophagy. J Biol Chem. 2005;
280:40058-65.
https://doi.org/10.1074/jbc.M509158200

Kauffman KJ, Yu S, Jin J, Mugo B, Nguyen N, O’Brien
A, Nag S, Lystad AH, Melia TJ. Delipidation of
mammalian Atg8-family proteins by each of the four
ATG4 proteases. Autophagy. 2018; 14:992-1010.
https://doi.org/10.1080/15548627.2018.1437341

Fujita N, Hayashi-Nishino M, Fukumoto H, Omori H,
Yamamoto A, Noda T, Yoshimori T. An Atg4B mutant
hampers the lipidation of LC3 paralogues and causes
defects in autophagosome closure. Mol Biol Cell.
2008; 19:4651-59.
https://doi.org/10.1091/mbc.e08-03-0312

Thannickal VJ, Horowitz JC. Evolving concepts of
apoptosis in idiopathic pulmonary fibrosis. Proc Am
Thorac Soc. 2006; 3:350-56.
https://doi.org/10.1513/pats.200601-001TK

WWWw.aging-us.com

2110

AGING


https://doi.org/10.1183/13993003.00398-2016
https://doi.org/10.1513/AnnalsATS.201605-341AW
https://doi.org/10.3389/fmed.2018.00010
https://doi.org/10.1042/EBC20170092
https://doi.org/10.1093/gerona/glu049
https://doi.org/10.1073/pnas.1107559108
https://doi.org/10.1152/ajplung.00410.2011
https://doi.org/10.1164/rccm.200802-313OC
https://doi.org/10.1152/ajplung.00382.2007
https://doi.org/10.1074/jbc.M607007200
https://doi.org/10.2174/1566524015666150921105453
https://doi.org/10.2174/1566524015666150921105453
https://doi.org/10.1371/journal.pone.0041394
https://doi.org/10.1152/ajplung.00213.2012
https://doi.org/10.1172/JCI42601
https://doi.org/10.1074/jbc.M509158200
https://doi.org/10.1091/mbc.e08-03-0312
https://doi.org/10.1513/pats.200601-001TK

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Selman M, Pardo A. Idiopathic pulmonary fibrosis: an
epithelial/fibroblastic cross-talk disorder. Respir Res.
2002; 3:3.

https://doi.org/10.1186/rr175

Rashid HO, Yadav RK, Kim HR, Chae HJ. ER stress:
autophagy induction, inhibition and selection.
Autophagy. 2015; 11:1956-77.

https://doi.org/10.1080/15548627.2015.1091141

Overley-Adamson B, Artlett CM, Stephens C, Sassi-
Gaha S, Weis RD, Thacker JD. Targeting the unfolded
protein  response, XBP1, and the NLRP3
inflammasome in fibrosis and cancer. Cancer Biol
Ther. 2014; 15:452-62.
https://doi.org/10.4161/cbt.27820

Sano R, Reed JC. ER stress-induced cell death
mechanisms.  Biochim  Biophys Acta. 2013;
1833:3460-70.
https://doi.org/10.1016/j.bbamcr.2013.06.028

Sun SC. The non-canonical NF-kB pathway in
immunity and inflammation. Nat Rev Immunol.
2017; 17:545-58.
https://doi.org/10.1038/nri.2017.52

Zhang Q, Lenardo MJ, Baltimore D. 30 years of NF-
kB: a blossoming of relevance to human
pathobiology. Cell. 2017; 168:37-57.
https://doi.org/10.1016/j.cell.2016.12.012

Khandelwal N, Simpson J, Taylor G, Rafique S,
Whitehouse A, Hiscox J, Stark LA. Nucleolar NF-
kB/RelA mediates apoptosis by causing cytoplasmic
relocalization of nucleophosmin. Cell Death Differ.
2011; 18:1889-903.
https://doi.org/10.1038/cdd.2011.79

Burman A, Tanjore H, Blackwell TS. Endoplasmic
reticulum stress in pulmonary fibrosis. Matrix Biol.
2018; 68-69:355-65.
https://doi.org/10.1016/j.matbio.2018.03.015

Kropski JA, Blackwell TS. Endoplasmic reticulum
stress in the pathogenesis of fibrotic disease. J Clin
Invest. 2018; 128:64—-73.
https://doi.org/10.1172/JCI93560

Martino MB, Jones L, Brighton B, Ehre C, Abdulah L,
Davis CW, Ron D, O’'Neal WK, Ribeiro CM. The ER
stress transducer IRE1B is required for airway
epithelial mucin production. Mucosal Immunol.
2013; 6:639-54.
https://doi.org/10.1038/mi.2012.105

Peljto AL, Selman M, Kim DS, Murphy E, Tucker L,
Pardo A, Lee JS, Ji W, Schwarz MI, Yang IV, Schwartz
DA, Fingerlin TE. The MUC5B promoter
polymorphism is associated with idiopathic
pulmonary fibrosis in a Mexican cohort but is rare

31.

32.

33.

34.

35.

36.

37.

38.

39.

among Asian ancestries. Chest. 2015; 147:460-64.
https://doi.org/10.1378/chest.14-0867

Seibold MA, Wise AL, Speer MC, Steele MP, Brown
KK, Loyd JE, Fingerlin TE, Zhang W, Gudmundsson G,
Groshong SD, Evans CM, Garantziotis S, Adler KB, et
al. A common MUC5B promoter polymorph-ism and
pulmonary fibrosis. N Engl J Med. 2011; 364:1503—
12.

https://doi.org/10.1056/NEJM0al1013660

Helling BA, Gerber AN, Kadiyala V, Sasse SK,
Pedersen BS, Sparks L, Nakano Y, Okamoto T, Evans
CM, Yang IV, Schwartz DA. Regulation of MUC5B
Expression in Idiopathic Pulmonary Fibrosis. Am J
Respir Cell Mol Biol. 2017; 57:91-99.
https://doi.org/10.1165/rcmb.2017-00460C

Tanjore H, Cheng DS, Degryse AL, Zoz DF,
Abdolrasulnia R, Lawson WE, Blackwell TS. Alveolar
epithelial cells undergo epithelial-to-mesenchymal
transition in response to endoplasmic reticulum
stress. J Biol Chem. 2015; 290:3277.
https://doi.org/10.1074/jbc.A110.181164

Wirawan E, Vanden Berghe T, Lippens S, Agostinis P,
Vandenabeele P. Autophagy: for better or for worse.
Cell Res. 2012; 22:43-61.
https://doi.org/10.1038/cr.2011.152

Marifio G, Niso-Santano M, Baehrecke EH, Kroemer
G. Self-consumption: the interplay of autophagy and
apoptosis. Nat Rev Mol Cell Biol. 2014; 15:81-94.
https://doi.org/10.1038/nrm3735

Shaheen A. Effect of the unfolded protein response
on ER protein export: a potential new mechanism to
relieve ER stress. Cell Stress Chaperones. 2018 May
5. https://doi.org/10.1007/s12192-018-0905-2.
[Epub ahead of print]

Song S, Tan J, Miao Y, Zhang Q. Crosstalk of ER
stress-mediated autophagy and ER-phagy:
involvement of UPR and the core autophagy
machinery. J Cell Physiol. 2018; 233:3867-74.
https://doi.org/10.1002/jcp.26137

Jia W, Pua HH, Li QJ, He YW. Autophagy regulates
endoplasmic reticulum homeostasis and calcium
mobilization in T lymphocytes. J Immunol. 2011;
186:1564-74.
https://doi.org/10.4049/jimmunol.1001822

Pengo N, Scolari M, Oliva L, Milan E, Mainoldi F,
Raimondi A, Fagioli C, Merlini A, Mariani E,
Pasqualetto E, Orfanelli U, Ponzoni M, Sitia R, et al.
Plasma cells require autophagy for sustainable
immunoglobulin production. Nat Immunol. 2013;
14:298-305.

https://doi.org/10.1038/ni.2524

WWWw.aging-us.com

2111

AGING


https://doi.org/10.1186/rr175
https://doi.org/10.1080/15548627.2015.1091141
https://doi.org/10.4161/cbt.27820
https://doi.org/10.1016/j.bbamcr.2013.06.028
https://doi.org/10.1038/nri.2017.52
https://doi.org/10.1016/j.cell.2016.12.012
https://doi.org/10.1038/cdd.2011.79
https://doi.org/10.1016/j.matbio.2018.03.015
https://doi.org/10.1172/JCI93560
https://doi.org/10.1038/mi.2012.105
https://doi.org/10.1378/chest.14-0867
https://doi.org/10.1056/NEJMoa1013660
https://doi.org/10.1165/rcmb.2017-0046OC
https://doi.org/10.1074/jbc.A110.181164
https://doi.org/10.1038/cr.2011.152
https://doi.org/10.1038/nrm3735
https://doi.org/10.1002/jcp.26137
https://doi.org/10.4049/jimmunol.1001822
https://doi.org/10.1038/ni.2524

40. Diakopoulos KN, Lesina M, Wormann S, Song L,

Aichler M, Schild L, Artati A, Romisch-Margl W,
Wartmann T, Fischer R, Kabiri Y, Zischka H, Halangk
W, et al. Impaired autophagy induces chronic
atrophic pancreatitis in mice via sex- and nutrition-
dependent processes. Gastroenterology. 2015;
148:626—638.e17.
https://doi.org/10.1053/j.gastro.2014.12.003

41.

Antonucci L, Fagman JB, Kim JY, Todoric J, Gukovsky
I, Mackey M, Ellisman MH, Karin M. Basal autophagy
maintains pancreatic acinar cell homeostasis and
protein synthesis and prevents ER stress. Proc Natl
Acad Sci USA. 2015; 112:E6166—74.
https://doi.org/10.1073/pnas.1519384112

WWWw.aging-us.com

2112

AGING


https://doi.org/10.1053/j.gastro.2014.12.003
https://doi.org/10.1073/pnas.1519384112

	Numerous studies have demonstrated that alveolar epithelial cell (AEC) dysfunction and apoptosis have an initial key role in the pathogenesis of IPF [8, 19, 20]. To investigate whether autophagy is induced in AEC during ER stress and if autophagy prov...
	Inhibition of autophagy during tunicamycin-induced ER stress promotes apoptosis in mouse lung epithelial cells
	Chloroquine-induced inhibition of autophagy during tunicamycin treatment provoked an increased number of apoptotic-like cells with condensed nuclei, round shape and refractive MLE12 cells compared to control, chloroquine alone or tunicamycin alone (Fi...
	by flow cytometry. As illustrated in Figure 2A and B, after 24 hours of treatment with tunicamycin alone (1 μg/ml), MLE12 cells showed an increased apoptotic rate determined by Annexin V-FITC/PI double staining assay and this effect was significantly ...
	Loss of ATG4B is associated with reduced autophagic flux and mild UPR activation in lungs during basal conditions
	To investigate the association between ER stress and autophagy in vivo, we use our Atg4b deficient mouse model. We have previously shown that ATG4B absence does not result in lung developmental defects [15]. However, ATG4B is required for LC3 conjugat...
	ATG4B deficiency enhances susceptibility to tunicamycin-induced ER stress and lung injury
	To determine the role of ATG4B and autophagy in the response to tunicamycin-induced ER stress and its role in lung injury and inflammation, WT and Atg4b-/- mice were instilled with tunicamycin (as described in methods), and morphological changes and U...
	Tunicamycin induces ER stress but not autophagy in lungs from Atg4b-/- mice
	Previous reports have shown that ER stress can stimulate autophagy as a cytoprotective mechanism that promotes cell survival [10, 11, 21]. To assess whether tunicamycin treatment leads UPR and autophagy activation in lung, autophagic activity and the ...
	Apoptosis is increased in Atg4b-/- lungs after tunicamycin-induced ER stress
	We have demonstrated in vitro that ER stress-induced autophagy provides cytoprotection to epithelial cells against tunicamycin. To identify cells undergoing apoptosis in the lungs from WT and mutant mice after 3 days post-tunicamycin instillation, imm...
	Tunicamycin-induced ER stress promotes lung fibrosis in Atg4b deficient but not in WT mice
	A growing body of evidence suggests that ER stress promotes fibrotic remodeling through activation of pro-apoptotic pathways and promotion of inflammatory response [6, 8, 9]. To determine if the inflammatory process observed in Atg4b-/- mice after tun...

