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Background: Chronic obstructive pulmonary disease (COPD), characterized by irreversible 
airflow limitation, is a highly prevalent lung disease worldwide and imposes increasing 
disease burdens globally. Emphysema is one of the primary pathological features contribut-
ing to the irreversible decline of pulmonary function in COPD patients, but the pathogenetic 
mechanisms remain unclear. Reticulocalbin 3 (Rcn3) is an endoplasmic reticulum (ER) 
lumen protein localized in the secretory pathway of living cells. Rcn3 in type II alveolar 
epithelial cell (AECIIs) has been reported to play a critical role in regulating perinatal lung 
development and bleomycin-induced lung injury-repair processes. We hypothesized that 
Rcn3 deficiency is associated with the development of emphysema during COPD, which is 
associated with the dysfunction of injury-repair modulated by alveolar epithelial cells.
Materials and Methods: We examined Rcn3 expression in lung specimens from COPD 
patients and non-COPD control patients undergoing lung lobectomy or pneumonectomy. Two 
mouse models of emphysema were established by cigarette smoke (CS) exposure and intratra-
cheal instillation of porcine pancreatic elastase (PPE). Rcn3 expression was detected in the lung 
tissues from these mice. Furthermore, conditional knockout (CKO) mice with Rcn3 deletion 
specific to AECIIs were used to explore the role of Rcn3 in PPE-induced emphysema progres-
sion. Rcn3 protein expression in lung tissues was evaluated by Western blot and immunohis-
tochemistry. Rcn3 mRNA expression in lung tissues was detected by qPCR.
Results: Rcn3 expression was significantly increased in the lung specimens from COPD 
patients versus non-COPD patients and the level of Rcn3 increase was associated with the 
degree of emphysema. Rcn3 expression were also significantly up-regulated in both CS- 
induced and PPE-induced emphysematous mouse lungs. Moreover, the selective ablation of 
Rcn3 in AECIIs significantly alleviated severity of the mouse emphysema in response to 
intratracheal installation of PPE.
Conclusion: Our data, for the first time, indicated that suppression of Rcn3 expression in 
AECIIs has a beneficial effect on PPE-induced emphysema.
Keywords: COPD, emphysema, Rcn3, type II alveolar epithelial cell

Introduction
Chronic Obstructive Pulmonary Disease (COPD) is a highly prevalent lung disease 
worldwide characterized by persistent and progressive airflow limitation.1 The 
morbidity and mortality of COPD have gone up dramatically in the past decades, 
and it will become the third leading cause of death by 2020. According to estimates 
from the Burden of Obstructive Lung Diseases program, more than 384 million 
people suffer from COPD worldwide.2 In addition, there are around 300 million 
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annual deaths involving COPD worldwide.3 Cigarette 
smoke (CS) is a major risk factor of the development of 
COPD.4 Chronic bronchitis and emphysema are the two 
main pathological features of COPD contributing to air-
flow limitation.5 Emphysema is characterized by the enlar-
gement of air spaces and destruction of the parenchymal 
structure, and is believed to be associated with deregulated 
epithelial injury-repair.1,6 Effective treatment for emphy-
sema is limited, due to the unclear pathogenetic mechan-
isms, especially the regulation of alveolar structural 
recovery and reconstruction in emphysema.

Reticulocalbin3 (Rcn3) is a Ca2+-binding ER lumen 
protein, localized to the secretory pathway.7 It belongs to 
the Cab45/Rcn/ERC45/Calumenin family,8 the biological 
function of which is still far from clear. We have pre-
viously reported that Rcn3 was expressed in a variety of 
mouse tissues with the highest expression in the lung.9 

Consistently, high expression of Rcn3 in human lung 
tissue has also been reported by Hou Yu et al.10 We further 
revealed that Rcn3 knockout mice died from neonatal 
respiratory distress due to the impaired maturation of 
type II alveolar epithelial cells (AECIIs), suggesting its 
potential role in regulating AECIIs function.9 In addition, 
we demonstrated that selective deletion of Rcn3 in AECIIs 
exacerbated bleomycin-induced lung fibrosis.11 Since 
AECIIs play a vital role in the pathogenesis of emphy-
sema, it is therefore our hypothesis that Rcn3 in AECIIs 
might have a role in the regulation of emphysema 
development.

In this study, we first investigated the expression of Rcn3 
in the lung tissues from COPD patients. Rcn3 expression 
level was also examined in the emphysema lungs from CS- 
exposed and PPE-exposed mice. Furthermore, the potential 
effect of Rcn3 on the development of emphysema was 
studied by selective Rcn3 knockout in AECIIs. A marked 
up-regulation of Rcn3 expression was observed in the lung 
tissues from COPD patients and higher levels of Rcn3 were 
detected in the lung tissues from both mouse models of 
emphysema. In addition, the selective deletion of Rcn3 
was shown to attenuate the degree of emphysematous 
changes significantly.

Materials and Methods
The Collection of Surgically Resected 
Specimens
The human lung tissues were obtained from resected spe-
cimens because of lung nodule within 30 minutes after 

resection from the Department of Thoracic Surgery, 
Beijing Shijitan Hospital between September 2013 and 
July 2015. The lung tissues (approximately 0.5–1 cm3) 
were collected at least 10 cm away from the nodule 
edge. The results of pulmonary function tests and hema-
toxylin and eosin (H&E)-stained sections were collected in 
all specimens. Based on the pathological changes of 
emphysema and the presence of a post-bronchodilator 
forced expiratory volume in 1-second to forced vital capa-
city (FEV1/FVC) < 0.70,12 patients were assigned into the 
COPD group or the non-COPD group (without other lung 
diseases except the lung nodule).

Sixteen fresh lung-tissue samples were used for 
Western blot, qualitative PCR analyses, HE staining and 
immunohistochemistry and 54 paraffin-embedded samples 
were used for HE staining and IHC assays. A signed 
Informed Consent was obtained from each patient. The 
study was approved by the Ethics Committee for the 
Clinical Research of the Beijing Shijitan Hospital.

Animals
C57BL/6 mice (6 weeks old) were purchased from Beijing 
Vital River Laboratory Animal Technology Co., Ltd. The 
doxycycline-induced AECII-selective Rcn3 deletion 
(CKO) mice were established and identified by Runlin 
Z. Ma Lab in the Institute of Genetics and 
Developmental Biology, Chinese Academy of Sciences.11 

All the animals were housed in a temperature- and humid-
ity-controlled room with free access to water and standard 
laboratory food. All animal procedures were approved by 
the Animal Care and Ethics Committee of Beijing 
Chaoyang Hospital and were performed following the 
guide for the Care and Use of Laboratory Animals of 
Beijing Chaoyang Hospital.

Cigarette Smoke-Exposed Emphysema 
Model
A total of 32 C57 BL/6J (6-week-old) male mice were 
acclimated for 2 weeks before the experimental procedures 
(12-h light/dark cycle, 25-26°C, and 50-60% humidity), 
and then mice were randomly assigned into the following 
two groups (n=16 per group): (1) Control group; (2) CS 
(exposed to cigarette smoke) group. The CS groups were 
exposed to CS generated by burning cigarettes (Baisha, 
Hunan, China; tar 11 mg, nicotine 0.9 mg, carbon mon-
oxide 12 mg) using the Tobacco Smoke Inhalation 
Experiment System for small animals (Model SIS-CS, 
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Shibata Scientific Technology Ltd, Tokyo, Japan). A total 
of 36 cigarettes were used for each exposure procedure 
and the level of total particulate matter (TSP) was main-
tained at 400 mg/m3. Mice were exposed to CS 5 days 
a week for 2 hours a day, for 24 weeks.13 The Control 
mice were exposed to room air without smoking. 
Following 24-week CS exposure, the lung tissues were 
collected for further analyses. This experimental protocol 
was approved by the Animal Ethics Committee of Beijing 
Chaoyang Hospital.

Protease-Induced Emphysema Model
C57BL/6 female mice (weight 20–25 g, age 8 weeks) were 
randomly assigned to the following groups: Control group 
mice were treated with saline solution (0.9% NaCl, 60 ul) 
and porcine pancreatic elastase (PPE) groups were treated 
once intratracheally with PPE (E1250, Sigma-Aldrich, 
St. Louis, Mo, USA).14 The PPE groups were treated 
with PPE at three different doses: 0.2 U, 0.3 U, 0.4 U/ 
per mouse in 60 ul of saline solution. All animals were 
euthanized with cervical dislocation after 4 weeks of PPE 
administration and lung tissues were collected.

Generation of the Doxycycline-Induced 
AECII-Selective Rcn3 Deletion (CKO) Mice
The transgenic female mice with selective deletion of 
Rcn3 in AECIIs were generated using the Cre/loxp 
method. The tet-on system (triple-transgenic SP- 
C–rtTAtg/-/(tetO)7CMV-Cretg/-/Rcn3fl/fl, CKO mice) was 
used to ablate Rcn3 in adulthood by doxycycline (DOX) 
administration.11 Control mice were the littermates. Two 
groups of mice both had DOX in the drinking water at the 
age of 8 weeks old, until they had 0.15 U PPE/per mouse 
administration at the age of 10 weeks. Four weeks later, 
the lung tissues were collected.

Lung Histology and Morphometry
The right lower lobe was inflated by 10% phosphate- 
buffered formalin for at least 48 h before embedding in 
paraffin and then sectioned at a thickness of 4 μm. For 
morphometric studies, sections were stained with hema-
toxylin and eosin (H&E).15 To calculate the average inter-
alveolar distance and the change in alveolar destruction, 
the mean linear intercept (MLI) was used as a modified 
method for morphometric assessment. A rectangular grid 
comprising 20 lines was drawn across 100× magnification 
H&E staining images (590.8 μm×886.2 μm) and the MLI 

was determined by dividing the total length of these lines 
(14,179.2 μm) by the total number of alveolar wall and 
grid line interceptions (5 fields were assessed at random 
for each lung).14

Immunohistochemistry (IHC) and Mean 
Optical Density Analysis
The paraffin-embedded slides were dewaxed, hydrated, 
and the antigen retrieved with the sodium citrate method 
for 5 minutes at high pressure.16 The slices were incubated 
in 3% hydrogen peroxide for 30 minutes and then were 
blocked for 30 minutes. The Anti-Rcn3 antibody was 
applied overnight in a wet box at 4°C. Next day, after 
washing off the primary antibody, the secondary antibody 
(Zhongshan Golden Bridge, Beijing, China) was applied 
for 30 minutes. Expression of the Rcn3 was visualized 
with DAB reagent (Zhongshan Golden Bridge, Beijing, 
China) after the secondary antibody was washed off. The 
nucleus was stained with hematoxylin and then the sec-
tions were dehydrated and covered.17

The mean optical density of Rcn3 positive cells in IHC 
assay was calculated by a quantitative dynamic program 
analysis with Image Pro Plus. Three random views were 
selected for each IHC image (low or high magnification). 
The optical density of immunohistochemical staining posi-
tive cells was divided by the total area of cells in each 
view in low magnification, the value representing the 
mean optical density of Rcn3 positive cells.18

Western Blotting
Protein concentration was quantified by the BCA method 
(CW Biotech, Beijing, China) and 30 µg of protein 
extracts from left lung tissue was separated by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (8%). 
After electrophoresis, proteins were transferred to an NC 
membrane. The membrane was blocked with 5% skim 
milk at room temperature for 1 hour. The membranes 
were probed via overnight incubation at 4°C with each 
of mouse or rabbit antibodies raised against: (1) Rcn3 
(1:500, Santa Cruz Biotechnology, Dallas, TX, USA); (2) 
GRP78 (1:2000, Santa Cruz Biotechnology, Dallas, TX, 
USA); (3) Cleaved caspase-3 (1:1000, Cell Signaling 
Technology, USA); (4) β-actin (1:5000, Santa Cruz 
Biotechnology, Dallas, TX, USA); (5) β-Tubulin (1:5000, 
Yeasen, Shanghai, China); (6) GAPDH (1:5000, Santa 
Cruz Biotechnology, Dallas, TX, USA); at 4°C overnight. 
After washing with TBST, secondary antibodies 
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(Zhongshan Golden Bridge, Beijing, China) were applied 
at room temperature for 2 hours. Protein bands were 
visualized using ECL reagent. Image J software was used 
for subsequent quantification and statistical analysis.

Quantitative Real-Time PCR
Total RNA was extracted from the right upper lobe and 
middle lobe, using Trizol (Life Technology-Ambion, 
Grand Island, NY, USA). Quantitative real-time PCR was 
performed on an iQ iCycler (BioRad) with SYBR Green 
qPCR SuperMix (CW Biotech, Beijing, China) in combi-
nation with primers specific for mouse Rcn3, GRP78, 
Collagen I, MMP-9 or with primers specific for human 
Rcn3, GRP78. GAPDH or RLP19 were used as the inter-
nal control for human or mouse specimens. The melting 
curve was observed to identify the amplification specifi-
city. Three replicates were run using the 2−ΔΔCt method 
and the cycling threshold (Ct) represented the number of 
gene amplification cycles when fluorescence threshold is 
reached.

Statistical Analysis
Statistical analysis was performed by GraphPad Prism 5. 
Statistical comparisons between two groups were per-
formed using Student’s t-test (unpaired, 2-tailed). Chi- 
square test was used for comparison of two rates or two 
constituent ratios in the analysis of characteristics of the 
patients. Mann–Whitney U-test was also used in the ana-
lysis of characteristics of the patients. A p value of <0.05 
indicated a significant difference between the groups. 
Independent experiments were repeated at least in tripli-
cate and quantitative data were presented as mean ± SEM 
(standard error of the mean).

Results
Rcn3 Expression in the Lung Tissues from 
COPD Patients
A total of 70 lung specimens (44 from COPD patients and 
26 from non-COPD patients) were obtained. The clinical 
characteristics including average age, gender, smoking 
history, FEV1 post bronchodilator (% predicted) and 
FEV1/FVC (%) are shown in Table 1. Thirty-six male 
COPD patients and 12 male non-COPD patients enrolled 
in our study. The average age was 68.9 ± 8.3 (years) for 
COPD patients, and was 61.4 ± 6.9 (years) for controls. 
Forty-three COPD patients and 3 non-COPD patients had 
a history of smoking. Compared with the non-COPD 

group, patients with COPD exhibited marked decreases 
in FEV1 % predicted (64.07±2.477 compared with 100.2 
±2.847, p<0.001), and in FEV1/FVC (60.95±1.119 com-
pared with 82.26±0.99, p<0.001).

H&E analysis of the lung specimens showed destruc-
tion of the alveolar walls and enlargement of the alveolar 
spaces corresponding with the morphological changes of 
emphysema in COPD patients (Figure 1A). The MLI of 
COPD patients was 1.3-fold (p<0.05) of that measured in 
lung sections from control patients (104.8 ± 5.789 μm of 
COPD patients vs 82.78 ± 9.417 μm of non-COPD 
patients, p<0.05, Figure 1B). IHC results demonstrated 
Rcn3 was distributed in airway and alveolar epithelial 
cells and lung interstitium (Figure 1A). Mean optical 
density analysis revealed that Rcn3 expression was sig-
nificantly higher in the COPD patients than in the 
Control group (p<0.05, Figure 1C). Quantitative PCR 
and Western blotting further confirmed that both 
mRNA and protein levels of Rcn3 were significantly 
higher in the lung specimens from COPD patients than 
in those from the control patients (both p<0.05, Figure 
1D and E). Consistently, both mRNA and protein expres-
sion levels of GRP78 were elevated in lungs of these 
COPD patients (both p<0.05, Figure 1D and E).

Rcn3 Expression in the Lung Tissues from 
CS-Exposed Mouse Model of Emphysema
To further characterize the role of Rcn3 in the pathogen-
esis of emphysema, a well-established experimental 
model of emphysema in response to chronic CS 

Table 1 Basic Information of Patients in COPD Group and 
Control Group

Item COPD 
(n=44)

Control 
(n=26)

P value

Male 36 12 0.002a

Age (year) 68.9 ± 8.3 61.4 ± 6.9 0.035b

Smoking History 43 3 < 0.001a

FEV1 post bronchodilator 

(% predicted)

64.07 ± 2.48 100.2 ± 2.85 <0.001b

FEVI/FVC (%) 60.95 ± 1.12 82.26 ± 0.99 <0.001b

Notes: Basic statistics of COPD and Control specimens from hospital patients. The 
COPD and non-COPD specimens were surgically resected from 70 patients. The 
basic information of two groups of patients was collected including gender, average 
age, smoking history, FEV1 post bronchodilator (% predicted) and FEV1/FVC (%). 
Data are presented as count (%) or mean ± standard deviation. aChi-square test, 
bMann–Whitney U-test 
Abbreviations: FEV1, forced expiratory volume in 1 second; FVC, forced vital 
capacity.
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exposure was used in the current study. C57BL/6 mice 
displayed mildly damaged alveolar septa and enlarged 
spaces in response to chronic CS exposure for 6 months 
(Figure 2A). MLI of CS-exposed mice were obviously 
larger than those of the air-exposed ones (56.81 ± 3.053 
μm of CS group mice vs 44.00 ± 2.528 μm of Control 
group mice, p<0.01, Figure 2B). Rcn3 expression was 
significantly up-regulated in CS-exposed emphysema 
mice compared with that of control animals either by 
immunohistochemistry in low and high magnification 
(p<0.01, Figure 2A lower panels and Figure 2C) or by 
immunoblot (p<0.05, Figure 2D). Consistently, chronic 
CS exposure caused a significant increase in Rcn3 
mRNA expression in the lung tissues (p<0.05, Figure 
2E). In addition, both protein and mRNA expressions of 
GRP78 were significantly increased in the lung tissues 
from emphysema mice compared with the controls 
(p<0.05, p<0.01, respectively, Figure 2D, 2E). Protein 
level of Cleaved caspase-3 was significantly increased in 
the CS group mice compared with air-exposed mice 
(p<0.05, Figure 2D).

Rcn3 Expression in the Lung Tissues of 
PPE-Induced Emphysema Model
Rcn3 expression was further examined in the mouse 
model of emphysema induced by administration of 
PPE, which was established at day 28 after PPE instilla-
tion. Findings of H&E staining showed that all three 
concentrations (0.2 U, 0.3 U and 0.4 U) of PPE resulted 
in prominent emphysematous-like changes, while the 
lungs from the sham mice kept intact alveolar septa 
with preserved air spaces. Among the three PPE- 
treatment groups, 0.3U-PPE-group presented the most 
severe emphysematous alteration (Figure 3A), which 
was further confirmed by morphometry. In this regard, 
MLIs (56.10 ± 2.45 μm, 98.23 ± 3.21 μm and 71.22 ± 
2.84 μm) measured in the emphysema mice induced by 
the three concentrations of PPE (0.2 U, 0.3 U and 0.4 
U) were significantly larger than that (40.58 ± 0.53 μm) 
in the saline group mice (p<0.05, p<0.001, and p<0.001, 
respectively). MLIs of the 0.2U- and 0.4U-PPE groups 
were lower than that of the 0.3U-PPE group (both 
p<0.001, Figure 3B). Rcn3 protein expression was 

A B

E

C D

Figure 1 Rcn3 expression in lung tissues from COPD patients. A total of 70 specimens were divided into COPD group and Control group according to the pulmonary 
function test and pathological changes of emphysema. (A) Photomicrography of pulmonary parenchyma stained with H&E (upper panels). Bar size: 100 μm; IHC assays of 
Rcn3 from COPD group lungs and Control group lungs (low and high magnifications, lower panels). Bar size: 100 μm; (B) The MLI analysis of H&E stained lung sections 
(82.78 ± 9.417 μm vs.104.8 ± 5.789 μm, n = 21 in Control group and n = 34 in COPD group, p<0.05); (C) Quantification of the mean optical density of Rcn3 expression in 
the lung tissues according to the Rcn3 IHC assays (3 random views, 100× amplification for one subject, n = 11–12 per group, p<0.05); (D) Qualitative PCR analyses of the 
mRNA expressions of Rcn3 and GRP78; the data were normalized to the GAPDH content and were analyzed by the 2−ΔΔCt method relative to the Control group; n = 6 in 
Control group and n = 10 in COPD group; (E) The protein levels of Rcn3 and GRP78 were examined by Western blot analysis and the ratios to Actin presented by bar 
graph; n = 6 in Control group and n = 10 in COPD group. Data presented as mean ± SEM; *p<0.05 versus the Control group.
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significantly increased in PPE-treated groups compared 
with controls (p<0.01, Figure 3C). The 0.3U-PPE group 
presented the highest Rcn3 level among the three PPE 
groups, which was in accordance with the predominant 
histological changes and MLI measurement in these 
mice. In addition, enhanced Rcn3 expression occurs at 
the transcriptional level, evidenced by the fact that the 
Rcn3 mRNA level was significantly increased by 3.42 
times in the 0.3U-PPE-treatment mice versus controls 
(p<0.001, Figure 3D).

In addition, protein levels of GRP78 and Cleaved 
caspase-3 were significantly increased in the three PPE 
experimental groups compared with that of the saline 
group, and the 0.3U-PPE group presented the highest 
level of Cleaved caspase-3 (p<0.05, Figure 3C). 
Interestingly, compared with the groups of lower 
PPE concentrations, 0.4U-PPE-treatment augmented 
protein level of GRP78 (p<0.05, Figure 3C). In addi-
tion, mRNA expressions of GRP78, Collagen I (Col I) 
and MMP-9 were up-regulated in the 0.3U-PPE- 
treatment mice (p<0.01, p<0.05, and p<0.05, respec-
tively, Figure 3D) compared with the Saline group 
mice.

Selective Deletion of Rcn3 in the Mouse 
AECIIs Alleviated Severity of PPE-Induced 
Emphysema
To further investigate the role of Rcn3 in the development 
of emphysema, AECII-selective Rcn3 knockout (CKO) 
mice were successfully established in our laboratory and 
used to induce a mouse model of emphysema by PPE 
instillation. In the current study, the immunohistochemical 
staining in CKO mice displayed a virtually complete loss 
of Rcn3 staining primarily observed in the corner of 
alveoli, in a distribution consistent with AECIIs (Figure 
4A). Findings of H&E staining showed that the lungs from 
saline-treated Control mice and CKO mice kept intact 
alveolar septa with preserved air spaces (Figure 4B and 
C). In addition, no statistical difference of Rcn3, GRP78, 
Cleaved caspase-3, MMP-9 and Collagen I expression at 
protein or mRNA level was observed between saline- 
treated two groups (Figure 4D and E).

The H&E staining of sections after PPE instillation 
showed more severe emphysematous alteration in both 
CKO and Control mice compared with the saline-treated 
mice (Figure 4B). MLI measured in PPE(+)-Control 
(70.07 ± 5.067 μm) were significantly larger than that in 

A B C E

D

Figure 2 Rcn3 expression in lung tissues from CS-induced mouse model of emphysema. A total of 16 C57BL/6 mice (6 weeks old) were exposed to cigarette smoke for 6 
months as emphysema mice (CS group) and 16 C57BL/6 mice were exposed to air for 6 months as Control mice (Control group). (A) Photomicrography of pulmonary 
parenchyma stained with H&E (upper panels). Bar size: 100 μm; IHC assays of Rcn3 (low and high magnifications, lower panels). Bar size: 50 μm; (B) Morphometric analysis 
of the MLI ((44.00 ± 2.528 μm vs.56.81 ± 3.053 μm, n = 16 per group, p<0.01); (C) The mean optical density of Rcn3 expression was measured in the lung tissues according 
to the Rcn3 IHC assays (3 random views, 100× amplification for one subject, n = 16 per group, p<0.01); (D) Representative WB for protein levels of Rcn3, GRP78 and 
Cleaved caspase-3 in lungs and the ratios to β-Tubulin presented by bar graph, n = 8 per group; (E) Expressions of Rcn3 and GRP78 mRNA were determined with 
Qualitative PCR analysis, n = 9–10 per group. Data presented as mean ± SEM; *p<0.05, **p<0.01 versus the Control group.
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the Saline(+)-Control mice (46.85 ± 3.56 μm, p<0.01). 
Meanwhile, PPE(+)-CKO mice showed fewer lung 
mechanical changes than PPE-induced Control mice, as 
evidenced by the MLI values (52.91±1.48 μm of CKO 
mice vs 70.07±5.07 μm of wild type mice, p<0.05, 
Figure 4C). The expressions of mRNA as well as protein 
of Rcn3 were significantly increased in PPE-treated 
Control mice compared with saline-treated mice (both 
p<0.05, Figure 4D and E). In PPE-treated CKO mice, 
Rcn3 expression was reduced in whole lung homogenates 
compared with that of PPE-treated Control mice (p<0.05 
in mRNA and <0.01 in protein, Figure 4D and E). Figure 
4D and E show that PPE instillation (0.15 U) significantly 
enhanced expressions of GRP78, Cleaved caspase-3, 
MMP-9 and Collagen I in Control mice compared with 
saline-treated mice at mRNA or protein level (p<0.05, 
p<0.001, p<0.05, and p<0.01, respectively), which are 
consistent with our previous findings, shown in Figure 3. 
Protein level of GRP78 was significantly decreased in 
PPE-treated CKO mice compared with Control mice 
(p<0.05), while no significant alteration of Cleaved cas-
pase-3 protein was found in the two PPE groups (Figure 
4D). Accordingly, mRNA expressions of GRP78, MMP-9 

and Col I were significantly down-regulated in PPE- 
treated CKO mice lungs (all p<0.05, Figure 4E).

Discussion
In the present study, for the first time, we demonstrated 
that Rcn3 expression was significantly increased in the 
lungs from COPD patients. Consistently, Rcn3 expression 
was up-regulated in the lung tissues from both CS-exposed 
and elastase-induced mouse models of emphysema. 
Furthermore, the selective ablation of Rcn3 in AECIIs 
alleviated the degree of PPE-induced emphysema. These 
results indicate that increased Rcn3 expression in the 
lungs might facilitate the progression of emphysema, and 
thus participate in the development of COPD.

In the current study, lung specimens were obtained 
from patients who had experienced lobectomy or pneumo-
nectomy, and were either COPD or non-COPD control 
subjects without any other airway and lung diseases except 
the lung nodule. The detailed clinical characteristics and 
demographic information about the control and COPD 
subjects are provided in Table 1, including the average 
age, gender, smoking history, FEV1 post bronchodilator 
(% predicted) and FEV1/FVC (%). Patients enrolled in the 

A B

C D

Figure 3 Rcn3 expression in lung tissues from the elastase-induced mouse model of emphysema. (A) Lungs after saline or PPE instillation at 0.2 U, 0.3 U and 0.4 U/per 
mouse were compared in H&E-stained tissue sections. Bar size: 100 μm; (B) The MLI analysis of lung sections after saline or PPE instillation (40.58 ± 0.53 μm, 56.10 ± 2.45 
μm, 98.23 ± 3.21 μm and 71.22 ± 2.84 μm, respectively, n = 5 per group); (C) The PPE instillation induced the protein expressions of Rcn3, GRP78, Cleaved caspase-3, and 
the ratios to β-Tubulin expression are represented by graphs, n = 5 per group; (D) Qualitative PCR analysis of the mRNA expressions of Rcn3, GRP78, Collagen I (Col (I) 
and MMP-9 in the lungs at 4 weeks after PPE (0.3 U/per mouse) or saline treatment, n = 5 per group. Data presented as mean ± SEM; *p<0.05, **p<0.01, ***p<0.001, versus 
the Saline group, ###p<0.001, versus the 0.3 U PPE group.
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A

B C

D

E

Figure 4 The selective deletion of Rcn3 in AECIIs alleviated elastase-induced emphysema. (A) IHC assays of Rcn3 from lungs in saline-treated WT mice or saline-treated 
CKO mice (arrows indicate the corners of alveoli, suggestive of AECIIs). Bar size: 50 μm; (B) H&E staining of lung tissues from mice in Saline(+)-Control, Saline(+)-CKO, PPE 
(+)-Control and PPE(+)-CKO groups. Bar size: 100 μm; (C) The MLI analysis of lung sections from the four groups of mice (46.85 ± 3.56 μm, 47.45 ± 2.268 μm, 70.07 ± 
5.067 μm, and 54.34 ± 1.977 μm, respectively, n = 9–10 per group); (D) The protein levels of Rcn3, GRP78 and Cleaved caspase-3 in Saline(+)-Control, Saline(+)-CKO, PPE 
(+)-Control, and PPE(+)-CKO mice were examined by Western blot analysis and the ratios to GAPDH presented by bar graph, n = 5 per group; (E) Qualitative PCR analysis 
of the mRNA expressions of Rcn3, GRP78, MMP-9, and Collagen I in Saline(+)-Control, Saline(+)-CKO, PPE(+)-Control, and PPE(+)-CKO mice, n = 5 per group. Data 
presented as mean ± SEM; *p<0.05, **p<0.01, ***p<0.001, versus Saline(+)-Control group; #p<0.05, ##p<0.01, versus PPE(+)-Control group. 
Abbreviations: n.s., not significant; DOX, doxycycline.
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COPD group had histological emphysema changes in the 
lung sections in comparison with those of the non-COPD 
control patients, which was also confirmed by MLI mea-
surement (Figure 1B). Consistent with our previous 
report,10 Rcn3 expression in human lung tissue was 
demonstrated, predominantly in the alveolar epithelial 
cells. Furthermore, Rcn3 expression was significantly 
higher in the lungs from COPD patients compared with 
those from the Control group. Although there were statis-
tical differences in demographics and patient characteris-
tics of the two groups of patients, Rcn3 required further 
study because it might be involved in the progression of 
COPD.

To further investigate the role of Rcn3 in emphysema, 
we established a mouse model of emphysema by chronic 
cigarette smoke exposure. Cigarette smoke has been 
known to be the main cause of COPD19 and Rabe et al. 
have demonstrated that a CS-induced mouse model of 
COPD usually promotes morphological changes character-
istic of mild emphysema.20 Figure 2A and B show the 
emphysema pattern and increased MLI of CS group mice 
indicated the well-established mouse model of emphy-
sema. Consistent with the mentioned findings in the 
patients, significant up-regulation of Rcn3 protein and 
mRNA expressions were confirmed in the lung tissues 
from CS-exposed mice compared with those from the 
Control group, suggesting Rcn3 may play a role in the 
pathogenesis of emphysema in response to cigarette smoke 
exposure.

In addition to emphysema, chronic bronchial and small 
airway inflammation are also responsible for the pathological 
changes in both COPD patients and chronic CS-exposed 
mice. To focus on the role of Rcn3 in emphysema, we then 
selected another mouse model of emphysema by intra- 
tracheal administration of PPE, which is now widely used 
in the study of emphysema. The emphysema model induced 
by PPE is mainly based on the currently accepted hypothesis 
of protease-antiprotease imbalance.21 PPE instillation 
induced more severe morphological alterations, correspond-
ing to the histological features of emphysema and bullae in 
lungs, than those in chronic CS-exposure mice.22 Our study 
demonstrated that 0.4 U PPE instillation produced a less 
severe degree of emphysema than that of 0.3 U PPE instilla-
tion, which is similar to the results of Ip MP et al.,23 probably 
because 0.3 U PPE was the optimum concentration of 
enzyme to substrate (Figure 3C). Nevertheless, Rcn3 expres-
sion was also significantly increased in the emphysematous 
lungs induced by all three concentrations of PPE (0.2, 0.3, 

and 0.4 U) compared with the sham one, and the level of 
Rcn3 seemed to be correlated with the degree of emphysema, 
with the highest Rcn3 expression corresponding to the most 
severe emphysematous alterations (Figure 3C).

In our study, we detected that Rcn3 expression in the 
lung tissues was up-regulated in both the CS-exposed 
model and PPE-induced model of emphysema. To further 
confirm the role of Rcn3 in emphysema progression, gene 
targeting technology was needed in the study. Our pre-
vious study found that mice with whole body Rcn3 knock-
out died after birth because of respiratory failure.9 

Therefore, selective Rcn3 knockout in AECIIs (CKO) 
mice were successfully established in our laboratory, and 
have been employed to study the function of Rcn3 in the 
development of lung fibrosis.11 However, the stability of 
AECII-selective Rcn3 knockout at more than 28 days was 
not clear in the previous study. In addition, elastase- 
induced emphysematous lesions in the lung tissues can 
be more prominent and induced in a shorter period of 
time by alternating the dose of elastase than in CS- 
exposed lungs. We hereby established the PPE-induced 
emphysema animal model in the AECII-selective Rcn3 
knockout mice to further explore if the alteration of 
Rcn3 expression in lung tissue affected the histological 
changes of emphysema. Similar to our previous report, 
immunohistochemical staining in CKO mice (Figure 4A) 
displayed a virtually complete loss of Rcn3 in AECIIs 
with lung architecture kept normal, which confirmed the 
AECII-selective Rcn3 knockout mouse model was estab-
lished successfully. Figure 4D and E showed that whole 
lung Rcn3 expression was similar between saline-treated 
CKO and WT mice at baseline.

Figure 4 shows that Rcn3 expression was significantly 
reduced in whole lung homogenates from PPE-treated 
CKO mice compared with those of PPE-treated WT 
mice. Moreover, selective deletion of Rcn3 in the 
AECIIs resulted in significant remission in severity of 
emphysematous changes in mice response to PPE instilla-
tion as evidenced by a 26.4% reduction in MLI. The data 
indicated that Rcn3 knockout specific to AECIIs was able 
to inhibit the whole lung Rcn3 expression challenged by 
PPE instillation, and further alleviate the degree of emphy-
sema. These findings strongly illustrated that the increased 
expression of Rcn3 in lung tissue may promote the pro-
gression of emphysema and thus participate in the devel-
opment of COPD.

The mechanisms behind emphysema formation are 
multifactorial. In this regard, deficient tissue repair was 
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known to be involved in addition to the central role of 
inflammatory processes.1 Similar to the results of previous 
reports,24–26 elevated MMP-9 level was found in the PPE- 
induced emphysematous lungs along with augmented 
expression of Collagen I in the current animal models, 
which was considered to result from over-synthesis of 
ineffective collagen, implying the pathogenesis of over- 
injury or relative deficiency of repair.27 Therefore, MMP-9 
and Collagen I expression were then detected in the lungs 
from emphysema mice with AECII-selective Rcn3 abla-
tion. We found that MMP-9 and Collagen I were down- 
regulated in the lungs of PPE-treated CKO mice compared 
to those in the wild-type mice. Our previous study has 
shown that deletion of Rcn3 in ACEIIs facilitates bleomy-
cin-induced lung fibrosis.11 In another in vitro study,3 

Rcn3 was identified as a novel negative mediator of col-
lagen production in human cardiac fibroblasts. These pre-
liminary data indicated that Rcn3 might be involved in the 
injury-repair process by inhibiting repairing function. The 
present data suggested that up-regulation of Rcn3 in the 
lungs from COPD patients as well as from animal models 
of CS-exposed and PPE-induced emphysematous lungs 
might exacerbate emphysema through restraining the 
repair process.

An accumulation of misfolded and unfolded proteins in 
ER lumen under physiological or pathological stress 
results in ER stress,28 of which GRP78 is a marker 
protein.29,30 A previous study showed that ER stress was 
involved in the lung injury-repair process. Recently, it has 
been shown that ER stress was induced in mouse lungs in 
response to CS and the lungs of chronic smokers.31 In our 
study, we observed the up-regulation of GRP78 in the 
lungs not only from COPD patients but also from two 
mouse models of emphysema. In the PPE-induced emphy-
sema mice, the lung expressed less GRP78 when Rcn3 
was deleted selectively in the AECIIs, which was in the 
same tendency with the changes of Rcn3 expression. The 
data indicated that ER stress was possibly involved in the 
Rcn3 signal transduction pathway. However, this result 
seemed to conflict with the previous findings, in which 
lung specimens from the mouse model of lung fibrosis 
induced by bleomycin administration expressed higher 
levels of GRP78 when Rcn3 was deleted selectively in 
AECIIs.11 This is probably due to the difference of dura-
tion needed to establish each typical animal model, only 7 
days for lung fibrosis formation after bleomycin challenge, 
while the elastase-induced emphysema model experienced 
a more chronic process of 28 days after PPE instillation.

Our present study revealed that Rcn3 deficiency in 
AECIIs may play a role in restoring the repair process of 
lung, at least partially by regulating MMP-9 and type 
I Collagen production as aforementioned. We speculated 
that interfering with ER stress probably was involved in 
the lung injury-repair behind the process of emphysema 
regulated by Rcn3, although the downstream signal trans-
duction pathway of ER stress affected by Rcn3 is not clear.

In addition, while Cleaved caspase-3 protein level was 
enhanced in PPE group compared with the Control group, 
there was no significant difference in protein level of 
Cleaved caspase-3 in emphysema mice lungs of AECII- 
selective Rcn3 ablation versus wild-type mice (Figure 4D), 
suggesting Rcn3 might not participate in apoptosis-related 
pathways of emphysema progression.

In conclusion, the findings of the current study, for the 
first time, indicated that Rcn3 is involved in the development 
of emphysema. Suppression of Rcn3 expression in AECIIs 
has a protective effect on emphysema progression. Rcn3 
deficiency in AECIIs may stimulate repair processes in the 
lung, but the downstream signal transduction pathway of ER 
stress affected by Rcn3 needs further study. Additional bio-
logical functions of Rcn3 on alveolar epithelial cells and its 
mechanisms remain to be further investigated.
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