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Chaperone-Mediated Autophagy Suppresses Apoptosis via
Regulation of the Unfolded Protein Response during Chronic
Obstructive Pulmonary Disease Pathogenesis

Yusuke Hosaka,*! Jun Araya,""1 Yu Fujita,* Tsukasa Kadota,* Kazuya Tsubouchi,*
Masahiro Yoshida,* Shunsuke Minagawa,* Hiromichi Hara,* Hironori Kawamoto,*
Naoaki Watanabe,* Akihiko Ito,* Akihiro Ichikawa,* Nayuta Saito,* Keitaro Okuda,*
Junko Watanabe,* Daisuke Takekoshi,* Hirofumi Utsumi,* Mitsuo Hashimoto,*
Hiroshi Wakui,* Saburo Ito,* Takanori Numata,* Shohei Mori,Jr Hideki Matsudaira,T
Jun Hirano,” Takashi Ohtsuka,Jr Katsutoshi Nakayama,* and Kazuyoshi Kuwano*

Cigarette smoke (CS) induces accumulation of misfolded proteins with concomitantly enhanced unfolded protein response
(UPR). Increased apoptosis linked to UPR has been demonstrated in chronic obstructive pulmonary disease (COPD) patho-
genesis. Chaperone-mediated autophagy (CMA) is a type of selective autophagy for lysosomal degradation of proteins with the
KFERQ peptide motif. CMA has been implicated in not only maintaining nutritional homeostasis but also adapting the cell to
stressed conditions. Although recent papers have shown functional cross-talk between UPR and CMA, mechanistic implications
for CMA in COPD pathogenesis, especially in association with CS-evoked UPR, remain obscure. In this study, we sought to
examine the role of CMA in regulating CS-induced apoptosis linked to UPR during COPD pathogenesis using human bronchial
epithelial cells (HBEC) and lung tissues. CS extract (CSE) induced LAMP2A expression and CMA activation through a
Nrf2-dependent manner in HBEC. LAMP2A knockdown and the subsequent CMA inhibition enhanced UPR, including CHOP
expression, and was accompanied by increased apoptosis during CSE exposure, which was reversed by LAMP2A overexpres-
sion. Immunohistochemistry showed that Nrf2 and LAMP2A levels were reduced in small airway epithelial cells in COPD
compared with non-COPD lungs. Both Nrf2 and LAMP2A levels were significantly reduced in HBEC isolated from COPD,
whereas LAMP2A levels in HBEC were positively correlated with pulmonary function tests. These findings suggest the existence
of functional cross-talk between CMA and UPR during CSE exposure and also that impaired CMA may be causally associated

with COPD pathogenesis through enhanced UPR-mediated apoptosis in epithelial cells. The Journal of Immunology, 2020,

205: 000-000.

cigarette smoke (CS) exposure is a leading cause of

death worldwide. COPD is characterized by airflow
limitation, which is progressive even after smoking cessation (1).
Each puff of CS contains ~10'7 oxidant molecules, and accu-
mulating evidence indicates that oxidative stress has an essential
role in COPD development (2). CS induces oxidative modifica-
tions to a wide array of lung macromolecules including proteins,
resulting in the accumulation of damaged and misfolded proteins
with concomitantly enhanced unfolded protein response (UPR)
(3, 4). Although UPR is generally a cytoprotective mechanism,

C hronic obstructive pulmonary disease (COPD) caused by

reversing endoplasmic reticulum (ER) stress through protein
chaperoning and slowing the flow of newly synthesized poly-
peptides into the ER, UPR also plays a role in apoptosis induction
during excessive ER stress (5). Increased apoptosis in epithelial
cells associated with UPR has been demonstrated in COPD lungs,
and apoptosis has been widely implicated in COPD progression
(5-10). Accordingly, UPR linked to CS-induced oxidative modi-
fications and subsequent apoptosis may have a regulatory role in
COPD pathogenesis.

During UPR, dsRNA-activated protein kinase-like ER kinase
(PERK) promotes expression of NFE2L2/Nrf2 by inactivating its
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cytoplasmic inhibitor, Kelch-like ECH-associated protein 1 (5, 11).
Nrf2 is a master transcription factor, orchestrating the antioxi-
dant defense system via expression of a variety of antioxidant
enzymes, and has also been implicated in redox homeostasis and
cell survival during oxidative stress (12). Nrf2 is abundant in the
lung and is involved in the pathogenesis of lung disorders in
which the balance between oxidative stress and antioxidants is
lacking (12). Decreased Nrf2 expression in macrophages and
epithelial cells has been implicated in COPD pathogenesis (2, 13).
A causal link between Nrf2 reduction and COPD pathogenesis
was further demonstrated by exaggerated emphysematous changes
accompanied by increased lung inflammation and lung epithelial
cell apoptosis in CS-exposed Nrf2-deficient mice (14). Thus, Nrf2
expression levels can be a critical determinant of oxidative damage
in those COPD lungs with increased UPR. Intriguingly, a recent
paper showed that Nrf2 also activates chaperone-mediated autophagy
(CMA) via upregulating the lysosomal-associated membrane protein
type 2A (LAMP2A) (15).

CMA is a type of autophagy, an essential homeostatic process for
lysosomal degradation of cellular components. Among the three
major autophagic pathways, CMA is responsible for selective
degradation of proteins with the KFERQ peptide motif or a related
sequence (16). During CMA, heat shock cognate 71 kDa protein
recognizes the KFERQ peptide motif, whereas LAMP2A is in-
volved in substrate binding and internalization to lysosome, re-
spectively. Lysosomal expression level of LAMP2A is considered
to be the rate-limiting factor for the CMA pathway (16). Ap-
proximately 40% of proteins in the mammalian proteome contain
a canonical KFERQ-like motif, and there is a wide array of
physiological roles for CMA-mediated proteostasis in metabolic
pathways, transcriptional regulation, immune response, and cell
cycle (16). Impairment of CMA has been implicated in aging-
associated pathology, including neurodegenerative disorders
through the accumulation of damaged proteins. COPD is a rep-
resentative aging-related pulmonary disorder, and aberrant mac-
roautophagic activity has been demonstrated in its pathogenesis
(17-20). There is functional compensatory cross-talk between
macroautophagy and CMA (21). Furthermore, a recent paper
showed that UPR actives CMA via p38-mediated phosphorylation
of LAMP2A, indicating that CMA-regulated proteostasis may
have an essential role in COPD pathogenesis in the setting of
altered UPR and macroautophagy (22). Although the potential
participation of CMA in CS extract (CSE)—-induced epithelial cell
apoptosis has been reported (23), a mechanistic implication for
CMA in COPD pathogenesis, especially in terms of CS-mediated
UPR, remains obscure.

In the current study, we examined the regulatory role of Nrf2-
mediated LAMP2A expression in CMA activation by CS and
the involvement of CMA in modulating CS-induced UPR and
apoptosis during COPD pathogenesis.

Materials and Methods

Cell culture, Abs, and reagents

Normal and COPD airways were collected from first through fourth order
bronchi from pneumonectomy and lobectomy specimens from resections
performed for primary lung cancer. Informed consent was obtained from
all surgical participants as part of an approved ongoing research proto-
col by the ethical committee of Jikei University School of Medicine
[23-153(5443)]. Human bronchial epithelial cells (HBECs) were isolated
with protease treatment, and freshly isolated HBECs were plated onto rat
tail collagen type I-coated (10 pg/ml) dishes and incubated overnight, and
then the medium was changed to bronchial epithelial growth medium
(Lonza, Tokyo, Japan) (24). Cultures were characterized immunohis-
tochemically using anticytokeratin Abs (Lu-5; BioCare Medical, Concord,
CA) and antivimentin (Sigma-Aldrich, Tokyo, Japan). HBEC showed
>95% positive staining with anticytokeratin and <5% positive staining

with antivimentin Ab (data not shown). HBEC were serially passed and
used for experiments until passage 3. Most experiments were performed
with HBEC from non-COPD patients. Small airway epithelial cells
(SAEC) and SAEC growth medium were purchased (Lonza). The bron-
chial epithelial cell line BEAS-2B was cultured in RPMI 1640 (no. 11875-
093; Gibco Life Technologies) with 10% FCS (no. 26140-079; Life
Technologies) and penicillin-streptomycin (no. 15070-063; Life Tech-
nologies). Abs used were rabbit anti-LAMP2A (no. ab125068; abcam),
rabbit anti-Nrf2 (no. ab62352; abcam), rabbit anti-LAMP1 (no. 9091; Cell
Signaling Technology), mouse anti-CHOP (no. ab11419; abcam), rabbit
anti—caspase-3 (no. 14220; Cell Signaling Technology), rabbit anti-Bip
(no. 3177; Cell Signaling Technology), rabbit anti-eIF2a (no. 9722; Cell
Signaling Technology), rabbit anti—phospho-elF2a (no. 3398; Cell Sig-
naling Technology), rabbit anti-ATF4 (no. 11815; Cell Signaling Tech-
nology), rabbit anti-GAPDH (no. 5174; Cell Signaling Technology),
mouse anti-ACTB (no. A5316; Sigma-Aldrich), DAPI (no. R37606;
Invitrogen), N-acetyl-L-cysteine (no. 017-5131; FUJIFILM Wako Pure
Chemical), caspase inhibitor Z-VAD-FMK(no. G7231; Promega), and
collagen type I solution from rat tail (no. C3867; Sigma-Aldrich) were
purchased.

Plasmids, small interfering RNA, and transfection

LAMP2A expression vector (no. RC221216; OriGene) was purchased from
OriGene. Small interfering RNA (siRNA) targeting Nrf2 (no. 9492, no.
$9493; Applied Biosystems, Life Technologies), CHOP (no. n353816, no.
n353819; Applied Biosystems, Life Technologies), and negative control
siRNAs (no. AM4635, no. AM4641; Applied Biosystems, Life Technol-
ogies) were purchased from Life Technologies. LAMP2A siRNA was
designed by using BLOCK-iT RNAi Designer (https://rnaidesigner.
thermofisher.com). The sequences of the regions targeted by the siRNA
in the exon of the LAMP2A gene were 5'-GCAGTGCAGATGACGACAA-3’
and 5'-GCACCATCATGCTGGATAT-3', corresponding to bases 1230-1248
and 1330-1348, respectively. Specific knockdowns of Nrf2, LAMP2A,
and CHOP were validated using two different siRNA, respectively.
Transfections of HBEC and BEAS-2B cells were performed using the
Neon Transfection System (no. MPK5000; Invitrogen, Life Technologies),
using matched optimized transfection kits (no. MPK10096; Invitrogen,
Life Technologies).

Preparation of CSE

CSE was prepared as previously described (24). Forty milliliters of CS
were drawn into the syringe and slowly bubbled into sterile serum-free
cell culture media in 15-ml BD Falcon tubes. One cigarette was used
for the preparation of 10 ml of solution. CSE solution was filtered
(no. SLGS033SS, 0.22 wm; MilliporeSigma) to remove insoluble particles
and was designated as a 100% CSE solution.

RNA isolation and PCR

RNA isolation, reverse transcription, and real-time PCR were performed
using the SYBR Green method as previously described (24). The primers
used were LAMP2A sense primer, 5'-GCACAGTGAGCACAAATGAGT-
3’; LAMP2A antisense primer, 5'-CAGTGGTGTGTATGGTGGGT-3';
Nrf2 sense primer, 5'-TCAGCGACGGAAAGAGTATGA-3'; Nrf2 antisense
primer, 5'-CCACTGGTTTCTGACTGGATGT-3'; CHOP sense primer,
5'-GAACGGCTCAAGCAGGAAATC-3"; CHOP antisense primer, 5'-
TTCACCATTCGGTCAATCAGAG-3'; ACTB sense primer, 5'-CATGTAC-
GTTGCTATCCAGGC-3'; and ACTB antisense primer, 5'-CTCCTTAATG-
TCACGCACGAT-3'. These primer sets yielded PCR products of 75, 174,
80, and 250 bp for LAMP2A, Nrf2, CHOP, and ACTB respectively. PCRs of
LAMP2A, Nrf2, CHOP, and ACTB were validated using two different
primers. Primer sequences were from PrimerBank (http://pga.mgh.harvard.edu/
primerbank).

Immunohistochemistry and immunofluorescence staining

Immunohistochemical staining was performed as previously described with
a minor modification on the paraffin-embedded lung tissues (24). LAMP2A,
Nrf2, LAMPI1, and Bip immunostaining were assessed by measuring areas
of total and positively staining cells in small airways at a magnification of
X400 using ImageJ, an open source image processing program.

Western blotting

HBEC and BEAS-2B grown on 6-12-well culture plates were lysed in
RIPA buffer (no. 89900; Thermo Fisher Scientific) with protease inhibitor
mixture (no. 11697498001; Roche Diagnostics) and 1 mM sodium
orthovanadate or lysed with Laemmli sample buffer. Western blotting was
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FIGURE 1. Nrf2 is involved in the mechanisms for CSE-induced LAMP2A expression. (A) Western blotting (WB) using anti-LAMP2A and anti-ACTB of
HBEC lysates are treated with CSE (5%) for the indicated time. The lower panel shows the average (*SEM) of relative expression, taken from densitometric
analysis of WB (n = 3). (B) WB using anti-LAMP2A and anti-ACTB of BEAS-2B cell lysates treated with CSE (5%) for 48 h. The right panel shows the average
(£SEM) of relative expression, taken from densitometric analysis of WB (n = 3). (C) Real-time PCR was performed using primers to LAMP2A or ACTB as a
control. LAMP2A mRNA expression was normalized to ACTB. RNA samples were collected after treatment with CSE (1%) for 24 h. Upper panel is HBEC, and
lower panel is BEAS-2B cell. Shown is the fold increase (=SEM) relative to control-treated cells (n = 3). (D) WB using anti-Nrf2 and anti-ACTB. BEAS-2B cells
were transfected with control or Nrf2 siRNA, and CSE treatment was started 48 h post-siRNA transfection. Cell lysates were collected (Figure legend continues)
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performed as previously described (25). For each experiment, equal
amounts of total protein were resolved by 4-20% SDS-PAGE. After
SDS-PAGE, proteins were transferred to polyvinylidene difluoride mem-
brane (no. ISEQ00010; MilliporeSigma), and incubation with specific
primary Ab was performed for 2 h at 37°C or 24 h at 4°C. After washing
several times with PBS with Tween 20, the membrane was incubated with
anti-rabbit IgG, HRP-linked secondary Ab (no. 7074; Cell Signaling
Technology) or anti-mouse IgG, HRP-linked secondary Ab (no. 7076; Cell
Signaling Technology) followed by chemiluminescence detection (no.
34080; Thermo Fisher Scientific and no. 1705061; Bio-Rad Laboratories)
with the ChemiDoc Touch Imaging System (Bio-Rad Laboratories).

MTT assay

The MTT assay was performed according to the manufacturer’s instructions
(no. 11465007001; Roche Diagnostics).

Lactate dehydrogenase assay

Cell death was assessed by cytotoxicity analyzed by measuring the release
of lactate dehydrogenase (LDH) into media according to the manufacturer’s
protocol (no. 4744926; Roche Diagnostics).

TUNEL assay

TUNEL assay was performed using a DeadEnd Fluorometric TUNEL
System (G3250; Promega), according to the manufacturer’s instructions.
The TUNEL-positive cells in the lung were detected using fluorescence
microscopy (Nikon, Tokyo, Japan). The average number of dead cells was
assessed by manual counting of TUNEL" cells in each high- power field
(X200).

Flow cytometry by annexin V-FITC conjugated with
propidium iodide staining

Apoptosis was evaluated by flow cytometry, using annexin V-FITC and
propidium iodide (PI) double staining following the manufacturer’s in-
structions for the MEBCYTO apoptosis kit (MBL, Nagoya, Japan) (23).
Cells in each treated group were washed twice with cold PBS and then
resuspended in binding buffer. A total of 1 X 10° cells/ml were transferred
in a 5-ml tube containing 10 wl of annexin V-FITC and 5 .l of PI and
were incubated for 15 min at room temperature in the dark. After adding
400 pl of binding buffer, the samples were analyzed by flow cytometry
(MACSQuant, Miltenyi Biotec, Bergisch Gladbach, Germany) within 1 h.
Annexin V-positive cells were considered apoptotic cells. Data analysis
was performed with FlowJo software.

Statistics

Data are shown as the average (XSEM) taken from at least three inde-
pendent experiments. Student ¢ test was used for comparison of two
datasets, ANOVA was used for multiple comparisons, and Bonferroni post
hoc tests were used to test for statistical significance. Significance was
defined as p < 0.05. The statistical software used was Prism v.7 (GraphPad
Software, San Diego, CA).

Results
CSE-induced LAMP2A expression is dependent on Nrf2

Initially, we examined changes in LAMP2A expression in response
to CSE exposure. CSE (5.0%) treatment significantly increased
protein levels of LAMP2A in HBEC, which peaked at 48 h after
CSE exposure (Fig. 1A). CSE also significantly induced LAMP2A

expression at 48 h in BEAS-2B cells (Fig. 1B). Along with in-
creased LAMP2A protein levels, GAPDH, a representative se-
lective target protein for CMA degradation, was clearly reduced,
which may reflect increased CMA activity (Fig. 1B). Increased
LAMP2A mRNA caused by CSE exposure was confirmed by
RT-PCR in both HBEC and BEAS-2B cells (Fig. 1C).

To elucidate the involvement of Nrf2 in regulating LAMP2A
expression, siRNA-mediated Nrf2 knockdown was performed in
BEAS-2B cells. Because Nrf2 knockdown was highly toxic during
CSE exposure, we selected 1.0% CSE for Nrf2 knockdown ex-
periments. CSE significantly increased Nrf2 expression at both
protein and mRNA level, which were efficiently suppressed by
siRNA transfection (Fig. 1D, 1E). In line with recent reports, Nrf2
knockdown significantly inhibited CSE-induced LAMP2A protein
expression (Fig. 1F), suggesting Nrf2 is responsible for regulating
LAMP2A expression during CSE exposure (15). Involvement of
Nrf2 in LAMP2A mRNA expression during CSE exposure was
confirmed by reduced LAMP2A mRNA levels during Nrf2 knock-
down (Fig. 1G). In general, Nrf2 is activated in response to oxidative
stress, and CS contains abundant oxidants; hence, participation of
reactive oxygen species in CSE-induced Nrf2 expression was ex-
amined by treatment with the antioxidant N-acetyl cysteine (NAC).
NAC significantly suppressed CSE induction of both Nrf2 and
LAMP2A (Fig. 1H). Because Nrf2 has also been implicated in reg-
ulating macroautophagy-related genes (26), involvement of Nrf2 in
macroautophagy was examined by CSE exposure. In comparison
with LAMP2A, only a modest reduction of LC3 conversion was
demonstrated in the setting of Nrf2 knockdown, suggesting that Nrf2
is mainly involved in CMA rather than macroautophagy during CSE
exposure in HBEC (Supplemental Fig. 1A).

LAMP2A negatively regulates apoptosis in response to
CSE exposure

Nrf2-mediated LAMP2A expression suggests that CMA activation
may have a protective role in CSE-induced oxidative stress, and
CMA has been implicated in apoptosis inhibition during CSE
exposure (23). LAMP2A knockdown experiments were performed
to examine the role of CMA in apoptosis regulation in BEAS-
2B cells. Efficient LAMP2A knockdown was confirmed by RT-
PCR and Western blotting (data not shown). CSE suppressed viable
cell counts and increased cell death as shown by MTT assay and
LDH cytotoxic assay, which were significantly enhanced by
LAMP2A knockdown (Fig. 2A, 2B). CSE-induced TUNEL-
positive staining was also significantly increased by LAMP2A
knockdown (Fig. 2C). CSE-induced apoptosis was evaluated by
detecting expression levels of cleaved caspase-3 and increased
percentage of annexin V-positive staining (Fig. 2D, 2E). CSE
induced cleaved caspase-3 expression, which was further enhanced
by LAMP2A knockdown (Fig. 2D). The increase in annexin V
positively staining cells in the setting of LAMP2A knockdown was
clearly suppressed by treatment with Z-VAD-FMK, a pan-caspase

after treatment with CSE (1%) for 48 h. The lower panel shows the average (==SEM) of relative expression, taken from densitometric analysis of WB (n = 6).
(E) Real-time PCR was performed using primers to Nrf2 or ACTB as a control. BEAS-2B cells were transfected with control or Nrf2 siRNA, and CSE
treatment was started 48 h post-siRNA transfection. RNA samples were collected after treatment with CSE (1%) for 24 h. Nrf2 mRNA expression was
normalized to ACTB. Shown is the fold increase (==SEM) relative to control-treated cells (n = 3). (F) WB using anti-LAMP2A and anti-ACTB. BEAS-2B
cells were transfected with control or Nrf2 siRNA, and CSE treatment was started 48 h post-siRNA transfection. Cell lysates were collected after treatment
with CSE (1%) for 48 h. The lower panel shows the average (=SEM) of relative expression, taken from densitometric analysis of WB (n = 3). (G) Real-time
PCR was performed using primers to LAMP2A or ACTB as a control. BEAS-2B cells were transfected with control or Nrf2 siRNA, and CSE treatment was
started 48 h post-siRNA transfection. RNA samples were collected after treatment with CSE (1%) for 24 h. LAMP2A mRNA expression was normalized to
ACTB. Shown is the fold increase (=SEM) relative to control-treated cells (n = 3). (H) WB using anti-Nrf2, anti-LAMP2A, and anti-ACTB of BEAS-2B
cell lysates treated with CSE (5%) for 48 h in the absence or presence of NAC (1 mM). The lower panel shows the average (=SEM) of relative expressions,
which are taken from densitometric analysis of WB (n = 3). *p < 0.05 by ANOVA and Bonferroni posttest (A, D, and E-H) or Student t test (B and C).
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FIGURE 2. Inhibitory role of LAMP2A in CSE-induced apoptosis in BEAS-2B cells. (A) Viable cell counts were evaluated by MTT assay. BEAS-2B
cells were transfected with control or LAMP2A siRNA, and CSE (5%) treatment was started 48 h post-siRNA transfection. Viable cell count was assessed
after 24-h treatment. (B) Cell cytotoxicity analysis by the LDH assay. Cytotoxicity was calculated by measuring the amount of LDH in supernatant released
from siRNA-transfected BEAS-2B cells after 24-h CSE (5%) treatment. (C) Photographs of fluorescence staining of the TUNEL assay of the control or
LAMP2A siRNA-transfected BEAS-2B cells after 24-h treatment with CSE (5%). DAPI (blue) and TUNEL-positive cells (green) are shown. Scale bar,
100 wm. Right panel is the percentage of TUNEL-positive cells. (D) Western blotting (WB) using anti—caspase-3 and anti-ACTB. BEAS-2B cells were
transfected with control or LAMP2A siRNA, and CSE treatment was started 48 h post-siRNA transfection. Cell lysates were collected after treatment with
CSE (5%) for 24 h. The lower panel shows the average (==SEM) of relative expression, taken from densitometric analysis of WB (n = 35). (E) Apoptosis
was detected by flow cytometric evaluation of FITC—annexin V and PI double staining. Percentage of apoptosis was calculated by adding early apoptotic
cells (annexin V*/PI") and late apoptotic/necrotic cells (annexin V*/PI"). CSE treatment was started 48 h post-siRNA transfection, and Z-VAD-FMK was
pretreated for 1 h before CSE. *p < 0.05 by ANOVA and Bonferroni posttest.

inhibitor (Fig. 2E), indicating an antiapoptotic role for CMA- CSE treatment significantly increased Bip, ATF4, and CHOP ex-
mediated LAMP2A expression during CSE exposure. pression and induced eIF2a phosphorylation, which were further

o ) . . enhanced by LAMP2A knockdown in BEAS-2B cells (Fig. 3A-D).
LAMP2A reduction enhances CSE-induced UPR CHOP has an important role in conducting apoptosis in the PERK
Increased UPR has been implicated in apoptosis in COPD patho- pathway during excessive ER stress. CSE-induced upregulation and
genesis (5-7). Among the three major pathways of UPR, we spe- LAMP2A knockdown-mediated enhancement of CHOP expression
cifically focused on the apoptosis-linked PERK-CHOP pathway. were confirmed at mRNA levels in both BEAS-2B cells and HBEC,
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FIGURE 3. LAMP2A knockdown enhances CSE-
induced UPR. (A) Western blotting (WB) using anti-Bip
and anti-ACTB. BEAS-2B cells were transfected with
control or LAMP2A siRNA, and CSE treatment was
started 48 h post-siRNA transfection. Cell lysates were
collected after treatment with CSE (5%) for 24 h. The
lower panel shows the average (xSEM) of relative ex-
pression, taken from densitometric analysis of WB (n =
5). (B) WB using anti—p-eIF2a and anti-eIF2a in BEAS-
2B cells (n = 7). (C) WB using anti-ATF4 and anti-ACTB
in BEAS-2B cells (n = 3). (D) WB using anti-CHOP and
anti-ACTB in BEAS-2B cells (n = 3). (E) WB using anti-
LAMP2A, anti-CHOP, anticleaved caspase-3, and anti-
ACTB. HBEC cells were transfected with control or
LAMP2A siRNA, and CSE treatment was started 48 h
post-siRNA transfection. Cell lysates were collected after
treatment with CSE (5%) for 24 h. The panels show the
average (*SEM) of relative expression, taken from
densitometric analysis of WB (n = 5). (F) Photographs of
fluorescence staining of the TUNEL assay of the control
or LAMP2A siRNA-transfected HBEC after 24-h treat-
ment with CSE (5%). DAPI (blue) and TUNEL-positive
cells (green) are shown. Scale bar, 100 pwm. The right panel
is the percentage of TUNEL-positive cells. *p < 0.05 by
ANOVA and Bonferroni posttest.

respectively (Supplemental Fig. 1B, 1C). LAMP2A knockdown-
mediated enhancement of CHOP protein levels and apoptosis by
CSE exposure were also confirmed in HBEC (Fig. 3E, 3F). Because
the small airways of <2 mm in diameter are mainly respon-
sible for airway obstruction in COPD pathogenesis, we also
evaluated the involvement of CMA using SAEC. Consistent
with HBEC, CSE increased LAMP2A expression, which was
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suppressed by Nrf2 knockdown. LAMP2A knockdown clearly
enhanced CSE-induced CHOP expression with concomitantly
increased apoptosis (Supplemental Fig. 2).

Involvement of CHOP in CSE-induced apoptosis was further
examined by means of siRNA-mediated CHOP knockdown. In
BEAS-2B cells, CHOP knockdown significantly suppressed CSE-
induced increases in TUNEL-positive cell count and caspase-3
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FIGURE 4. CHOP is involved in CSE-induced apoptosis. (A) Photographs of fluorescence staining of the TUNEL assay of the control or CHOP
siRNA-transfected BEAS-2B cells after 24-h treatment with CSE (5%). CSE treatment was started 48 h post-siRNA transfection. DAPI (blue) and
TUNEL-positive cells (green) are shown. Scale bar, 100 wm. The lower panel is the percentage of TUNEL-positive cells. (B) Western blotting (WB)
using anti—caspase-3, anti-CHOP, and anti-ACTB. BEAS-2B cells were transfected with control or CHOP siRNA, and CSE treatment was started
48 h post-siRNA transfection. Cell lysates were collected after treatment with CSE (5%) for 24 h. The lower panel shows the average (= SEM) of
relative expression, taken from densitometric analysis of WB (n = 4). (C) Photographs of fluorescence staining of the TUNEL assay of BEAS-2B
cells. Control or LAMP2A siRNA was initially transfected, and control or CHOP siRNA was subsequently transfected after 24-h incubation. CSE
(5%) treatment for 24 h was started 24 h post-siRNA transfection. DAPI (blue) and TUNEL-positive cells (green) are shown. Scale bar, 100 pwm. The
lower panel is the percentage of TUNEL-positive cells. (D) WB using anticleaved caspase-3 and anti-ACTB. BEAS-2B (Figure legend continues)
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analysis of WB (n = 3). (B) Viable cell count was evaluated by MTT assay. BEAS-2B cells were transfected with control or LAMP2A vector, and CSE (5%)
treatment was started 48 h posttransfection. Viable cell count was assessed after 24-h treatment. (C) Cell cytotoxicity analysis of the LDH assay. Cyto-
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treatment. (D) Photographs of fluorescence staining of the TUNEL assay of the control or LAMP2A vector transfected BEAS-2B cells after 24-h treatment
with CSE (5%). DAPI (blue) and TUNEL-positive cells (green) are shown. Scale bar, 100 wm. The right panel is the percentage of TUNEL-positive cells.

*p < 0.05 by ANOVA and Bonferroni posttest.

activation (Fig. 4A, 4B). Participation of CHOP in CSE-induced
apoptosis, especially in the setting of reduced CMA, was exam-
ined by simultaneous CHOP and LAMP2A knockdown. LAMP2A
siRNA was initially transfected and CHOP siRNA was subse-
quently transfected 24 h later in BEAS-2B cells. After an addi-
tional 24-h incubation, efficient knockdown of both LAMP2A and
CHOP were confirmed by Western blotting (data not shown), and
CSE treatment was performed for 24 h. Consistent with control
BEAS-2B cells, CHOP knockdown significantly suppressed
CSE-induced apoptosis in BEAS-2B cells with reduced CMA
activity in the LAMP2A knockdown (Fig. 4C, 4D). In line with
LAMP2A knockdown, Nrf2 knockdown clearly enhanced both
CHOP and cleaved caspase-3 expression, further supporting the
notion that the Nrf2-LAMP2A axis is responsible for regulating
CHOP-mediated apoptosis during CSE exposure (Supplemental
Fig. 3A).

To further clarify the role of CMA in CSE-induced apoptosis,
LAMP2A overexpression experiments were performed. Trans-
fection of LAMP2A expression vector efficiently overexpressed
LAMP2A, and the subsequent enhanced CMA activity was dem-
onstrated by a reduction of GAPDH protein levels (Supplemental
Fig. 3B). LAMP2A overexpression clearly suppressed not only Bip
and CHOP expression but also reduced levels of cleaved capase-3
during CSE exposure (Fig. 5A). LAMP2A overexpression signifi-
cantly increased viable cell counts and reduced cell death (Fig. 5B—
D), further supporting the notion that CMA induction of LAMP2A
has a protective role in UPR caused by CSE exposure.

Inspection of Nrf2—-LAMP2A axis in COPD lungs

To elucidate the clinical implication of impaired CMA and UPR in
COPD pathogenesis, an immunohistochemical evaluation was
conducted. In line with previous findings, Nrf2 expression levels

were significantly reduced in SAEC in COPD lungs (Fig. 6A).
Consistent with reduced Nrf2, LAMP2A expression levels were
also significantly reduced in SAEC in COPD lungs (Fig. 6B).
Because LAMP2A is a lysosomal protein and may reflect total
lysosome numbers, levels of another type of lysosome-associated
membrane protein, LAMP1, were examined. In contrast to
LAMP2A, LAMP1 expression levels were significantly increased
in SAEC (Fig. 6C), suggesting an accumulation of lysosomes
with impaired CMA activity in COPD lungs. Although increased
Bip was clearly demonstrated in SAEC in COPD lungs (Fig. 6D),
CHOP expression was not detected in COPD lungs by means of
immunohistochemical evaluation, which can be attributed to our
technical limitation (data not shown). We also evaluated Nrf2 and
LAMP2A expression levels in large airway epithelial cells. In
line with SAEC, Nrf2 and LAMP2A expression levels were
significantly reduced in the large airway epithelial cells of COPD
lungs (Supplemental Fig. 4).

Nrf2 and LAMP2A expression levels were also evaluated in
HBEC isolated from the bronchi of patients. Patient characteristics
are presented in Table I. Consistent with immunohistochemical
evaluation in SAEC, both Nrf2 and LAMP2A expression levels
were significantly reduced in HBEC isolated from COPD lungs
(Fig. 7A). Positive correlation between Nrf2 and LAMP2A
expression levels was detected by linear regression analysis
(Fig. 7B). Reduced Nrf2 and LAMP2A expression levels in
HBEC from COPD lungs were further confirmed at mRNA
levels (Fig. 7C, 7D). Next, we examined the correlation be-
tween LAMP2A expression levels in HBEC and clinical charac-
teristics. Although no correlation with smoking index (SI) was
detected, LAMP2A showed significant positive correlations with
pulmonary function tests of the percentage of predicted forced

cells were transfected with control or LAMP2A and or CHOP siRNA. CSE (5%) treatment was started 24 h post-siRNA transfection. Cell lysates were
collected after treatment with CSE (5%) for 24 h. The lower panel shows the average (=SEM) of relative expression, taken from densitometric analysis of
WB (n = 4). *p < 0.05 by ANOVA and Bonferroni posttest.
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FIGURE 6. Reduced Nrf2 and LAMP2A and in-
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ANOVA and Bonferroni posttest.
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expiratory volume in 1 s (%FEV1.0), indicating that LAMP2A is
not simply associated with smoking status but is more directly
linked to airway obstruction in COPD pathogenesis (Fig. 7E).

Discussion

In the current study, we demonstrate the potential involvement of
CMA in regulating UPR-mediated apoptosis as a part of COPD
pathogenesis. CSE induces LAMP2A expression with concomitant
CMA, and Nrf2 is responsible for regulating LAMP2A mRNA
expression. Reduced CMA via LAMP2A knockdown enhances
UPR and is accompanied by increased apoptosis, whereas CSE-
induced UPR and apoptosis are clearly reversed by LAMP2A
overexpression, suggesting the existence of functional cross-talk
between UPR and CMA during CSE exposure. During UPR,
participation of CHOP in CS-induced apoptosis in the setting of
reduced CMA was confirmed by CHOP knockdown experiments.
Compared with never smoker and non-COPD smoker, reduced
Nrf2 and LAMP2A expression levels are demonstrated in SAEC in
COPD lungs. In line with lung tissue evaluation, both Nrf2 and
LAMP2A expression levels are significantly reduced in HBEC
isolated from COPD patients, and their expression levels are
positively correlated. LAMP2A expression levels in HBEC are
significantly correlated with pulmonary function tests but not with

never Smoker  non-COPD COPD

smoker smoker

SI. Taken together, impaired CMA modulated by Nrf2 may be
causally associated with COPD development through enhanced
UPR-mediated apoptosis in lung epithelial cells.

It has been reported that forced Nrf2 expression prevents
CMA decline and showed a neuroprotective effect in a mouse
model of Parkinson disease (27). A recent paper demonstrated
that Nrf2 upregulates LAMP2A expression levels through binding
to LAMP2A gene (15). In line with those papers, knockdown ex-
periments showed that Nrf2 is at least partly responsible for up-
regulating LAMP2A expression at mRNA levels during CSE
exposure in in vitro HBEC models (Fig. 1). We also observed
significant reduction in both Nrf2 and LAMP2A protein levels in
SAEC in COPD lungs and in HBEC derived from COPD patients
(Figs. 6, 7), further supporting the notion of the upstream regu-
latory role for Nrf2 in LAMP2A expression in COPD pathogen-
esis. Intriguingly, decreased LAMP2A expression levels have been
demonstrated in brain tissue from Parkinson disease patients,
which can be attributed to both a sequence variant in the LAMP2A
promoter region and an increase in a specific microRNA (miRNA)
targeting LAMP2A (28, 29). Although reported miRNAs for
LAMP2A regulation have not been implicated in COPD patho-
genesis (29, 30), it is plausible that alterations in the promoter
region and targeting via miRNA are involved in the mechanisms

Table I. Patient characteristics (for HBEC)
Nonsmoker (n = 8) Non-COPD Smoker (n = 7) COPD (n=9) p Value
Age, y 72.6 = 4.7 65.0 = 84 67.0 = 9.6 NS
Male, % of group 12.5 85.7 100.0 <0.0001*
SI (pack-y) 0 19.7 = 14.0 56.7 = 334 <0.0001%**
FEV1.0/FVC (%) 773 = 4.4 83.5 £ 12.8 63.2 = 5.0 <0.0001%**
%FEV1.0 105.6 = 18.4 94.5 = 16.1 89.7 = 9.5 0.104%*

FEV1.0, forced expiratory volume in 1 s; FVC, forced vital capacity; NS, not statistically significant.

Values are mean + SD. *x test for independence, **ANOVA and Bonferroni posttest.
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FIGURE 7. Reduced Nrf2 and LAMP2A in COPD HBEC. (A) Western blotting (WB) using anti-Nrf2, anti-LAMP2A, and anti-ACTB of HBEC lysates.
The right panels show the average (=SEM) of relative expression, taken from densitometric analysis of WB (nonsmoker = 7, non-COPD smoker = 8, and
COPD = 7). (B) Shown is the relationship between Nrf2 and LAMP2A normalized to ACTB. HBEC are from nonsmoker (n = 6), non-COPD smoker
(n =7), and COPD (n = 6) patients. Linear regression analysis was used to compare Nrf2 expression levels to LAMP2A expression levels in HBEC.
(€) Real-time PCR using primers to Nrf2 or ACTB as a control. RNA samples were collected from HBEC (nonsmoker = 6, non-COPD smoker = 4, and
COPD = 6). Nrf2 mRNA expression was normalized to ACTB. Shown is the fold increase (SEM) relative to control-treated cells (n = 3). (D) Real-time
PCR using primers to LAMP2A or ACTB as a control. RNA samples were collected from HBEC (nonsmoker = 6, non-COPD smoker = 4, and COPD = 6).
LAMP2A mRNA expression was normalized to ACTB. Shown is the fold increase (= SEM) relative to control-treated cells (n = 3). (E) Shown is the
relationship between relative LAMP2A expression normalized to ACTB in HBEC and SI and %FEV1.0, respectively. HBEC are from nonsmoker,
non-COPD smoker, and COPD patients. Linear regression analysis was used to compare LAMP2A expression levels in HBEC to SI and pulmonary

function test. *p < 0.05 by ANOVA and Bonferroni posttest.

for LAMP2A reduction in COPD lungs. Furthermore, an age-
dependent decline in CMA activity conferred by reduced LAMP2A
expression levels was demonstrated in a variety of human cell
types, with the thought that lower stability at the lysosomal
membrane caused by alterations in lipid composition is re-
sponsible for this decline (16, 31, 32). COPD is a representative
pulmonary disorder associated with aging, hence reduced LAMP2A
in COPD lungs can be regulated not only at the mRNA level but

also by a variety of posttranscriptional modifications associated
with aging.

Target selectivity of CMA has been implicated in the timed
degradation of specific proteins involved in the regulation of en-
zymatic metabolic processes and subsets of transcriptional pro-
grams (33). Additionally, the activation of CMA has also been
demonstrated to remove malfunctional and unfolded proteins
during oxidative stress, indicating that CMA may have a regulatory
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role in multiple cellular processes not only for maintaining nutri-
tional homeostasis but also for adapting the cell to stressed condi-
tions (32, 34, 35). UPR is activated by inappropriate protein folding
in the lumen of the ER caused by cellular stressors, including ox-
idative stress (3). UPR promotes adaptive mechanisms for cell
survival but also induces apoptosis in the setting of excessive ER
stress (5). The ER and lysosome are the most critical organelles,
which are responsible for sensing and regulating cellular stress re-
sponses (36); hence, functional cross-talk between the ER and ly-
sosomes is likely to exist, especially in the setting of excessive
oxidative stress. Intriguingly, a recent paper demonstrated a func-
tional link between ER stress and CMA, which showed that in-
creased ER stress is a part of the mechanism of CMA activation via
an increase in LAMP2A phosphorylation (22). In line with previous
findings, CS induced both UPR and CMA activation of LAMP2A
upregulation in our experimental conditions (Figs. 1, 3) (3, 4, 23).
Importantly, we clearly showed the novel functional cross-talk be-
tween UPR and CMA during CSE exposure in this study (Figs. 3,
4). Impaired CMA due to LAMP2A knockdown resulted in en-
hanced UPR, including CHOP expression accompanied by in-
creased apoptosis. Also, LAMP2A overexpression leading to CMA
activation reduced both UPR and apoptosis in response to CSE
exposure. Although the precise mechanism for UPR regulation by
CMA remains unclear, we speculate the following possibilities.
First, CMA-mediated elimination of damaged proteins has a pre-
ventive and regulatory role for CSE-induced ER stress. Second, like
ER-associated degradation by proteasomes, CMA may have a
specific role in the removal of unfolded proteins from the stressed
ER. Third, CMA activation is responsible for selective degradation
of the UPR components responsible for attenuating UPR-mediated
cytotoxic response during CSE exposure. Although these possibil-
ities should be explored in future studies, it remains likely that
CMA regulation of UPR has a critical role in maintaining cellular
survival during the oxidative stress of CS exposure.

CSE led to the accumulation of lysosomes in lung epithelial
cells, which may represent phenotypic alteration to cellular se-
nescence (37). We have reported accelerated cellular senescence
in SAEC in COPD lungs, and immunohistochemistry demon-
strated increased expression levels of LAMPI1 (Fig. 5) (38, 39).
LAMP1 is a major lysosomal membrane protein and is considered
to be representative of the total number of lysosomes. Accord-
ingly, it is plausible that an increase in LAMP1 may reflect the
accumulation of lysosomes in SAEC with accelerated cellular
senescence in COPD lungs. In contrast to LAMP1, LAMP2A
expression levels were clearly reduced in SAEC in COPD lungs
(Fig. 5). LAMP2A expression is not considered to correlate with
total lysosome numbers, and it is likely that increased LAMP1
accompanied by LAMP2A reduction may reflect the accumulation
of CMA-inactive lysosomes in SAEC in COPD lungs. It has been
reported that lysosomal function declines with aging, and lyso-
somal dysfunction is causally linked to the pathogenesis of age-
related disorders including neurodegenerative diseases (40, 41).
Therefore, we speculate that the accumulation of CMA-inactive
dysfunctional lysosomes can be a representative feature of accelera-
ted cellular senescence pathologically linked with aging-associated
disorders, including COPD. Autophagic response to eliminate
damaged lysosomes, known as lysophagy, plays an essential role
in maintaining lysosomal functional integrity; hence, the causal
link between lysophagy status and accumulation of CMA-inactive
lysosomes is a potentially interesting topic of research for further
understanding the functional interplay between macropautophagy
and CMA during aging (42, 43).

In conclusion, our findings indicate the participation of reduced
CMA-mediated lung epithelial cell apoptosis in COPD pathogenesis.
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To our knowledge, this study is the first report showing the existence
of functional cross-talk between CMA and UPR in terms of regu-
lating apoptosis during CS exposure. It is likely that activating CMA
can be a promising target for developing an antiapoptotic modality of
COPD treatment.
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Supplementray Figure 1. Effect of Nrf2 and LAMP2A knockdown
Effect of Nrf2 knockdown on CSE-induced macroautophagy.
(A) WB using anti-LC3B and ACTB. HBEC were transfected with control siRNA or Nrf2 siRNA. CSE (1%) treatment was
started 24 h post-transfection and protein samples were collected after 24 h treatment. Protease inhibitor (E64d 10 ug/ml,
pepstatin A 10 ug/ml) treatment was started 6h before collecting cell lysates.Shown is a representative experiment of 3
showing similar results. The lower panel is the average (+SEM) relative increase in LC3B-Il normalized to ACTB in the
presence of protease inhibitor, which are taken from densitometric analysis of WB from three independent experiments.
*p<0.05, by by ANOVA and Bonferroni’'s post-test.
Effect of LAMP2A Knockdown on CHOP mRNA expression.
(B) BEAS-2B cells were transfected with control siRNA or LAMP2A siRNA and CSE treatment was started 48 h psot siRNA
transfection. RNA samples were collected after treatment with CSE (5%) for 24 h. Realtime-PCR was performed using primers
to CHOP.or ACTB as a control. CHOP mRNA expression was normalized to ACTB. Shown is the fold increase(+SEM) retaive
to control treated cells (n=3). *p<0.05, by by ANOVA and Bonferroni’s post-test. (C) HBEC were transfected with control siRNA
or LAMP2A siRNA and CSE treatment was started 48 h psot siRNA transfection. RNA samples were collected after treatment
with CSE (5%) for 24 h. Realtime-PCR was performed using primers to CHOP.or ACTB as a control. CHOP mRNA expression
was normalized to ACTB. Shown is the fold increase(+SEM) retaive to control treated cells (n=3). *p<0.05, by by ANOVA and
Bonferroni’s post-test.
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Supplementary Figure 2. Effect of Nrf2 and LAMP2A knockdown in small airway epithelial cells (SAEC).

(A)Real time-PCR was performed using primers to Nrf2, LAMP2A, or ACTB as a control. SAEC were transfected

with control or Nrf2 siRNA and CSE treatment was started 48 h post siRNA transfection. RNA samples were collected
after treatment with CSE (1%) for 24 h. Nrf2 mRNA expression was normalized to ACTB. Shown is the fold increase
(+SEM) relative to control treated cells (n=3). *P < 0.05, by ANOVA and Bonferroni’s post-test. (B) WB using anti-Nrf2,
anti-LAMP2A, and anti-ACTB . SAEC were transfected with control or Nrf2 siRNA and CSE treatment was started 48 h
post siRNA transfection. Cell lysates were collected after treatment with CSE (1%) for 48 h. The lower panels shows the
average (+SEM) of relative expression, taken from densitometric analysis of WB (n=3). *P < 0.05, by ANOVA and
Bonferroni’s post-test. (C) WB using anti-LAMP2A, anti-CHOP, anti-cleaved caspase-3, and anti-ACTB. SAEC were
transfected with control or LAMP2A siRNA and CSE treatment was started 48 h post siRNA transfection. Cell lysates
were collected after treatment with CSE (5%) for 24 h. The lower panels show the average (+SEM) of relative expression,
taken from densitometric analysis of WB (n=3). *P < 0.05, by ANOVA and Bonferroni’s post-test. (D) Photographs of
fluorescence staining of the TUNEL assay of the control or LAMP2A siRNA transfected HBEC after 24 h treatment with
CSE (5%). DAPI (blue) and TUNEL-positive cells (green) are shown. Scale bars, 100 um. The right panel is the percentage
of TUNEL-positive cells. *P < 0.05, by ANOVA and Bonferroni’s post-test.
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Supplementary Figure 3. Effect of Nrf2 knockdown and LAMP2A overexpression.

(A) Effect of Nrf2 knockdown on CHOP and cleaved caspase-3 expression. WB using anti-CHOP,
anti-cleaved caspase-3, and anti-ACTB. BEAS-2B cells were transfected with control or Nrf2 siRNA.
CSE treatment was started 48 h post siRNA transfection. Cell lysates were collected after treatment with
CSE (5%) for 24 h. The lower panels show the average (+SEM) of relative expression, which are taken from
densitometric analysis of WB (h=3). *p<0.05, by by ANOVA and Bonferroni’s post-test.

(B) Effect of LAMP2A overexpression on GAPDH expession.

WB using anti-LAMP2A, anti-GAPDH, and anti-ACTB. BEAS-2B cells were transfected with control or
LAMP2A vector and cell lysates were collected 48 h psot transfection.The right panels show the average
(£SEM) of relative expression, which are taken from densitometric analysis of WB (n=3). *p<0.05, by by
ANOVA and Bonferroni’s post-test.
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Supplementary Figure 4. Reduced Nrf2 and LAMP2A in bronchial epithelial cells in COPD lungs.

(A) Immunohistochemical staining of Nrf2 in non-smoker, non-COPD smoker, and COPD lungs. Shown panels are low
magnification view of original magnification x100. Bar = 100 um. The lower panel is the percentage of positively stained cells

in large airways. *P < 0.05, by ANOVA and Bonferroni’s post-test. (B) Immunohistochemical staining of LAMP2A in non-smoker,
non-COPD smoker, and COPD lungs. Bar = 100 um. The lower panel is the percentage of positively stained cells in large
airways. *P < 0.05, by ANOVA and Bonferroni’s post-test.
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