J c I The Journal of Clinical Investigation

Autophagy is required for lung development and morphogenesis

Behzad Yeganeh, Joyce Lee, Leonardo Ermini, Irene Lok, Cameron Ackerley, Martin Post

J Clin Invest. 2019;129(7):2904-2919. https://doi.org/10.1172/JCI127307.

FEELENCL W[l Development Pulmonology

Bronchopulmonary dysplasia (BPD) remains a major respiratory iliness in extremely premature infants. The biological mechanisms leading
to BPD are not fully understood, although an arrest in lung development has been implicated. The current study aimed to investigate the
occurrence of autophagy in the developing mouse lung and its regulatory role in airway branching and terminal sacculi formation. We found
2 windows of epithelial autophagy activation in the developing mouse lung, both resulting from AMPK activation. Inhibition of AMPK-
mediated autophagy led to reduced lung branching in vitro. Conditional deletion of beclin 1 (Becn1) in mouse lung epithelial cells
(Becn1gpi-KO), either at early (E10.5) or late (E16.5) gestation, resulted in lethal respiratory distress at birth or shortly after. E10.5
Becn1gprKO lungs displayed reduced airway branching and sacculi formation accompanied by impaired vascularization, excessive
epithelial cell death, reduced mesenchymal thinning of the interstitial walls, and delayed epithelial maturation. E16.5 Becn1gp-KO lungs
had reduced terminal air sac formation and vascularization and delayed distal epithelial differentiation, a pathology similar to that seen in
infants with BPD. Taken together, our findings demonstrate that intrinsic autophagy is an important regulator of lung development and
morphogenesis and may contribute to the BPD phenotype when impaired.

Find the latest version:

https://jci.me/127307/pdf



http://www.jci.org
http://www.jci.org/129/7?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI127307
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/19?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/36?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/127307/pdf
https://jci.me/127307/pdf?utm_content=qrcode

RESEARCH ARTICLE The Journal of Clinical Investigation
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Bronchopulmonary dysplasia (BPD) remains a major respiratory illness in extremely premature infants. The biological
mechanisms leading to BPD are not fully understood, although an arrest in lung development has been implicated. The
current study aimed to investigate the occurrence of autophagy in the developing mouse lung and its regulatory role in
airway branching and terminal sacculi formation. We found 2 windows of epithelial autophagy activation in the developing
mouse lung, both resulting from AMPK activation. Inhibition of AMPK-mediated autophagy led to reduced lung branching
in vitro. Conditional deletion of beclin 1 (Becn1) in mouse lung epithelial cells (Becn15m.-K0), either at early (E10.5) or late
(E16.5) gestation, resulted in lethal respiratory distress at birth or shortly after. E10.5 Becn1, -KO lungs displayed reduced
airway branching and sacculi formation accompanied by impaired vascularization, excessive epithelial cell death, reduced
mesenchymal thinning of the interstitial walls, and delayed epithelial maturation. E16.5 Becni1, -KO lungs had reduced
terminal air sac formation and vascularization and delayed distal epithelial differentiation, a pathology similar to that seen
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Introduction

Bronchopulmonary dysplasia (BPD) continues to be a common and
important sequela of extremely preterm infants (1). The exact cause
of BPD remains unknown, although arrest of lung development
has been implicated (2, 3). Lung development is a well-coordinated
process of various cellular events, including proliferation, death,
and differentiation (2, 4). It is orchestrated by multiple factors that
regulate intracellular signaling networks (2, 5, 6). In mammals, the
lung anlage arises by budding from the ventral foregut (7). The lower
respiratory tract then develops by progressive branching followed
by the division of terminal bronchioles and the formation of ter-
minal saccules (primitive alveoli) and establishment of capillaries
until birth (3, 8). Lung development continues after birth through
alveolar formation and maturation of the microvasculature (9). The
result is an organ with a tremendously large surface area capable of
efficient gas exchange across a very thin membrane.

Given the high rates of cell division and differentiation during
lung development, energy requirements and metabolic rates tend to
be high (10). Thus, the ability of cells to sense and respond to changes
in nutrient availability is a fundamental requirement for the sur-
vival and maintenance of metabolic homeostasis in the developing
lung. Functioning as a major prosurvival mechanism, autophagy
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in infants with BPD. Taken together, our findings demonstrate that intrinsic autophagy is an important regulator of lung
development and morphogenesis and may contribute to the BPD phenotype when impaired.

is one of the key cellular responses to nutrient deprivation (11).
Autophagy can also be rapidly upregulated in response to hypoxia
and/or increased cellular energy demands associated with rapid
cell proliferation (12, 13). Moreover, autophagy provides energy
for the clearance of apoptotic bodies during development (14-16).
The requirement for autophagy in maintaining cellular nutri-
ent homeostasis was revealed in Atg5- and Atg7-deficient mice.
These autophagy-defective mice died within a 24-hour period
after birth as a result of systemic amino acid deficiency and
decreased glucose levels (13, 17). Autophagy has been shown to
participate in the proper development of many organs (18, 19).
In a recent study using Ulkl/2- and Atg5-deficient mouse strains,
the lungs of newborn pups were examined and showed reduced
airspaces with thickened septae and accumulation of glycogen in
the lung (20). As only newborn lungs were analyzed, the occur-
rence, magnitude, and role of autophagy during lung develop-
ment are still unknown.

In the present study, we investigated the occurrence of auto-
phagy in the developing mouse lung and examined its regulatory
role during airway branching and terminal sacculi formation. Our
findings revealed 2 windows of autophagy activation in the airway
epithelium, both resulting from AMPK activation. Inhibition of
AMPK-mediated autophagy led to impaired lung-branching mor-
phogenesis in vitro. Abrogation of autophagy via deletion of beclin
1 (Becnl) in mouse lung epithelium, either during early (E10.5) or
late (E16.5) gestation, resulted in reduced airway branching and
impaired sacculi formation as well as delayed distal epithelial dif-
ferentiation, leading to respiratory distress and death in newborn
mice. These results demonstrate that intrinsic autophagy is an
important regulator of lung development and morphogenesis.


https://www.jci.org
https://www.jci.org
https://www.jci.org/129/7
https://doi.org/10.1172/JCI127307

The Journal of Clinical Investigation

Results

Autophagy occurrence during embryonic lung development. To define
the role of autophagy in lung development, we first evaluated the
temporal and spatial expression of autophagy-related proteins.
Lungs were harvested at various stages of embryonic development
(E11.5-E18.5) and at birth (PO) and analyzed by immunoblotting,
immunofluorescence (IF), and transmission electron microscopy
(TEM). Western blot analysis revealed that several autophagy-
related proteins, including BECN1, ATG7, ATG5-12 complex, and
LC3B-II, were significantly upregulated at 2 developmental win-
dows of lung development (Figure 1, A-C). Autophagy activation
occurred at the early (E12.5) pseudoglandular stage, declined
thereafter (E13.5-E15.5), and then peaked again at the canalicular/
saccular stages of lung development (E16.5-E18.5), while return-
ing to its basal level at birth.

To determine the spatial distribution of autophagy activation
in the lung, we performed double IF for detection of LC3B and
the epithelial cell marker CDH1 (Figure 1D). LC3B predominantly
localized to the CDH1* bronchial and terminal sacculi epithelium
of the E12.5-E18.5 lung (Figure 1D). In the newborn lung (PO), we
found that LC3B expression in the epithelium was low, whereas
positive LC3B signal was detected in the nonepithelial compart-
ment (Figure 1D). TEM, the gold standard for autophagy detec-
tion, confirmed the presence of autophagosomes (hallmarks of
autophagy) in the epithelium of the E12.5 and E17.5 lungs but were
absent in PO lungs (Figure 1E).

Autophagy inhibition reduces lung branching in vitro. To inves-
tigate a potential role for autophagy in lung development, we
assessed the effect of autophagy inhibition on lung-branching
morphogenesis using ex vivo lung explant cultures. Despite the
limitations of long-term culturing, these explant cultures are an
attractive tool for studying early lung branching (21). E11.5 lungs
were cultured at aliquid-air interface for 72 hours in the presence of
PI3K inhibitors (3-methyladenine [3-MA] and KU5593) or vehicle
control. Both small-molecule inhibitors block autophagy by inhib-
iting the initiation of autophagosome formation (22-24). After
72 hours of culture (day 3 [D3]) without inhibitors, lung explants
displayed ample branching compared with the starting E11.5 (DO)
lung (Figure 2A). Addition of 5 mM 3-MA or 10 uM KU5593 to the
culture medium impaired lung branching, as evidenced by the
significant reduction in the total number of terminal end buds
(Figure 2A). We assessed the efficacy of autophagy inhibition by
measuring LC3B-II protein levels, which were indeed significantly
reduced after 48 hours of culture with either inhibitor (Figure
2B). Early lung branching was also significantly reduced when the
autophagy flux was blocked with 80 nM bafilomycin Al (Baf Al)
(Supplemental Figure 1A; supplemental material available online
with this article; https://doi.org/10.1172/JCI127307DS1). Inhibi-
tion of autophagolysosome formation by Baf Alwas confirmed by
increased LC3B-II levels in lung explants treated with Baf A1 com-
pared with vehicle control lung explants (Supplemental Figure 1,
B and C). Consistent with autophagosome-lysosome blockage,
we observed an accumulation of enlarged autophagic vacuoles
containing undegraded materials in Baf Al-treated versus vehi-
cle control lung explants (Supplemental Figure 1D, white arrow).
Together, these results suggest that the autophagy pathway plays
an important role in early lung branching.
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Autophagy activity coincides with AMPK phosphorylation. Effi-
cient energy regulation in response to cell growth, differentia-
tion, and survival is a key requirement for cellular homeostasis
during development. Failure in the maintenance of ATP demand
of a growing tissue will lead to damage of the developing organ-
ism. AMPK is one of the major cellular energy sensors found in
all eukaryotes (25) that functions as an intracellular low-energy
warning system. Recent studies have shown that energy demand
triggers autophagy in mammalian cells by activating AMPK (26,
27). To ascertain the underlying mechanisms that may account
for autophagy activation during lung development, we examined
the expression and phosphorylation of AMPKp1 (Ser108) at dif-
ferent stages of lung development. Interestingly, we found that
AMPK phosphorylation (Figure 3A) occurred during developmen-
tal windows similar to those for autophagy activation (Figure 1).
Since AMPK is activated by increased AMP and falling ATP levels
because of ATP consumption (28), we measured whether AMP,
ADP, and ATP levels in mouse fetal lungs were altered during these
different stages of lung development. Liquid chromatography-
tandem mass spectrometry (LC-MS/MS) revealed significant
increases in AMP/ADP plus ATP ratios at gestational time points
identical to those for AMPK phosphorylation (Figure 3B). We
found that ATP demand was high at these gestational time points
because of exuberant cell proliferation in the lung (Figure 3C).

To determine whether the increase in AMPK activity affects
lung branching, we blocked AMPK phosphorylation using the spe-
cific AMPK inhibitor BML-275 (29). E11.5 lungs cultured for 72
hours in the presence of 10 pM BML-275 exhibited an impaired
lung branching (Figure 4A) similar to that seen with autophagy
inhibitors (Figure 2). To verify that AMPK activation and down-
stream autophagy signaling is inhibited by BML-275, we exam-
ined the expression of phosphorylated AMPK (p-AMPK), AMPK,
and ATG5-12 proteins. Western blot analysis showed that BML-
275 effectively blocked AMPK activation in lung explant cultures
(Figure 4B). ATG5-12 complex and LC3B-II expression was also
inhibited by BML-275 (Figure 4B), observations in line with inhi-
bition of autophagy by the AMPK inhibitor.

Deletion of epithelial Becnl at E10.5 reduces airway branching in
vivo. The results shown in Figure 1 revealed the activation of auto-
phagy, including upregulation of BECN1 expression, mainly in the
respiratory epithelium of the developing lung. Since constitutive
deletion of the Becnl gene is embryonically lethal, (30), we gen-
erated a lung-specific conditional Becnl-KO mouse to study the
function of autophagy during lung development. The Becnl gene
was inactivated in the lung epithelium by mating Becnl?"" mice
with an inducible SFTPC-rtTA TetO-Cre-transgenic mouse (31,
32). Cre excision was triggered by doxycycline (Dox) administra-
tion via the food and drinking water from E8.5 to E10.5 (Supple-
mental Figure 2, A and B). We confirmed deletion of Becnl by PCR
genotyping of genomic lung DNA (Supplemental Figure 2C). IF
staining for BECN1 on E16.5 lung sections collected from Becnl, -KO
and control littermate mice confirmed an absence of BECNI in air-
way epithelial (CDHI") cells in Becnl, -KO mice (Supplemental
Figure 2D). Western blotting of whole-lung tissue lysate from E18.5
Becnl, -KO mice showed a significant reduction in protein expres-
sion of BECN1, ATG7, and LC3B-II (Supplemental Figure 2, E and F)
in comparison with expression levels in control littermate lysate.

jci.org  Volume129  Number7  July 2019

2905


https://www.jci.org
https://www.jci.org
https://www.jci.org/129/7
https://www.jci.org/articles/view/127307#sd
https://www.jci.org/articles/view/127307#sd
https://www.jci.org/articles/view/127307#sd
https://www.jci.org/articles/view/127307#sd
https://www.jci.org/articles/view/127307#sd
https://www.jci.org/articles/view/127307#sd
https://www.jci.org/articles/view/127307#sd
https://doi.org/10.1172/JCI127307DS1
https://www.jci.org/articles/view/127307#sd
https://www.jci.org/articles/view/127307#sd

RESEARCH ARTICLE The Journal of Clinical Investigation

A B
Embryonic Postnatal 100 .
© v b B o O ,0 0 T
NTT 07 %07 00 AT L» o
AR A A AN AR AR AN AR S s §75 *{._*
BECN1 -  ——— 52 T d
Z 50 I T
" P w °
ATG7 | e LR e R e -78 % * ¢
i
ATG5-12 o — W —— -55 gt
L ol T -
% 5 o 6 o O

12} “ “
LC3B-I -16 N T DT T 07 07 AT 7 R
LC3B-I1| -—-....!z- 14 A2 22 22

Gestational age
ACTD | e i s a— | >

c125 * 75 ¥ 125 *
} m * %— *
- * : m
2 100 T e O R LI % £ 100 2 >
5 + 2| EER AR I S . -
i: * O 50 " . < %_
N 75 * - } =75
* 50
2 - T 8o v L -
ie: o ® o e
5 2 =, - o |r £ 25
L]
- - g . : & o .
© B b 5 D B B 5 N 6 B b 6 b 6 b o N S b o b b b b 6 O
SRR SRR R NP 00 e o0 A° »° R SRR IR R S EC R
PRARRAIRO RO PONI AR AROSROPISIP «:‘«?0«:‘«:‘_0'«:‘0
Gestational age Gestational age Gestational age
D E

LC3B + CDH1 + DAPI LC3B + CDH1 + DAPI

6 I * 1
| —
P (X
[0]
°
7]
4
: -
8 (XX YY) (XX Y]
)]
o]
'&2 LYYY} .
2
S essfoee
E12.5 E17.5 PO
Gestational age

Figure 1. Autophagy activity during embryonic mouse lung development. (A) Representative immunoblots of the autophagy proteins ATG7, ATG5-12,
BECN1, and LC3B-II (lower band) in mouse lung lysates during lung development. (B and C) Densitometric measurements of ATG7, ATG5-12, BECN1, and
LC3B-Il proteins at various gestation points relative to E11.5 lung. ACTB was used as a protein loading control. Results are expressed as the mean + SEM
from 3 separate experiments. *P < 0.05 versus E11.5. (D) IF confocal microscopic images showing the autophagosome marker LC3B (red) and the epithelial
marker E-cadherin (CDH1, green) during lung development. Nuclei were stained with DAPI (blue). (E) Representative TEM images from embryonic (E12.5
and E17.5) and postnatal (P0) mouse lungs. Arrows indicate autophagosomes present in the epithelial cells of the lungs. Scale bars: 500 nm and 250

nm (insets). Graph shows quantitative analysis of the number of autophagosomes per epithelial cell (>10 micrographs per gestational age for 2 mice;
autophagic vacuoles were counted from 8 to 10 randomly selected fields). Results are expressed as the mean + SEM. *P < 0.05 versus E12.5. Statistical
significance for all data was determined by 1-way ANOVA followed by Tukey’s post hoc test.

Lung-specific Becnl, -KO pups were born alive but died within  had a normal saccular appearance with thin septae (Figure 5A, left
a couple of hours after birth, whereas littermate control pups sur-  panel). By contrast, Becnl, -KO newborns had fewer and dilated
vived the perinatal period. The conditional Becnl, -KO mice died  air sacs with thicker interstitial walls (Figure 5, right panel). To
of respiratory insufficiency, as evidenced by gasping and cyanosis  explore the origin of this morphological defect, we performed
(Figure 5A, inset images). Lungs of WT littermate newborns (P0) ~ macroscopic and histological analyses of the lungs from lung-
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Figure 2. Autophagy inhibition reduces early lung branching in vitro. (A) Representative micrographs of lung explant tissue cultured in the presence of
the autophagy inhibitors 3-MA (5 mM) and KU 55933 (10 mM). E11.5 lung explants (DO) were treated with inhibitors or vehicle control, and terminal buds
were counted after 72 hours of culture (D3) for quantitative evaluation of early branching morphogenesis In the graph, the numbers of terminal end buds

on D3 are expressed as a percentage of the vehicle control (mean + SEM, n = 5 separate explant cultures).*P < 0.05 versus vehicle control. (B, left panel)
Representative immunoblot for LC3B-I1 in lysates of lung explants treated with vehicle, 3-MA or KU after 48 hours of culture. (B, right panel) Densitometric
analysis of LC3B-Il in lysates of lung explants. ACTB was used as a protein loading control. Results are expressed as the mean + SEM n = 3 separate explant
cultures).*P < 0.05 versus 48-hour vehicle control. Statistical significance for all data was determined by 1-way ANOVA followed by Tukey's post hoc test.

specific Becnl, -KO and littermate control mice at different stages
of lung development. Although comparison of lungs from the
Becnl, KO and control embryos revealed no structural differ-
ence at E13.5 (Figure 5B, left panel), visible defects in branching
morphogenesis were evident at E16.5. Transverse or coronal lung
sections from Becnl, -KO embryos showed fewer but more dilated
airway tubules (Figure 5B, middle panel). At E18.5, Becnl, -KO
lungs had severely dilated distal saccules with thicker septae
(Figure 5B, right panel). Morphometric analysis (33) revealed a
significant decrease in the number of terminal air sacs in E18.5
Becnl,-KO lungs compared with WT littermate lungs (Figure 5C).
On the basis of our in vitro data, we postulated that the morpho-
logical abnormalities in the conditional Becnl,-KO lungs were
partially due to diminished airway branching. Thus, we performed
explant culturing of whole lungs isolated from E11.5 Becnl, -KO
and littermate control embryos and, indeed, observed a signifi-
cant reduction in branching in Becnl, -KO lungs after 72 hours of
culture compared with littermate controls (Figure 5D).

Deletion of epithelial Becnl at E10.5 affects proliferation and cell
death. Since E18.5 Becnl, -KO lungs had severely dilated terminal
sacculi with thicker septae, we first evaluated the mesenchymal

and epithelial content using epithelial (CDH1) and mesenchy-
mal (vimentin) markers (Figure 6A). IF revealed markedly more
vimentin® interstitial cells in the thicker septae of the Becnl, -KO
lungs. In addition, immunoblotting showed reduced epithelial
CDH1 levels, whereas expression of mesenchymal markers
(vimentin and fibronectin) were increased in BecnlEm.-KO lungs
compared with expression in littermate control lungs (Figure 6B),
in line with a larger mesenchymal interstitial compartment.

Next, we sought to examine whether the thicker septae and
larger airspaces seen in the lungs of conditional Becnl, -KO mice
were due to changes in cell proliferation or apoptosis. We assessed
proliferation and apoptosis in E18.5 Becnl, -KO and littermate
control lungs by IF using proliferative (Ki67) and apoptotic
(cleaved caspase 3 [C-CASP3] and cleaved PARP [C-PARP]) mark-
ers. Double-IF staining for Ki67 and CDHI1 (Figure 7A) revealed
that the number of CDH1"* epithelial cells staining positively for
Ki67 was significantly reduced in Becnl, -KO lungs compared
with that in littermate control lungs (Figure 7B). In contrast, the
number of Ki67* mesenchymal (CDHI) cells was significantly
greater in Becnl, -KO lungs (Figure 7B). We then assessed apop-
totic cell death in the Becnl, ,-KO lungs. Immunoblotting of E18.5
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Figure 3. Autophagy is accompanied by AMPK activation during embryonic mouse lung development. (A) Representative immunoblots of p-AMPKf
(Ser108) and AMPK@ proteins in mouse lung lysates during lung development. Graph shows densitometric analysis of p-AMPK (Ser108) during lung devel-
opment relative to E11.5 lung. ACTB was used as a protein loading control. Results are expressed as the mean + SEM (n = 3 separate experiments). *P <
0.05 versus E11.5. (B) AMP/ATP plus ADP ratios in embryonic (E12.5, E15.5, and E17.5) and postnatal (P0) lungs. Data show the mean + SEM (n = 3 separate
experiments). 2P < 0.05 versus E12.5; °P < 0.05 versus E17.5. (C) Representative IHC images for Ki67 expression in embryonic (E12.5, E15.5, and E17.5) and
postnatal (P0) lung tissue. Scale bars: 50 um. Graph shows quantitative analysis of Ki67* cells per mm?2. Results are expressed as the mean + SEM (n =3
separate lungs). *P < 0.05 versus E12.5. Statistical significance for all data was determined by 1-way ANOVA followed by Tukey's post hoc test.

whole-lung lysates revealed increased BCL-2-associated X (BAX),
C-CASP3, and C-PARP protein expression in Becnl, -KO lungs
compared with expression in littermate control lungs (Figure 7C).
Next, we determined which cell type was undergoing apopto-
sis in the Becnl, -KO lungs by double-IF staining for CDH1 and
C-CASP3 or C-PARP (Figure 7, D and E, respectively). In contrast
to reports showing that most cells undergoing apoptosis during
normal lung development are of mesenchymal origin (34-36), we
found that apoptotic cells in BecnI, -KO lungs were mainly epithe-
lial cells lining the walls of the terminal air sacs or floating in the
airspace and dislodged from the walls (Figure 7, D and E).
Deletion of epithelial Becnl at E10.5 disrupts vascular devel-
opment. To determine the effect of epithelial Becnl deletion on
vascular development, we examined the vascular morphology
of conditional Becnl, -KO and littermate control lungs at E18.5.
Gross morphology of conditional Becnl, -KO lungs showed multi-
ple bleeding spots on the lung periphery, identified as submucosal
hemorrhage under a dissection microscope, while littermate con-
trol lungs had a normal appearance (Figure 8A, left panel). H&E
staining revealed pulmonary hemorrhage with the presence of red

jci.org  Volume129  Number7  July 2019

blood cells in peripheral air sacs of Becnl, -KO lungs (Figure 8A,
middle panel). IF staining for the endothelial cell marker CD31
(PECAM) showed that BecnlEpi-KO lungs had fewer CD31* cells
than did littermate control lungs (Figure 8A, right panel and Fig-
ure 8B, Supplemental Figure 5). Western blotting corroborated the
reduced expression of CD31 in the Becnl, -KO lungs compared
with the lungs of littermate controls (Figure 8C). Altogether, these
results indicate a less developed and leaky pulmonary vasculature
in Becnl,,-KO mice at birth.

Deletion of epithelial Becnl on E10.5 delays distal epithelial differen-
tiation. NK2 homeobox 1 (NKX2-1) is a transcription factor expressed
in the respiratory epithelium of the lung that is essential for proper
lung morphogenesis and formation of the peripheral lung (37-39). In
the early lung, NKX2-1 is expressed in a specific subset of cells that
includes the progenitor of alveolar type II cells (40). In later gestation
and postnatally, NKX2-1 is mainly detected in cuboidal alveolar type
11 cells and in subsets of nonciliated bronchiolar epithelial cells (40,
41). To determine whether defective branching morphogenesis in
Becnl, ,-KO mice alters NKX2-1 expression, we performed IHC and
IF on E18.5 lung sections. IHC and IF revealed homogenous nuclear
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1-way ANOVA followed by Tukey’s post hoc test.

NKX2-1 staining in cuboidal alveolar type II epithelial cells lining the
terminal sacculi in littermate control embryos, whereas squamous
(flattened) alveolar type I epithelial cells lacked NKX2-1 expression
(Figure 9A, left top panels). In Becnl, -KO lungs, epithelial cells lin-
ing the simple and enlarged sacculi were glycogen filled (defined by
periodic acid-Schiff [PAS] staining, Figure 94, right bottom panels)
NKX2-1* cuboidal cells present in underdeveloped tubules in the
thick septae (Figure 9A, left bottom panels). We noted no squamous
flattened epithelial cells lining the primitive sacculi of the Becnl, ,-KO
lungs. IF staining for NKX2-1 revealed a significant reduction in the
number of NKX2-1" cells in E18.5 Becnl,, -KO lungs compared with
littermate control lungs (Figure 9A, right panel), which was substan-
tiated by immunoblot analysis for NKX2-1 of whole-lung lysates from
E18.5 fetuses (Figure 9B). Since NKX2-1 regulates the expression of

respiratory epithelium-specific genes, including secretoglobulin 1A
member 1 (SCGB1A1), surfactant protein B (SFTPB), and surfactant
protein C (SFTPC) (37, 41-45), we next assessed the differentiation
of respiratory epithelial cells by performing IHC for club (SCGB1A1)
and alveolar type II (pro-SFTPC and mature SFTPC) cell markers
on E18.5 lungs from Becnl EPi-KO and littermate control fetuses (Fig-
ure 10A). The E18.5 control lungs had a normal appearance, with
SCGBI1AL" club cells lining the larger airways. Both cuboidal and
squamous epithelial cells lined the terminal sacculi in the E18.5 con-
trol lungs, and the cuboidal cells stained positively for pro-SFTPC
and mature SFTPC. The presence and distribution of SCGB1A1* club
cellsin E18.5 Becnl, -KO lungs were similar to that seen in littermate
control lungs. However, the larger terminal air sacs of the Becnl, -KO
lungs contained only cuboidal epithelial cells that were positive for
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Figure 5. BECN1 is required for normal lung development and morphogenesis. (A) Representative light photomicrographs of H&E-stained lung sections
from littermate control and Becn1,,-KO pups after birth. Inserts are representative photographs of littermate control and lung-specific Becn1,-KO pups
immediately after birth. Scale bars: 70 um. (B) Representative light photomicrographs of H&E-stained lung sections from littermate control and lung-
specific Becn,,-KO littermates at different stages of lung development (E13.5, E16.5, and E18.5). Scale bars: 50 um. (C) Graph shows the radial saccular
count for E18.5 lungs from control (WT) mice and Becn1Ep,.—I<O littermates. Data represent the mean + SEM (n = 5 separate mouse lungs). *P < 0.05 versus
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both pro-SFTPC and mature SFTPC (Figure 104, left bottom pan-
els). Confocal IF of E18.5 lungs for pro-SFTPC, mature SFTPC, and
SFTPB corroborated the IHC results (Supplemental Figure 3). IF
staining for receptor for advanced glycation end products (RAGE),
a marker of alveolar type I cells (46), revealed the presence of squa-
mous flattened alveolar type I cells lining the terminal sacculi in
the control lung (Figure 104, top right panel). Although RAGE was
detectable in the primitive air sacs of Becnl, -KO lungs, its distribu-
tion was confined to the basal side of the SFTPC* cuboidal cells lining
the air sacs (Figure 10A, bottom right panel). These double-positive
SFTPC'RAGE' cells probably represent bipotential alveolar precur-
sor cells (47). To verify this finding, we probed the lungs for HOP
homeobox (HOPX), a transcription factor expressed in alveolar pre-
cursor cells (47), in combination with the alveolar type I and II cell
markers podoplanin (PDPN) and SFTPC, respectively. IF analysis of
E18.5lungs revealed a significant increase in the number of HOPX*S-
FTPC'PDPN" cells in the primitive air sacs of Becnl,,-KO lung (Fig-
ure 10B), in line with these cells being bipotential alveolar precursors
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(47). Thus, distal epithelial differentiation was delayed in Becnl EPi-I(O
lungs compared with that seen in littermate control lungs.

Deletion of epithelial Becnl at E16.5 of lung development inhibits
sacculi formation. As shown in Figure 1, autophagy activation occurs
during 2 distinct periods of lung development. The first activity hap-
pens in the early pseudoglandular period, whereas a second activ-
ity arises during the canalicular/saccular periods. So far, we have
reported findings for mice in which lung epithelial Becnl was deleted
prior to formation of the lungs (E10.5 Becnl EP’.-KO mice). This strat-
egy blocks autophagy activation throughout lung development and
does not allow for discrimination between the 2 developmental
windows of autophagy activity. We therefore took advantage of the
Dox-inducible system and deleted the lung epithelial Becnl gene
just prior to the canalicular/saccular periods and investigated the
role of autophagy during these periods of lung development. Dox
was administered via the food and drinking water from E14.5 to
E16.5, and lungs were harvested from fetuses at E17.5, E18.5, and
PO for further analysis (Supplemental Figure 4A). In contrast to the
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Figure 6. Conditional deletion of epithelial Becn1 affects mesenchymal
thinning of the developing lung. (A) Co-IF staining of CDH1 (green) and
vimentin (red) in Becn1,,-KO and littermate control lungs at E18.5. Nuclei
were stained with DAPI (blue). Scale bars: 50 um; original magnification,
x40 (insets). (B) Representative Western blot for CDH1, vimentin, and
fibronectin. Graphs show the densitometric analysis of CDH1 and vimentin
expression in whole-lung lysates harvested from Becn1Ep,,—K0 and litter-
mate controls at E18.5. ACTB was used as a protein loading control. Data
represent the mean + SEM (n = 4 separate lungs). *P < 0.05 versus control,
by Student’s t test.

early deletion of lung epithelial Becnl that resulted in perinatal death
within a couple of hours after birth, removal of lung epithelial Becnl
at E16.5 (E16.5 Becnl £ KO) did not result in any immediate perina-
tal lethality. However, all E16.5 Becnl, -KO pups died between P2
and P5 as a result of respiratory distress. Histological comparison
of lungs from the E16.5 Becnl, -KO and littermate control embryos
and newborn pups revealed visible defects in terminal air sac for-
mation starting at E17.5 (Figure 11A, left panels). On E18.5, E16.5
Becnl, -KO lungs displayed dilated sacculi with slightly thicker
septae (Figure 11A, middle panels). PO lungs of WT littermate new-
borns had normal saccular appearance, whereas PO lungs of E16.5
Becnl, KO mice had fewer and dilated air sacs (Figure 11A, right
panels). As seen in E10.5 Becnl, -KO mice, lung morphometric
analysis on E18.5 revealed a significant decrease in the number of
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terminal air sacs in E16.5 Becnl, -KO lungs compared with WT
littermate lungs (Figure 11B). Air-to-tissue ratios (ATRs) corrobo-
rated that the saccular airspaces were larger in E16.5 Becnl, -KO
lungs than in WT littermate lungs (Figure 11B). Furthermore, as
in E10.5 Becnl, -KO mice, IF staining for CD31 showed that E16.5
Becnl, -KO lungs at E18.5 had fewer CD31" cells than did littermate
control lungs (Figure 11, C and D). However, in contrast to E10.5
Becnl, -KO lungs, we observed no pulmonary hemorrhage. Thus,
E16.5 Becnl,; mice had a less developed, but intact, pulmonary
vasculature. Assessment of the differentiation and distribution of
respiratory epithelial cells by IHC (Supplemental Figure 4B) and IF
(Figure 11, E and F) using SCGB1A1, pro-SFTPC, mature SFTPC,
and RAGE antibodies on E18.5 lung tissue from E16.5 Becnl, -KO
and littermate controls revealed results similar to those observed at
E18.5 in E10.5 Becnl, -KO lung tissue. Terminal saccules of E16.5
Becnl, -KO lungs on E18.5 were lined with pro-SFTPC’, mature
SFTPC', and SFTPB* epithelial cells that frequently stained posi-
tive for RAGE. The presence of bipotential alveolar precursor cells
indicates that distal epithelial differentiation was delayed in the
E16.5 Becnl, -KO lungs.

Discussion

Here, we demonstrate that intrinsic autophagy is critical for proper
lung development and morphogenesis. Abrogation of intrinsic
autophagy in vitro and/or in vivo, either during early or late ges-
tation, disrupts airway branching as well as sacculi formation
and delays maturation of the lung. The reduction in branching is
accompanied by excessive cell death, diminished and abnormal
vascular formation, and delayed differentiation of epithelial cells
lining the terminal air sacs into alveolar cells. Together, these
developmental impairments contribute to the lethal respiratory
distress seen in newborns of Becnl, -KO mice.

Despite the importance of autophagy in mammalian devel-
opment (18, 19), limited information is available regarding its role
during lung development. Mice deficient for Ulkl/2 and Atg5 die
within 24 hours of birth, and their lungs have reduced airspaces
with thickened septae (20), in agreement with our findings. The
authors concluded that autophagy is vital for lung maturation, but
no mechanisms explaining the reduced airspaces were described.
In addition, the gene deletions were not specific to the lung, con-
founding the interpretation. Inthe present study, we have extended
the findings of these studies by examining the occurrence of
autophagy and evaluating its role during murine lung develop-
ment. Our results revealed that autophagy is present at basal lev-
els throughout the entire period of lung development; however,
its activity increases in the early pseudoglandular period, and a
second wave of autophagy activity occurs during the canalicular/
saccular stages of development. At these developmental stages,
fetal lungs undergo active tubular branching and terminal sacculi
formation (7, 9, 36). Our data show that autophagy is primarily
activated in the epithelium of the developing lungs and that auto-
phagy inhibition markedly reduces airway branching and sacculi
formation, resulting in perinatal death. These observations sup-
port the idea that intrinsic autophagy may be key to lung develop-
ment and morphogenesis.

The present study shows that AMPK and autophagy acti-
vation occur during similar developmental windows. It is well
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magnification, x40 (insets).

known that energy homeostasis and maintenance of ATP
demand are essential for proper tissue growth and develop-
ment (48) and are precisely regulated by AMPK (26, 28, 49,
50). Regardless of the stimulus, activated (phosphorylated)
AMPK maintains ATP levels by turning on ATP-producing
processes and turning off ATP-consuming processes (51).
AMPK phosphorylation has been shown to activate autoph-
agy to support cell proliferation and differentiation by main-
taining energy homeostasis (26, 49, 50). In line with these
findings, we observed activation of AMPK at gestational
periods of increased ATP consumption due to exuberant cell
growth. Inhibition of AMPK activation prevented autophagy
and reduced airway branching, like that seen with autophagy

jci.org  Volume129  Number7  July 2019

red) in Becn1Ep,.—I<0 and littermate control lungs at E18.5. Scale bars: 50 pm; original

inhibitors, suggesting that AMPK regulates branching morpho-
genesis via autophagy activation.

BECNI1 is a key regulator of autophagosome formation,
which acts during the initiation stage of autophagy as part of
a complex with ATG14, PIK3C3 (also known as VPS34), and
PIK3R4 (also known as p150) (52, 53). Since BECN1-mediated
autophagy activation in the developing lung was dominantly
seen in the respiratory epithelium and a ubiquitous deletion
of the Becnl gene is embryonically lethal (30), we condition-
ally deleted Becnl in the lung epithelium to establish the func-
tion of autophagy during lung development. We found that
removal of epithelial Becnl prior to lung formation severely dis-
rupted airway branching and terminal sacculi formation. The
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H&E-stained lung sections from E18.5 littermate control (WT) and Becn1Em-I<O mice. Note the infiltration of red blood cells in the enlarged air spaces (black
arrows) in Becn1,,-KO lung. Right panel: Confocal IF microscopic images of embryonic lungs (E18.5) stained for the endothelial cell marker CD31 (red).
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control. Data represent the mean + SEM (n = 4 separate lungs). *P < 0.05 versus WT control, by Student’s t test.

Becnl,-KO newborns had fewer and larger distal air sacs with
thicker interstitial walls and died at birth of respiratory insuffi-
ciency. Perinatal lethality from respiratory insufficiency affecting
distal lung development has been reported for several transgenic
models (39, 54-59). Mortality in these models was mainly due to
defects in surfactant protein metabolism (57-59) or distal epithe-
lial differentiation (54, 56). In the present study, an absence of
epithelial Becnl increased the number of bipotential alveolar pro-
genitor cells lining the primitive air sacs, implying that a delayed
maturation of the distal epithelium contributed to the severe
respiratory insufficiency.

In the current study, we also observed visible defects in pul-
monary vascular development in Becnl, -KO mice at birth. It
has long been recognized that lung epithelium and vascular
morphogenesis are closely linked. Previous studies showed that
epithelial-vascular interactions are essential for lung branch-
ing, tissue patterning, and primary septa formation during distal

lung morphogenesis (60-62). VEGF is produced by the lung epi-
thelium (63) and is known to be important for pulmonary vascu-
logenesis and morphogenesis (64). Inhibition of VEGF has been
shown to impair lung branching (60), and loss of VEGF results in
impaired fetal lung maturation (63), like the phenotype seen in our
Becnl,-KO mice. It is plausible that the higher rate of apoptosis
together with the reduced proliferation of the respiratory epithelium
in Becnl, -KO mice interrupted the desired epithelial-vascular
interactions and reduced epithelial VEGF expression, thereby
altering pulmonary vascular development.

During lung morphogenesis, the mesenchymal lung com-
partment “thins” to accommodate the developing airways and air
sacs, whereas the epithelium continues to proliferate. Apoptosis
plays a role in the removal of excess mesenchymal cells (34, 36).
Our finding that apoptotic cells in Becnl, -KO lungs were mainly
epithelial cells lining the walls of the terminal air sacs contrasts
with previous studies reporting that most cells undergoing apop-
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Figure 9. Conditional deletion of Becn1 reduces NKX2-1 expression. (A) IHC and confocal IF microscopic images show NKX2-1 and glycogen content (PAS
staining) in lung tissue sections from E18.5 Becn1,,-KO and littermate control (WT) fetuses. In the littermate control, the type Il cuboidal alveolar cells
stained positive for NKX2-1 (top left inset, red arrowheads), whereas type | squamous alveolar cells lacked NKX2-1 expression (top left inset, black arrows).
In the BecnT,,-KO lung, only NKX2-1 cuboidal cells were visible (bottom left inset, red arrowheads). In the IF staining (middle panel), NKX2-1* cells are
shown in red, whereas nuclei were stained with DAPI (blue). Scale bars: 50 um. Graph shows densitometric analysis of NKX2-1IF results. Data represent
the mean + SEM (n = 4 separate lungs). *P < 0.05 versus control, by Student’s t test. (B) Representative immunoblot for NKX2-1. Graphs shows densito-
metric analysis of NKX2-1 expression in whole-lung lysate harvested from Becn1Eﬂi—K0 and littermate control embryos at E18.5. ACTB was used as a protein
loading control. Data represent the mean + SEM (n = 4 separate lungs). *P < 0.05 versus WT control, by Student’s t test.

tosis during normal lung development are of mesenchymal origin
(34, 36). A possible explanation for this discrepancy is the dele-
tion of Becnl in the lung epithelium of Becnl, -KO mice. BECNI1
protein contains a BCL-2-BCL-3 homology (BH2-BH3) domain,
which, under normal conditions, inhibits autophagy by interact-
ing with the antiapoptotic protein BCL-2 (30, 52, 65). Disruption
of the BECN1-BCL-2 complex has been shown to trigger apoptosis
by releasing other proapoptotic BCL-2 family members (65, 66).
Here, we found that an absence of BECN1 in the developing lung
epithelium of Becnl, -KO mice led to an increase in proapoptotic
BAX expression as well as enhanced epithelial apoptosis that was
so profound that it overwhelmed the low grade of mesenchymal
apoptosis. Increased apoptosis has also been reported for other
conditional KOs of autophagy (67, 68). Additionally, failure to acti-
vate autophagy in response to stimuli is known to lead to apoptotic
cell death (69). Thus, the lack of autophagy in the respiratory epi-
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thelium of Becnl, -KO mice in response to a demand of energy
for proliferation may also contribute to apoptosis of the epithelial
cells. The lower rate of epithelial proliferation combined with
the higher rate of mesenchymal proliferation could explain the
reduced lack of mesenchymal thinning normally seen during late
fetal lung development and thus resulted in thicker interstitial
walls and fewer terminal sacculi in the conditional Becnl, -KO
lungs at birth.

In the present study, we demonstrated that loss of epithe-
lial Becnl leads to a reduction in NKX2-1 expression. NKX2-1
plays a key role in regulating the expression of various lung cell-
specific genes, including SFTPB, SFTPC, and SCGBIA1 (37, 41-45).
Because of this role, it is plausible that a diminished expression of
NKX2-1 in Becnl i KO mice led to the lung epithelial phenotype
seen in the Becnl, -KO mice. To our knowledge, we are the first
to show that epithelium-specific deletion of Becnl in the airways
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fication, x20 (insets). IF microscopic images show lung tissue sections from E18.5 BecmEﬂi-KO and littermate control fetuses stained for mature SFTPC (red)
and RACGE (green). The white arrows in the insets point to cuboidal alveolar type Il epithelial cells. Scale bars: 25 pm; original magnification, x40 (insets). (B)
Confocal IF microscopic images of E18.5 lung tissue from Becn1, -KO mice costained for SFTPC (white), HOPX (red), and PDPN (green). Nuclei were stained
with DAPI. Arrows indicate alveolar precursor cells detected by an overlap of all these markers. Scale bars: 25 um; original magnification, x40 (insets). Graph
indicates the percentage of alveolar precursor cells that stained positive for SFTPC, HOPX, and PDPN in E18.5 lung sections from BechEpi-KO and littermate
control mice. Data are expressed as the mean + SEM (n = 3 separate experiments). *P < 0.05 versus WT control, by Student’s t test.

results in decreased NKX2-1 expression. Nuclear translocation
of BECN1 indicates a role for BECN1 in regulating DNA damage
repair (70) and autophagic growth control (71); however, an inter-
action between BECN1 and NKX2-1 during lung development
remains to be explored. Many of the NKX2-1* cells lining the prim-
itive and dilated air sacs in E18.5 Becnl i KO mice were bipotential
alveolar progenitor cells, based on double-positive SFTPC*RAGE*
and triple-positive HOPX*SFTPC'PNPD* staining. SCGB1Al
expression in the proximal airways appeared to be unchanged in
the Becnl, -KO mice, suggesting that specifically distal epithelial
differentiation was affected by the absence of epithelial Becnl.
Although we did not compare proximal and distal epithelial levels
of NKX2-1 expression, we speculate that the delayed distal epithe-
lial differentiation was mainly due to the lower NKX2-1 levels in
the cells lining the primitive saccules.

In this study, we also deleted Becnl in lung epithelial cells
during the second developmental window of autophagy acti-
vation in late fetal gestation. Most infants who develop BPD are

born extremely prematurely (before 28 weeks). At birth, the lungs
of these infants reflect the canalicular/saccular stages of lung
development, and we were therefore interested in deleting Becnl
during this period. Although the E16.5 Becnl, -KO pups survived
at birth, they succumbed to respiratory distress between P2 and
P5. The morphological phenotype included defects in sacculi for-
mation, vascularization, and epithelial differentiation. The less
severe phenotype in E16.5 Becnl,, -KO lungs compared with that
of E10.5 Becnl,,-KO lungs is likely attributable to the fact that the
bronchial tree is completed at E16.5 and that only alveolar sacculi
formation and differentiation are affected in the E16.5 Becnl, -KO
newborns. The lung phenotype of E16.5 Becnl, -KO pups, ie.,
fewer and dilated immature air sacs, is similar to that of infants
with BPD, except that these children receive surfactant, are ven-
tilated, and receive supplemental oxygen (72). It is possible that
premature birth affects the intrinsic autophagy occurring at that
time, thereby influencing the formation of alveolar sacculi. Venti-
lation (73) and oxygen (74) have been shown to induce autophagy

jci.org  Volume129  Number7  July 2019

2915


https://www.jci.org
https://www.jci.org
https://www.jci.org/129/7

2916

RESEARCH ARTICLE

Control

The Journal of Clinical Investigation

(@]

x

IS

O

[0}

@

0

©

w

C

Control (E18.5) E16.5 Becn1-KO (E18.5)

(0]

— 2 _

o ® O

+ S >

2 2%

[m} -5

o @3
O

E

Control (E18.5) E16.5 Becn1-KO (E18.5)

E —

% o
<

p ~ % A

&) © :

a

m ¥ 4

%)

o

>

©

=

B
— *
0 7 0.6
® . . —==
1]
= . —:‘.%
55 504
8 4 ®
S w
=] o * o
§ 2 E’ 20'2
E L]
T 1
It
T, 0.0
Control E16.5 Control E16.5
Becn1 Ep,—KO Becnt Ep,—KO
0.50 °
L]
*
°
0.25 —
L]
0.00
Control E16.5
Becn1,,-KO

Control (E18.5) E16.5 Becn1-KO (E18.5)

Figure 11. Pulmonary phenotype following deletion of epithelial Becn1 at canalicular/saccular stages. (A) Representative H&E-stained images of lungs
from littermate control (WT) and E16.5 Becn1Epi—KO mice at E17.5, E18.5, and immediately after birth (P0). Scale bars: 100 pum; original magnification, x20
(insets). (B) Graph shows the radial saccular count and the ATR for littermate control and E16.5 Becn7Ep/,—I<0 mice at E18.5. Data represent the mean + SEM
(n = 5 separate lungs). *P < 0.05 versus WT control, by Student’s t test. (C) Confocal IF microscopic images of embryonic lungs (E18.5) stained for the
endothelial cell marker CD31 (red). Nuclei were stained with DAPI (blue). Scale bars: 50 um. (D) Quantification of the CD31/DAPI fluorescence ratio in E18.5
lung tissue from control (WT) and E16.5 Becn1Ep/—I<O embryos. Results are shown as the mean + SEM (n = 3 separate lungs). *P < 0.05 versus WT control,
by Student’s t test. (E and F) Representative confocal IF microscopic images of E18.5 lung tissue sections from E16.5 Becn1,-KO and littermate control
mice stained for mature SFTPC (E, red) and SFTPB (F, green). Nuclei were stained with DAPI. The white arrows in the insets point to cuboidal alveolar type

Il epithelial cells. Scale bars: 25 pm; original magnification, x40 (insets).

in newborn rodents but probably at supra-levels that overwhelm
the intrinsic autophagy pathway, leading to unwanted cell death.

Collectively, our study demonstratesthatthe BECN1-mediated
autophagy pathway in lung epithelial cells is critical for proper
airway branching and terminal sacculi formation. Deficiency of
intrinsic autophagy results in structurally abnormal lungs and
delayed maturation that lead to respiratory failure.

Methods

Chemicals, reagents, and antibodies. The following chemicals and
reagents were from Gibco (Life Technologies, Thermo Fisher Scien-
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tific): PBS (catalog 14190), HBSS (catalog 14175), DMEM/F12 (catalog
11095), penicillin-streptomycin (10,000 U/ml, catalog 15140), TrypLE
Express Enzyme Phenol Red (catalog 12605), and FBS (catalog 12483).
DAPI was obtained from Invitrogen (Life Technologies, Thermo
Fisher Scientific, catalog D1306). Complete protease inhibitor cock-
tail tablets (catalog 04 693 159001) were obtained from Roche Phar-
maceuticals. BSA (catalog A8806), goat serum (catalog G9023), 3-MA
(catalog M9281), Baf A1 (catalog B1793), phosphatase inhibitors (cat-
alogs P5726 and P0044), and Schiff’s reagent (catalog S5133) were
obtained from Sigma-Aldrich. KU55933 (catalog 3544) and G66976
(catalog 2253) were from Tocris Biosciences. Fluorescence mounting
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medium (catalog S3023) was purchased from Dako. The list of anti-
bodies used in this study is provided in Supplemental Table 1.

Generation of Becnl-KO mice. Lung epithelium-specific Becnl-
KO mice (SFTPC-rtTA TetO-Cre Becnl™) were generated by cross-
ing Becnl™"" with SFTPC-rtTA TetO-Cre-transgenic mice. Briefly,
cryopreserved Becnl™a®oMPWii embryos were purchased from the
European Mouse Mutant Archive (EMMA) and transferred into pseu-
dopregnant C57BL/6] females at the Toronto Centre for Phenog-
enomics. Offspring were crossed with FLP deleter mice [B6.12954-
Gt(ROSA)26Sor™firibim] to generate heterozygous Becnl™” mice,
which were crossed to generate homozygous Becnl""" mice. Adult
Becn1™""* mice were healthy and fertile. These animals were then
bred with SFTPC-rtTA TetO-Cre-transgenic mice, in which Cre expres-
sion is induced in airway epithelial cells by administration of the induc-
ing agent Dox (Supplemental Figure 2B) (31, 32). This enabled us to
create triple-transgenic animals in which Becnl could be deleted in the
respiratory epithelial cells upon Dox treatment. Conditional deletion
of lung epithelial Becnl (Becnl,-KO) was achieved by administration
of Dox via the food (200 mg/kg Dox from BioServ) and water (0.3 mg/
ml Dox plus 5% sucrose) to the pregnant mice for 48 hours prior to
lung formation (starting at E8.5). In separate experiments, Becnl, , was
conditionally deleted at the canalicular/saccular stage of lung devel-
opment by administration of Dox in the food and water from E14.5 to
E16.5. Lungs were isolated from fetuses at different stages of develop-
ment for further analysis.

SDS-PAGE and immunoblotting. Mouse embryonic lung tissues
were lysed and homogenized in RIPA lysis buffer (50 mM Tris-HCI,
pH 7.5,150 mM NaCl, 1% [v/v] Triton X-100, 1% [w/v] sodium deoxy-
cholate, and 0.1% [w/v] SDS) supplemented with protease and phos-
phatase inhibitors and 1 mM PMSF. After centrifugation at 13,000
g for 10 minutes, protein content in the supernatant was determined
using a colorimetric assay based on the Bradford method (Bio-Rad
Protein Assay Kit, Bio-Rad Laboratories, catalog 5000002). Proteins
were then size-fractionated by SDS-PAGE and transferred onto nitro-
cellulose membranes under reducing conditions. Membranes were
blocked with 5% (w/v) nonfat dried milk in 0.01% TBS-Tween-20 for
1 hour, and blots were incubated overnight with the appropriate pri-
mary antibodies at 4°C (dilutions are shown in Supplemental Table 1).
Bands were visualized using HRP-labeled secondary antibodies and
an ECL detection kit from Amersham (GE Healthcare Amersham,
catalog 45-002-401) (75). Equal protein loading (50 pg/well unless
stated otherwise) was confirmed by immunoblotting for ACTB in the
same membrane. Band intensities were quantified using Image] (NIH)
densitometric software.

TEM analyses. Mouse embryonic lung tissues were fixed in 2.5%
glutaraldehyde in 0.1 M phosphate buffer (pH 7.4). Samples were
prepared and photographed using a JEOL JSM 6700F transmission
electron microscope as previously described (76). A minimum of 10
micrographs from 2 lungs per gestational age were analyzed. Auto-
phagic vacuoles were counted from 8 to 10 randomly selected fields.
The number of autophagic vacuoles was counted at a magnification of
x2,500 to x4,000, and higher-magnification micrographs (x25,000)
were taken to confirm the presence of autophagosomes.

Histology, IF, and IHC. For histology, IHC, and IF confo-
cal microscopy, mouse embryonic lungs were fixed in 4% (v/v)
PFA in PBS for 24 hours, dehydrated with ethanol, cleared with
xylene, and embedded in paraffin. Sections of 4-um thickness
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were prepared from representative paraffin blocks. The sections
were then deparaffinized, rehydrated, and used for staining. H&E
staining was performed using a standard protocol. The glycogen
content of the lung cells was detected by a standardized PAS stain-
ing technique using a Schiff’s reagent (Sigma-Aldrich, catalog
S5133). Briefly, lung sections were incubated in 1% periodic acid for
5 minutes, rinsed with water, and incubated in Schiff’s reagent for
10 minutes. The slides were then washed with running tap water,
counterstained with hematoxylin, rinsed with water, dehydrated,
cleared, and permanently mounted. Lung morphometric analy-
sis was performed to assess radial saccular counts as previously
described (33). The ATR was determined using 40 x 40 images
captured by a Leica DM6000 light microscope equipped with a
Q-Imaging Retiga EXi CCD camera (QImaging). The images (n = 3
lungs per group, 25 images each) were processed with MATLAB soft-
ware (MathWorks). The k-means clustering algorithm was used to sep-
arate the air space from the tissue, creating a binarized image. From
this binarized image, the ATR was calculated.

For IHC and IF analysis, heat-induced epitope retrieval was per-
formed by placing the slides in a pressure cooker with citrate buffer
(0.1 M citric acid, 0.1 M sodium citrate, pH 6.0) in a Coplin Jar for 15
minutes. For IHC, sections were incubated with the assigned primary
antibody overnight at 4°C in a humidified chamber, followed by
incubation with a biotinylated secondary antibody (1:400, Jackson
ImmunoResearch) and visualization with a VECTASTAIN ABC Kit
(VECTOR Laboratories, catalog PK-6100). The slides were then
counterstained with Mayer’s hematoxylin (Sigma-Aldrich, catalog
H9627), dehydrated, and mounted with Permount (Life Technolo-
gies, Thermo Fisher Scientific, catalog SP15-500). As a negative con-
trol, sections were processed as above, but the addition of a primary
antibody was omitted. Digital images were captured using a Leica
DM6000 B light microscope equipped with a QImaging Retiga EXi
CCD camera (Teledyne QImaging). For IF analysis, 4-um sections
were incubated overnight with primary antibodies at 4°C in a humid-
ified chamber. The next day, the sections were washed 3 times with
PBS and then incubated with fluorochrome-conjugated secondary
antibodies at room temperature for 1 hour in the dark. After washes
with PBS, nuclei were counterstained with DAPI (Invitrogen, Life
Technologies, Thermo Fisher Scientific, catalog D1306). The sections
were washed twice with PBS and mounted using fluorescence mount-
ing medium (Dako, catalog 3023). Fluorescence images were captured
with a Leica CTRMIC 6000 microscope in conjunction with a Ham-
amatsu C910013 spinning-disc camera (Leica Microsystems) (76).
Laser intensity and detector sensitivity settings remained constant for
all image acquisitions within a respective experiment. Images were
later analyzed using Volocity software (PerkinElmer).

Lung explant cultures. Timed-pregnant CD1 mice were sacrificed
on postcoitum day 11.5 (E11.5), and the embryos were harvested. Lung
primordia were isolated from embryos by microdissection under
sterile conditions. Isolated lung explants were placed on Nucleopore
hydrophobic floating membranes (8-um pore size, Whatman Nucleo-
pore, Sigma-Aldrich, catalog 110614) and cultured on the surface of
DMEM/F12 medium (Gibco, Life Technologies, Thermo Fisher Sci-
entific) supplemented with 200 U/ml penicillin-streptomycin (Gibco,
Life Technologies, Thermo Fisher Scientific, catalog 15140) and 0.5%
(v/v) FBS (Gibco, Life Technologies, Thermo Fisher Scientific, cata-
log 12483). The cultures were maintained in an atmosphere of 95% air
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and 5% CO, for 3 days. The medium was changed every day. For auto-
phagy inhibition experiments, lung explants were cultured in medium
containing either DMSO (vehicle control), 80 nM Baf Al (Sigma-
Aldrich, catalog B1793), or a PI3K inhibitor (5 mM 3-MA; Sigma-
Aldrich, catalog M9281) or 10 uM KU55933 (Tocris Biosciences, Bio-
Techne Canada, catalog 3544) for 72 hours. At the indicated time
points, pictures of the lung explants were taken, and tissues were
either processed for immunoblotting or histological analysis.

Mass spectrometric analysis of ATP, ADM, and AMP. Lung tissue
AMP, ADP, and ATP amounts were measured by LC-MS/MS. Briefly,
lung tissue samples were harvested and homogenized with 20 nm
Tris buffer. Tissue homogenates were then extracted in acetonitrile
for several hours at -20°C. The supernatant was then lyophilized,
reconstituted in water, and injected for LC-MS/MS analysis (77).

THC image analysis. Quantification of apoptosis (C-CASP3* and
C-PARP* cells) or proliferation (Ki67* cells) has been described pre-
viously (78). In brief, following IHC staining of lung sections obtained
from at least 3 different transgenic and littermate control mice, 4-6
areas of lung parenchyma were randomly photographed using a x20
objective. Images were then analyzed using NIH Image] software.
Data were then presented as average percentages of positively stained
cells in Becnl -KO animals versus littermate controls.

Statistics. All numerical data are presented as the mean * SEM
of at least 3 separate experiments. Statistical significance was deter-
mined by 2-tailed Student’s ¢ test for comparisons of 2 groups or 1-way
ANOVA followed by Tukey’s post hoc test for more than 2 groups,
using GraphPad Prism, version 6.0 (GraphPad Software). Differences
were considered significant at a P value of less than 0.05.
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Study approval. All animal experiments were approved and per-
formed in accordance with the animal care committee guidelines of
the Hospital for Sick Children Research Institute (Peter Gilgan Centre
for Research and Learning, Toronto, Ontario, Canada).
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