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Abstract

Background/Aims: Cigarette smoking is a major risk factor of chronic obstructive pulmonary
disease. This study aimed to examine the effects of cigarette smoke extract (CSE) on alveolar
type II epithelial cells (AECII) and investigate the underlying mechanism. Methods: Primary
AECII were isolated from rat lung tissues and exposed to CSE. Apoptosis was detected by
flow cytometry. Protein expression was detected by Western blot analysis. Results: Primary
rat AECII maintained morphological and physiological characteristic after 3 passages. CSE
increased the expression of ER specific pro-apoptosis factors CHOP and caspase 12, and
the phosphorylation of JNK in AECIL. CSE activated ER stress signaling and increased the
phosphorylation of PERK, elF2a and IREL. Furthermore, CSE induced the expression of Hrd1,
a key factor of ER-associated degradation, in AECIL. Knockdown of Hrd1 led to more than 2
fold increase of apoptosis, while overexpression of Hrd1 attenuated CSE induced apoptosis of
AECIL Conclusions: Our results suggest that ER stress induces HRD1 to protect alveolar type
II epithelial cells from apoptosis induced by CSE.

© 2017 The Author(s)
Published by S. Karger AG, Basel

Introduction
Chronicobstructive pulmonarydisease (COPD)isadisease of progressiveandirreversible
airflow limitation. The incidence and mortality rate of COPD keep increasing yearly, with

significant impact on the health of people worldwide. Although the pathogenesis of COPD
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is still not fully understood, a variety of studies have shown that inflammation, oxidative
stress, protease/anti-protease imbalance, and apoptosis of lung cells are involved in COPD
[1-3]. Cigarette smoking is the most important risk factor of COPD. Abnormal inflammatory
response to cigarette smoke in the lung promotes COPD development [4]. Alveolar type II
epithelial cells (AECII) play important role in the maintenance of normal lung structure and
help the repair and recovery of the lung after biological and physical lung damages [5, 6].
Cigarette smoking has been shown to cause the apoptosis of AECII [7].

Endoplasmic reticulum (ER) is an important organelle in eukaryote cells that regulates
protein synthesis, modification and secretion as well as Ca** concentration. Under certain
conditions such as the lack of energy, redox imbalance, glycosylation malfunction and the
exposure to toxic materials, modification and folding of newly synthesized polypeptides
would be affected, and unfolded or misfolded proteins would accumulate in ER, causing
ER stress and unfolded protein response (UPR). UPR could activate downstream signaling
pathways PERK, elF2a and IRE1 to temperately repress protein synthesis, enhance protein
folding capacity in ER and facilitate the degradation of unfolded protein to recover ER
function. While ER stress may promote cells to adapt to extrinsic stimuli, persistent or strong
ER stress often leads to cell apoptosis [8-12]. As a common air contaminant, cigarette smoke
induces ER stress in lung cells.

During ER stress, incorrectly folded protein will be degraded through ER-associated
degradation (ERAD) [13]. ERAD includes three steps, substrate recognition, substrate
ubiquitination and reverse transport, and substrate degradation. In some situations, such
as when significant amount misfolded proteins exist, only the degradation of these proteins
through ERAD could avoid the accumulation of large amount of misfolded proteins in ER
and protect the cells from ER stress induced apoptosis. Hrd1 is a specific ubiquitin E3 ligase
on ER membrane. Hrd1 expression is increased during ER stress and it is a key protein
in ERAD. By the formation of different ubiquitin ligase complex, Hrd1 participates in the
ubiquitination of multiple types of ERAD substrates to promote the degradation of misfolded
proteins through ERAD and protect the cells from ER stress induced damage [14].

In this study, we established an in vitro system to investigate the effects of cigarette
smoke on ER stress and ER stress induced apoptosis in primary ACEII cells. Our results
showed that cigarette smoke induced apoptosis in ACEII cells via the activation of JNK, CHOP
and caspase 12. By manipulating Hrd1 expression level in ACEII cells, we found that Hrd1
protected ACEII cells from cigarette smoke induced apoptosis.

Materials and Methods

Preparation of cigarette smoke extract

The cigarette (Brand: Furong) was purchased from Hunan Changde Tobacco Ltd (Hunan, China).
Cigarette smoke extract (CSE) was prepared as described below. Briefly, 35 mL cigarette smoke was collected
using syringe and injected into a flask with 5 mL PBS via triple connector in 2s for 10 times, the flask was
swirled for 1 min between each injection to thoroughly dissolve cigarette smoke in PBS. Then solution was
adjusted to pH 7.4 using 1 mol/L NaOH, and sterilized by passing through 0.22 pm filter. The resulting
solution was considered as 100% CSE. 2.5%, 5%, 10% CSE were prepared by dilution in serum free culture
medium.

Animals

Healthy SD male rats (weight 180-220 g) were purchased from Experimental Animal Center of Central
South University (Permit No. SCXK 2006-0002) (Changsha, China). All animal experiments were reviewed
and approved by Medical Ethics Committee of Hunan provincial People’s Hospital.

Isolation and culture of ACE 11
SD rats were first anesthetized with chloral hydrate at the dose of 3 mL/kg, then topically sterilized
by using 70% ethanol and put into biosafety cabinet. The rats were cut open along the center line to expose
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the chest. The lungs were first perfused with 1x PBS via main lung arterial till the color turned to white and
continued to perfuse with 50 mL HBSS. Then the whole heart and lungs were dissected with trachea and
transferred to a sterile flask. The lungs were perfused via trachea with PBS and HBSS each for 10 times.
Next, the lungs were injected with digestion solution containing 0.5 mM EDTA, 0.5 mM EGTA, 0.08% trypsin
and 1 g/L collagenase I (Solarbio, Beijing, China) till they were fully extended, the solution was removed
after 1 min and the lungs were re-injected with fresh digestion solution till they were fully extended, and
incubated in 30°C water bath for 20 min. Digested lung tissues were cut into 1 mm? pierces and shaken for
10 min in a shaker. The suspension was passed sequentially through 100 mesh, 300 mesh and 500 mesh
stainless steel filters, and then centrifuged at 1, 000 rpm for 10 min at 4°C. The collected cells were re-
suspended in DMEM/F12 medium at 2 x 10°/mL. 10 mL cell suspension was seeded on each 100 mm cell
culture plate and incubated in 5% Co, incubator at 37°C for 1 h, then the unattached cells were transferred
to rat IgG (Solarbio) coated plates and incubated in 5% CO, incubator at 37°C. After 1 h, the plate was gently
rocked, and the medium was transferred into centrifuge tube and centrifuged at 800 rpm for 10 min. The
collected cells were re-suspended in complete DMEM/F12 medium and seeded in Matrigel coated plates
or slides for culture in 5% CO, incubator at 37°C. The cells were passaged at 1:2 ratio after 72 h of culture.

Electron microscopy

ACE I cells were collected after incubation with 0.25% trypsin, washed with 1x PBS twice, then fixed in
2.5% glutaraldehyde at 4°C for 2 h, followed by fixing in 1% H,0s0, at 4°C for 1 h. Cells were dehydrated using
acetone, embedded in epoxy resin and sectioned. After staining, cells were observed under transmission
electron microscope at Central South University.

Immunohistochemistry

ACE II cells were cultured on Matrigel coated cover slides placed in 6-well plates for 24 or 48 h. After
rinsing with PBS 3 times, the cover slides were fixed with ice cold methanol for 20 min, then incubated with
0.1% Triton X-100 for 30 min and 3% H202 for 30 min. Slides were blocked with goat serum at 37°C for 30
min and incubated with rabbit anti-SP-A antibody (Boster, Wuhan, China) at 1:400 dilution overnight at 4°C.
The slides were washed with PBS twice and incubated with goat anti-rabbit secondary antibody for 30 min.
Finally, the slides were washed with PBS twice and stained with DAB and counterstained with hematoxylin.
The slides were observed under light microscope. For negative control PBS was used instead of primary
antibody.

Alkaline phosphatase staining

ACE 1I cells cultured on Matrigel coated cover slides were stained with BCIP/NBT staining kit
(Solarbio). The slides were washed with PBS 3 times, then fixed with 4% paraformaldehyde for 15 min.
Fresh working solution was prepared by mixing 40 pL 25 x nitro blue tetrazolium (NBT) with 1 mL reaction
buffer, followed by the addition of 40 uL 25 x 5-bromo-4-chloro-3-indolyl phosphate (BCIP). The slides were
incubated with working solution at room temperature for 30 min, then washed with ddH20 once, stained
with nuclear fast red, followed by dehydration and sealed with mounting medium. The slides were observed
under light microscope.

Short hairpin RNA (shRNA) constructs

The sequences targeting rat Hrdl CGCATTGTCTCTCTTATGT and negative control sequence
TTCTCCGAACGTGTCACGT were synthesized and inserted into lentivirus-packaging shRNA expression
vector (purchased from GenePharma, Shanghai, China). The recombinant vectors were mixed with lentiviral
packaging system and co-transfected into HEK293 cells using DNA Transfection Reagent. The released
lentiviral particles were titrated by FACS analysis of infected HEK293 cells. ACEII cells were seeded onto
6-well plates at 1 x 10° cells per well. After the cells grew to 30-50% confluence, the cells were washed with
HBSS twice and incubated with 20 pL 1 x 108 TU/mL lentiviral particles in 1 mL fresh medium at 37°C in a
5% CO2 incubator for 24 h. Then fresh medium was changed and the cells were cultured for 4 more days.

Real-time PCR
Total RNA was prepared from ACE II cells using Trizol (Invitrogen) following the manufacturer’s
manual. cDNA was synthesized from 5 pg total RNA using M-Mulv reverse transcriptase (2, 000 U)
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with 1 pL 0.2 pg/pL random hexamer primer and 10 mM dNTPs and stored at -20°C. Real-time PCR
was performed in 20 pL reaction mixture with 2 uL. cDNA template at the following parameters: 1 cycle
95°C, 3 min; 40 cycles 95°C, 12 min, 62°C 40 sec. Primers were as follows: rat Hrd1, forward primer, 5’
CACGGAGCTGTTTACAGGCTTTATC 3’, reverse primer, 5° TAATGGCAAAGAGGCGGAAATGTG 3’; rat B-actin,
forward primer, 5 CGTAAAGACCTCTATGCCAACA 3’ reverse primer, 5 GGAGGAGCAATGATCTTGATCT 3.

Western blot analysis

Cells were collected and lysed in 200 pL ice cold lysis buffer with freshly added PMSF and phosphatase
inhibitors cocktail. The lysates were centrifuged at 12, 000 rpm for 20 min at 4°C, and the supernatants were
collected. The protein concentration of the lysates was determined using BCA kit (Beyotime Biotechnology,
Shanghai, China) following the manufacturer’s protocol. 50 pug samples were separated by SDS-PAGE
electrophoresis and transferred to PVDF membranes. The membranes were blocked with 5% non-fat milk
for 1 h, and then probed with primary antibody overnight at 4°C. Rabbit anti-PERK, anti-p-PERK, anti-elF2a,
anti-p-elF2a, anti-CHOP antibodies and mouse anti-]NK antibody were from Santa Cruz (Dallas, TX, USA).
Rabbit anti-p-JNK antibody was from Cell Signaling. Rabbit anti-IRE, anti-p-IRE, anti-caspase 12, and anti-
GAPDH antibodies were from Abcam (Cambridge, MA, USA). Rabbit anti-Hrd1 antibody was from Proteintech
(Rosemont, IL, USA). The membranes were washed with TBST 3 times, and then probed with horseradish
peroxidase conjugated anti-rabbit or anti-mouse secondary antibody for 1 h at room temperature. Bands
were then visualized by using enhanced chemiluminescence (ECL) (PerkinElmer, USA) detection system.

Flow cytometry analysis of apoptosis

Cells were cultured on 6-well plate to 70% confluence, and then treated with 0%, 2.5%, 5%, and 10%
CSE in 5% CO2 incubator at 37°C for 12 h. After the treatment, cells were cultured in fresh medium for 48 h,
then collected, washed and resuspended in 400 pL Binding Buffer. The cells were stained with 5 pL. Annexin
V-FITC and 5 pL Propidium lodide (Apoptosis Detection Kit, Jiamay Biotech, Beijing, China) for 10 min at
room temperature and then immediately subjected to flow cytometry on a flow cytometer and the data were
analyzed with the BD FACS Diva software.

Statistical analysis

Data were analyzed using the SPSS version 13.0 statistical analysis package (SPSS Inc., Chicago, IL,
USA). In each test, the data were expressed as the mean+SD and analyzed by t-test or ANOVA if appropriate.
P<0.05 was accepted as statistically significant difference.

Results

CSE induces apoptosis in rat type Il aleolar epithelial cells

To examine the effect of CSE on alveolar type Il epithelial cells (AECII), an in vitro system
was established by isolating primary AECII cells from rat lung tissues. Morphological and
immunohistological analysis confirmed that AECII after 3 passages possessed the typical
AEC II characteristics as original AECII (Fig. 1A). Both original and 3rd passage cells showed
typical AECII morphology under electron microscopy, such as lots of micropillar on the cell
surface and lots of concentric or parallel osmiophilic multilamellar body in the cytosol (Fig.
1A). More than 95% cells in both original and 3rd passage cells were stained positively for
SP-A and AKP (Fig. 1A). These data demonstrated that the 3rd passage and original primary
AECII possessed AECII characteristics and could serve as experimental model of AECII in
vitro.

Next AECII cells were treated with CSE at different concentrations for 12 h and apoptotic
cells were detected using flow cytometry. CSE significantly induced apoptosis in AECII in a
dose dependent manner. 2.5% CSE did not increase apoptosis rate, while 5% and 10% of CSE
increased apoptosis rate by 2.5 and 6.1 fold, respectively (Fig. 1B). These results suggest that
CSE is toxic to AECII and could induce apoptosis in AECIL
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Fig. 1. CSE induces apoptosis of AECIL A. The 3rd passage ACEIl maintained similar morphology and bio-
logical characteristics as original ACEIl. A1 & A2, Morphology of AECII under light inverted microscope (100
x); B1 & B2, Typical features of AECII under transmission electron microscope (10,000 x). The multilamellar
body was marked with red arrows; C1 & C2, SP-A immunocytochemistry of ACEIl; D1 & D2, Alkali kinase
phosphatase activity in AECII. B. CSE induced apoptosis in rat ACEIIL. Rat ACEIIl were treated with indicated
dose of CSE for 12 h, apoptotic cells were analyzed using flow cytometry after Anexin-FITC and PI staining.
*P<0.05 vs. CSE at 0%.

CSE induces ER stress in AEC Il

[tisreported that CSE affects mitochondrial morphology and function [15]. To investigate
whether CSE affects ER function, we investigated the markers of ER stress response such
as PERK, IREla and elF2a. We found that the phosphorylation of PERK, elF2a and IRE1«a
increased after treatment with CSE for different periods (Fig. 2A). These results suggest that
CSE induces ER stress response.

Activation of IRE1a during ER stress could activate JNK and p38 to induce apoptosis.
As shown in Fig. 2B, while total JNK level remained unchanged, the phosphorylation of JNK
significantly increased after CSE treatment. In addition, the expression of ER specific caspase
12 significantly increased after CSE treatment up to 12 h. Taken together, these results in-

KARGER

1341


http://dx.doi.org/10.1159%2F000481845

Cellular Physiology Cell Physiol Biochem 2017;43:1337-1345
DOL:

© 2017 The Author(s). Published by S. Karger AG, Basel

and B|ochem|stry Published online: October 09, 2017 |www.karger.com/cpb

Tan et al.. HRD1 Protects AECII from Apoptosis

Fig. 2. ER stress mediates
CSE induced apoptosis of
AECIIL A. Western blot analy-

sis of the phosphorylation PERK 0 3 6 12 24
of PERK, elF2a and IRE1 in | P~ .
AECII treated with 10% CSE PERK ‘ .—_4

for indicated time. B. West-
ern blot analysis of the phos- | P-elF2a | - — - _|

phorylation of JNK and cas- elF2a ‘ __-—-I

A

hr

pase 12 expression in AECII

treated with 10% CSE for | o peq [ 8 Mete
indicated time. GAPDH was

loading control. RET | e e cns ame e

CAPDH [ w— e

dicate that CSE could ac- 2

tivate ER stress induced

apoptosis through the 0 3 8 i s =

activation of JNK and p-INK | == = e o 3B
—

caspase 12.
=t - T 3 3
Hrdl is induced by e .
CSE and protects | Caspase 12 |- w —

ACE Il from CSE in-
duced apoptosis
. ; — S a—

ER is a major organ- ko S ——
elle for protein process-
ing, and the perturba-
tion or malfunction of ER often leads to the accumulation of unfolded protein [16]. An ubiq-
uitin mediated ER-associated degradation (ERAD) system is responsible to remove unfolded
proteins to alleviate stress [17, 18]. Hrd1 is a substrate specific E3 ligase that can label un-
folded protein and target them for proteasome degradation [19, 20]. To understand whether
cells can alleviate deleterious effects of CSE via the activation of ERAD, we investigated the
regulation of Hrd1. RT-PCR analysis showed that Hrd1 mRNA level increased at 3 h after CSE
treatment, peaked at 12 h with more than 6 fold increase and started to decline at 24 h after
CSE treatment (Fig. 3A). Furthermore, Western blot analysis showed that Hrd1 protein level
increased about 2 fold at 12 h and kept increasing to 3.8 fold at 48 h after CSE treatment (Fig.
3B). These results demonstrate that Hrd1 expression is upregulated after CSE treatment in
ACE 1L

To further investigate possible protective role of Hrd1 in AEC II after CSE treatment,
we established lentivirus mediated shRNA system to knockdown Hrd1 expression in ACE
II cells (Fig. 3C). As a control, we overexpressed Hrd1 in AEC II cells using Hrd1 expression
vector (Fig. 3D). As expected, knockdown of Hrd1 significantly increased apoptosis in AEC II
after CSE treatment, while overexpression of Hrd1 decreased apoptosis in AEC 11, especially
in cells treated with CSE for 24 and 48 h (Fig. 3E). These results demonstrate that Hrd1
protects ACE II from CSE induced apoptosis.

Pro-apoptotic transcription factor CHOP is a key mediator of ER stress induced apoptosis
[21]. CHOP level was induced by CSE treatment in ACE II as expected (Fig. 3F). Knockdown
of Hrd1 in ACE Il led to further induction of CHOP, with more than two fold increase of CHOP
at 6 h after treatment compared with control ACE II (Fig. 3F). In contrast, overexpression of
Hrd1 in ACE II attenuated CHOP induction after CSE treatment, although the difference was
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Fig. 3. ER stress induces Hrd1 which then protects ACEII from CSE induced apoptosis. A. Hrd1 mRNA was
induced by CSE. Total RNA was prepared from ACEII treated with 10% CSE for indicated time. qPCR was
used to detect Hrd1 mRNA level, 3-actin mRNA was internal control. B. Hrd1 protein was induced by CSE.
Total protein lysate was prepared from ACEII treated with 10% CSE for indicated time. Western blot analysis
was performed to detect Hrd1 protein. GAPDH was loading control. C. Representative blots to show lentivi-
ral mediated knockdown of Hrd1 in ACEIl. GAPDH was loading control. C: Control cells. D. Representative
blots to show overexpression of Hrd1 in ACEIl. GAPDH was loading control. C: Control cells. E. ACEII wild
type, shHrd1 knockdown, Hrd1 overexpression cells were cultured in 6-well plates and then treated with
10% CSE for indicated time. Apoptosis of cells was determined by flow cytometry. F. ACEII wild type, shHrd1
knockdown, Hrd1 overexpression cells were treated with 10% CSE for indicated time. Total cell lysate was
prepared and Western blot analysis was performed to detect CHOP protein. GAPDH was loading control.
Relative CHOP protein level was determined by densitometry analysis (n=3).

not significant (Fig. 3F). Collectively, these results suggest that Hrd1 protects cells from CSE
induced apoptosis, possibly through the alleviation of UPR.
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Discussion

AECII alveolar epithelial cells are responsible for oxygen and carbon dioxide exchange
with external environment. AECII can decrease surface tension to prevent atelectasis and
absorb fluid to prevent pulmonary edema. AECII help maintain normal air exchange function
of the lung, and possess stem cell function in lung development and damage repair [5, 6].
Because the biological characters of AECII are highly dependent on lung microenvironment,
AECII would lose specific characteristics and differentiate into AECI after in vitro culture [22].
Therefore, in this study, we systematically improved the preparation and culture condition
to maintain AECII morphology. Using our culture and passage methods, AECII can maintain
typical morphology and characteristics after 3 passages, providing a nice model for further
studies.

Recently, apoptosis of lung structural cells was considered as a major pathogenesis
factor for COPD. Our results found that exposure of primary AECII to CSE activated ER stress
and led to ER stress induced apoptosis in a dose and time dependent manner. After CSE
treatment, we observed the activation of ER stress specific pro-apoptotic signaling pathway,
such as increased levels of ER specific caspase 12, phosphorylated JNK, and CHOP. These
results demonstrated that CSE treatment induces apoptosis through ER stress in AECII and
CSE induced apoptosis of AECII may play an important role in COPD pathogenesis.

ER is very important to maintain homeostasis in the cells. Any perturbation of ER
function would lead to the accumulation of unfolded/misfolded proteins in ER lumen. Our
results showed that CSE exposure activated ER stress sensors PERK and IRE1. Activation
of ER stress signaling pathway would not only signal AECII to apoptosis, but also initiate
protective mechanism to counteract CSE induced UPR to protect AECII. We also observed
that CSE induced the upregulation of Hrd1, which functions as an E3 ligase to specifically
target the degradation of unfolded/misfolded proteins through ERAD. Knockdown of Hrd1
in ACEII sensitized AECII to CSE induced apoptosis, while overexpression of Hrd1 enhanced
the resistance to CSE induced apoptosis, suggesting that Hrd1 could protect ACEII from CSE
induced ER stress through the enhancement of ERAD.
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