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Abstract  

 

The c-Jun/AP-1 transcriptional factor is known to regulate cell proliferation, apoptosis, 

and inflammatory responses; however its role in lung pathogenesis is largely unknown. 

Here we report that the declined expression levels of c-Jun mRNA and protein in the 

lung tissues of advanced chronic obstructive pulmonary disease (COPD) patients, and 

that genetic deletion of c-Jun specifically in alveolar epithelial cells causes progressive 

emphysema with lung inflammation and alveolar air space enlargement, which are 

cardinal features of emphysema. Although mice lacking c-Jun specifically in lung 

alveolar epithelial cells appear normal at 6 weeks of age, when exposed to chronic 

cigarette smoke, c-Jun mutant mice display more lung inflammation with perivascular 

and peribronchiolar infiltrates. These results demonstrate that the c-Jun/AP-1 pathway is 

critical for maintaining lung alveolar cell homeostasis and that loss of its expression can 

contribute to lung inflammation and progressive emphysema.  
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Introduction 

COPD is projected to be the third-leading cause of death worldwide by 2020.1, 2 COPD is 

a chronic lung disease characterized by severely impaired normal lung function. The 

development of COPD appears to occur slowly and progressively over many years, as it 

is generally diagnosed in middle-aged or older individuals.2 Exposure to cigarette smoke 

is a major risk factor for the development of COPD.3  Only a subset of cigarette smokers 

develop COPD and other factors such as air pollution and infections also contribute to its 

pathogenesis suggests that both genetic factors and environmental modifiers contribute 

to the development of COPD.4 Although the mechanisms underlying the development 

and progression of this disease remain enigmatic, histopathologic examination of the 

lungs of patients with severe COPD has revealed a severe loss of lung tissue, especially 

of the alveolar type II cells, and persistent lung inflammation (reviewed in).5 Data 

obtained from molecular and cellular analyses of lung tissue samples from COPD 

patients and from experimental mouse models of emphysema have suggested critical 

roles for deregulated cell proliferation, antioxidant-oxidant imbalance, and apoptosis as 

well as degradation of the extracellular matrix in COPD.6   

 

The activator protein 1 (AP-1), comprised of the c-Jun (c-Jun, Jun-B, and Jun-D) and 

Fos (Fos, Fos-B, Fra-1, and Fra-2) families of DNA binding proteins, binds to the TPA 

response element (TRE, TGAC/GTCA) and regulates the expression of genes involved 

in various biological processes including cell proliferation, differentiation, cell death, 

inflammation, and cellular defense.7 Various cellular processes controlled by the AP-1 

transcriptional factor have been reported to be deregulated in lung tissue/cell types 

obtained from COPD patients.5 Although the members of the AP-1 family of proteins are 

activated in response to various insults in lung epithelial cells,8 whether the activation of 

AP-1 proteins is critical to confer protection on the host or to enhance the host’s 
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susceptibility to the development and progression of lung diseases is still largely 

undefined in vivo.  Thus, in the present study, we have examined the role of c-Jun/AP-1 

transcription factors in COPD.  First, we determined the expression levels of this 

transcription factor in COPD clinical samples and found the loss of c-Jun expression in 

the lung tissues obtained from very severe-COPD patients (GOLD stage IV) when 

compared to control non-COPD individuals. Since conventional deletion of c-Jun results 

in embryonic lethality,9 we utilized a mouse model in which c-Jun was specifically 

deleted in type II alveolar epithelial cells.  We then examined the effects of c-Jun 

deficiency on both lung development and on cigarette smoke-induced lung inflammation 

and tissue destruction in these mice.  Here, we report for the first time that the c-Jun 

deficiency in alveolar type II epithelial cells results in progressive emphysema and also 

perpetuates cigarette smoke-induced lung inflammation in vivo.  

 

Materials and Methods 

Human lung tissue samples: Lung tissue samples used in this study were obtained from 

the Lung Tissue Research Consortium funded by the NHLBI. One tissue sample was 

obtained from each subject; i.e. ‘n’ represents the number subjects in this study. Patients’ 

lung function data were obtained from established patient registries. The subjects were 

classified as per severity of COPD according to the guidelines of the Global Initiative for 

Obstructive Lung Disease (GOLD). The non-COPD population (21 samples with 15 former 

smokers, 1 current smoker and 6 never smokers) had normal lung function performance 

and no evidence of COPD (Table 1). Groups for COPD lungs included GOLD-II, GOLD-III 

and GOLD-IV on the basis of lung function tests. Clinical and demographical characters of 

these patients are presented in Table 1. 
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Mice: Mice carrying the floxed c-Jun allele (hereafter referred to as c-Junf/f) were 

generated on C57BL/6x129SVJ background as described elsewhere.10 Mice expressing 

Cre recombinase under the control of SP-C promoter on C57BL/6 background were 

obtained from Dr. Brigid Hogan, Duke University.11  Wild type mice with 

C57BL6x129SVJ background were used as additional controls in selective experiments. 

To generate the mice with c-Jun deletion in alveolar type II epithelial cells, c-Junf/f mice 

were crossed with SPC-Cre mice (“see Supplemental Figure S1A at 

http://ajp.amjpathol.org"). The resulting c-Junf/wt-SPC-Cre mice were backcrossed to the 

parental c-Junf/f mice to obtain c-Junf/f- SPC-Cre mice (hereafter referred to as c-Jun∆ae). 

All animal protocols were performed in accordance with guidelines approved by the 

animal care and use committee at the Johns Hopkins University.  

 

PCR genotyping and determination c-Jun deletion in alveolar epithelial cells: We 

used Jun1: CTCATACCAGTTCGCACAGGCGGC (Forward) and Jun2: 

CCGCTAGCACTCACGTTGGTAGGC (Reverse) primers for the detection of ‘floxed’ 

alleles. For the detection of SPC-Cre, SPC: GACACATATAAGACCCTGGTCA (forward) 

and Cre: ACGAACCTGGTCGAAATC AGTGCG (reverse) primers were used as outlined 

(“see Supplemental Figure S1B at http://ajp.amjpathol.org”). Alveolar type II epithelial 

cells were isolated and cultured as described previously.12 For the detection of c-Jun 

deletion in lung epithelium, the genomic DNA from type II epithelial cells was amplified 

using Jun1 and Jun3 (CAGGGCGTTGTGTCA CTGAGCT, reverse) primers (“see 

Supplemental Diagram S1B at http://ajp.amjpathol.org”). 

 

Cigarette smoke exposure: Mice (8-week old) were divided into two groups: control 

and cigarette smoke exposure groups. Control groups were housed in a filtered air 

environment. Experimental groups were subjected to cigarette smoke exposure  for 5 

http://ajp.amjpathol.org/�
http://ajp.amjpathol.org/�
http://ajp.amjpathol.org/�
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h/day, 5 days/week for 6 months using whole- body smoke exposure system  (Model 

TE-10,Teague Enterprises, CA) using 2R4F reference cigarettes with 2.45 mg nicotine 

per cigarette (Tobacco Research Institute, University of Kentucky,  KY) as described 

elsewhere.13 Each smoldering cigarette was puffed for 2 seconds, once every minute for 

a total of 8 puffs, at a flow rate of 1.05 l/min, to provide a standard puff of 35 cm3.The 

smoke machine was adjusted to produce a mixture of side stream smoke (89%) and 

mainstream smoke (11%) by burning five cigarettes at one time. Chamber atmosphere 

was monitored for total suspended particles and carbon monoxide, with concentrations 

of 90 mg/m3 and 350 ppm, respectively.  

 

Lung morphology measurements: Lung morphometric measurements were performed as 

described previously.14, 15 Mice were anesthetized with sodium pentobarbital and lungs were 

inflated with warmed (50–55°C) 0.8% low-melt agarose in 1.5% paraformaldehyde at 25–30 

cm H2O. The inflation pressure was measured continuously until the agarose started to gel 

(~ 1 min). The whole animal was placed in a refrigerator at 4°C for 30 min. The cooled 

agarose-filled lungs were excised and placed in 1.5% paraformaldehyde for 24 h at 4°C. 

Lung tissues were washed in distilled water and placed in 70% ethyl alcohol. Before 

histological sectioning, the left lung was dissected, and the inferior and superior 3mm along 

the long axis of the lung was removed. The remaining tissue was cut into three 2- to 3-mm-

thick sections, and embedded in paraffin. Five-micrometer-thick sections were cut and 

stained with H & E. The slides were coded and representative images (15 per lung section) 

were acquired with Nikon Digital Camera DXM1200 (Nikon, Tokyo, Japan) at 100x 

magnification. Mean chord length (MCL) were measured using ImageJ software (NIH, 

Bethesda, MD) and by computer-assisted morphometry with Image Pro Plus software with 

sampling grid lines 17 µm apart ensuring one to two chords per alveolus. Arteries, veins, or 

bronchioles were avoided in morphometric measurements.  
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Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling (TUNEL) Assay:  

DNA damage was assessed using In Situ Cell Death Detection Kit (Roche Applied 

Science, Indianapolis, IN) as per manufacturer’s instructions. Briefly, the lung tissue 

sections were deparaffinized, washed with PBS, blocked with 3% H2O2 in methanol, 

permeabilized, and then incubated with 50 µl of TUNEL mixture for 1 h at 37oC. The 

sections were analyzed under fluorescent microscope and images were captured. The 

number of TUNEL-positive cells in tissue sections (10 fields/lung section) was counted 

and expressed as mean + SEM. 

 

Assessment of lung inflammation:  Mice were anesthetized, tracheas cannulated and 

lungs were lavaged twice with 1ml of cold PBS. Cells from the bronchoalveolar lavage 

(BAL) fluid were centrifuged, and total inflammatory cells were counted using 

hemocytometer. Differential cell counts were determined by staining with Diff-Quick 

Stain Set (Dade-Behring, Newark, DE). For each sample, 300 cells (macrophages, 

neutrophils and lymphocytes) were counted based on standard cytological criteria.    

 

Cytokine analysis: BAL fluid samples from mice were analyzed by the multiplex 

suspension array system using Luminex beads (Bio-Rad Laboratories, Hercules, CA), 

which included the following cytokines: IL1β, IL1α, IL2, IL3, IL4, IL5, IL6, IL9, IL10, 

IL12p40, IL12p70, IL13, IL17, eotaxin, GCSF, GMCSF, IFNγ, MCP1, MIP1α, MIP1β, 

RANTES and TNFα. BAL samples of different age groups were thawed, diluted 1:1 with 

diluent, and ran according to the manufacturer’s protocol and measured as picograms 

per milliliter of BAL fluid (n=3-5). 
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Real-time RT-PCR: Total RNA was isolated from lungs of c-Junf/f and c-Jun∆ae mice and 

lung tissues of human non-COPD, moderate-COPD, severe-COPD and very severe -

COPD patients using RNeasy kit (Qiagen, Germantown, MD) and reverse transcribed 

with superscript first strand cDNA synthesis system (Invitrogen, Carlsbad, CA). Real-

time RT-PCRs were performed using Taqman gene expression assays specific for 

mouse Gclc, Nqo1, and Hmox1 and human c-JUN. For the detection of SPA, SPC and 

SPD expression, we used sybr green 1 dye reagent (Applied Biosystems, Carlsbad, CA) 

and gene specific primer sets. For SPA, CAGTGTGATTGGGAGAAACC (forward) and 

TGTCTCCATGTTCTCCAGGT (reverse) primers; for SPC, 

CAAAGAGGTCCTGATGGAGA (forward), TCATACACAACGATGCCAGT (reverse), for 

SPD, GGCTGCTTTCC TGAGTATGA (forward) and GGCAACATACAGGTCTGAGC 

(reverse), for β-actin, CTA CAATGAGCTGCGTGTGGC (forward) and 

CGAACAATTTCCCTCTCAGC (reverse) primers were used. The absolute expression 

values for each gene were normalized to that of actin and values from 1.5 month old c- 

Jun∆ae mice samples were set as one unit. Fold changes for c-JUN expression in COPD 

samples were calculated by setting the lowest c-Jun expression sample as one unit. 

 

Western blot analysis: Non-COPD and severe-COPD and very severe - COPD lung 

tissues were homogenized, and protein concentrations were estimated using BCA 

reagent (Thermo Scientific, Rockford, IL). Equal amounts of protein were separated and 

immunoblotted with anti-c-JUN antibodies (Santa Cruz Biotechnology, Santa Cruz, CA). 

The blots were developed with the ECL Western blot detection system (Thermo 

Scientific, Rockford, IL). Bands were quantified using β-actin as reference.  

 

Immunohistochemistry:  Immunohistochemical staining on human COPD lung tissue 
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sections and on lung tissue sections of c-Junf/f and c-Jun∆ae mice exposed to cigarette 

smoke was performed as previously reported.16 Briefly, tissue slides were deparaffinized 

and rehydrated. After antigen recovery with DakoCytomation Target Retrieval Solution, 

pH 9, for 20 min in a microwave oven, non-specific binding was blocked with 3% BSA 

solution. Immunohistochemical staining was performed with anti-c-JUN (Santa Cruz 

Biotechnology, Santa Cruz, CA) or anti-B220 (BD Biosciences, Franklin Lakes, NJ) or 

anti-CD3 (Daco, Carpinteria, CA) antibodies. Staining was visualized with Dako 

Universal LSAB horseradish peroxidase kit, following manufacturer's recommendations. 

 

Statistical Analysis: All data involving COPD samples (Non-COPD, moderate-COPD, 

severe COPD and very severe COPD (n=88 for c-JUN mRNA analysis and n=36 for c-

JUN protein analyses) were described by median and interquartile range and scatter 

plots. We compared the relative expression levels of c-JUN mRNA and protein in lung 

tissue samples from individuals with moderate-COPD, severe-COPD and very severe-

COPD to non-COPD control samples, our main comparison, using linear regression 

models without any adjustment and with further adjustment for sex, age and cigarette 

pack-years. We also used Bonferroni correction for multiple comparisons. 

All animal data were expressed as the mean ± SEM (n = 8 for each condition). One-way 

ANOVA followed by Newman-Kuels post hoc analysis was performed for multiple 

comparisons. P values with < 0.05 were considered as statistically significant. For 

comparing the interaction between age and emphysema, two-way ANOVA with a 

Bonferroni correction was used. A Bonferroni-corrected P value of < 0.05 was used to 

identify statistical significance. 
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RESULTS 

Deregulation of c-JUN expression in COPD lung tissues 

To determine whether c-JUN expression is dysregulated with the progression of 

emphysema in humans, we measured the expression levels of c-JUN mRNA and protein 

in non-COPD (FEV1 > 80%, GOLD-0/GOLD-1), moderate COPD (FEV ≤ 50-80%, GOLD 

II) severe COPD (FEV1 ≤ 30-50%, GOLD-III), and very severe COPD (FEV1 < 30% 

GOLD-IV) lung tissue samples. Clinical and demographic characteristics of the COPD 

patients are given in Table 1. Compared to non-COPD lung tissue samples, c-JUN 

mRNA levels were significantly decreased in very severe-COPD lungs (0.45 fold lower, 

P = 0.008) but not in moderate- (0.88 fold lower, P = 0.58) and severe-COPD lungs 

(0.66 fold lower, P = 0.19) (Figure 1A). The decreased c-JUN mRNA levels comparing 

very severe-COPD to non-COPD lung tissue were similar after adjustment for age, sex 

and pack-year (P = 0.009). Using Bonferroni corrections for multiple comparisons, the 

only difference was between the very-severe and non-COPD lung tissues (P = 0.05).  

Consistent with this result, c-JUN protein levels, as assessed by western blot analysis, 

were lower in homogenates of very severe-COPD lung tissue as compared to the non-

COPD control tissue samples (0.29 fold, P = 0.001) or moderate-COPD samples (0.26 

fold, P = 0.001), but no differences were observed for severe-COPD lung tissue (Figure 

1B). After adjustment for age, gender and cigarette pack years the lower c-JUN protein 

levels were statistically significant in the severe-COPD (P = 0.026) and very severe-

COPD (P = 0.001) group. The c-JUN protein levels were significantly lower in very 

severe-COPD lung tissues than in non-COPD or moderate-COPD lung tissues when 

compared using Bonferroni corrections for multiple comparisons (P < 0.001).  We next 

evaluated c-JUN expression in the intact tissues by immunohistochemistry. Consistent 

with results obtained from mRNA and protein expression data, immunohistochemical 

analysis of COPD and non-COPD lung tissue sections with c-JUN antibodies revealed 



 

11 
 

decreased levels of c-JUN-positive cells in severe- and very severe COPD tissues when 

compared to control non-COPD and moderate-COPD tissue sections (P = 0.001 with 

Bonferroni corrections for multiple comparisons)(Figure 1C). The c-JUN expression was 

highly detectable mainly in epithelial cells in non-COPD and moderate-COPD lung 

tissues, but its expression was gradually decreased in severe-COPD and very severe-

COPD tissues. These results suggest that loss of c-JUN may contribute to the 

development and/or progression of emphysema. 

 

Genetic deletion of c-Jun in the alveolar epithelium 

To determine whether loss of c-Jun contributed to emphysema in vivo, we have deleted 

c-Jun in mouse lung epithelium by conditionally gene targeting approach. The mice 

bearing c-Jun “floxed” allele (c-Junf/f mice) were crossed with mice bearing Cre 

recombinase cDNA under the control of a surfactant protein C (SPC) promoter.11 To 

determine c-Jun deletion in these mice, c-Junf/f and c-Jun∆ae mice were genotyped for the 

presence of the Cre gene and c-Jun floxed alleles, as outlined in Supplemental Figure 

S1B at http://ajp.amjpathol.org".  We observed both deleted and undeleted c-Jun floxed 

alleles in the total lung tissue of c-Jun∆ae mice (“See Supplemental Figure S1C, lane 3, 

left panel at http://ajp.amjpathol.org"), because Cre expressed under the control of the 

SPC promoter mainly deletes c-Jun in type II alveolar epithelial cells and not in other 

lung cell types.17 To further confirm the deletion, type II cells were isolated from the 

lungs of c-Junf/f and c-Jun∆ae mice, and genomic DNA was amplified. As anticipated, 

PCR amplified a high molecular weight deletion band (520 bp) but not the floxed allele 

band (320 bp) in c-Jun∆ae cells (“See Supplemental Figure S1C, right panel at 

http://ajp.amjpathol.org"). These results confirmed that c-Jun was specifically deleted 

from the type II epithelial cells of c-Jun∆ae mice.  

 

http://ajp.amjpathol.org/�
http://ajp.amjpathol.org/�
http://ajp.amjpathol.org/�
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Genetic disruption of c-Jun in the alveolar epithelium leads to progressive 

emphysema 

To determine whether c-Jun deletion affects the lung development, c-Jun∆ae mice and 

Cre- negative c-Junf/f littermates were sacrificed at 1.5, 3, 8, or 12 months of age. 

Histological assessment of lungs from c-Jun∆ae and c-Junf/f littermates revealed no 

apparent abnormalities at the microscopic level at 6 weeks of age (Figure 2A). However, 

histologic examination of the lungs revealed abnormalities such as enlarged air spaces 

and infiltration of atypical foamy alveolar macrophages in 3-month-old c-Jun mutant 

mice; this phenotype was not detectable in their wild-type (c-Junf/f) littermates. The 

presence of foamy alveolar macrophages was persisted in the lungs of c-Jun∆ae mice up 

to 8 months of age. A significant degree of alveolar space enlargement was observed in 

the lungs of the 8-month-old c-Jun∆ae mice, and this was even greater in the 12-month 

age group (”See Supplemental Figure S2 for 40x and 100x images at 

http://ajp.amjpathol.org"). However, as can be appreciated in the low power (40x) 

images in Figure 2A, the nature of this pathologic development was quite 

heterogeneous, with localized destruction leading to large cavities in the parenchyma. In 

contrast, this striking emphysematous phenotype was not seen either in c-Junf/f mice 

(Figure 2A) or in wild type mice (“See Supplemental Figure S2 at 

http://ajp.amjpathol.org”) or wild type mice bearing SPC-Cre recombinase (“See 

Supplemental Figure S3 at http://ajp.amjpathol.org”).  

 

To determine the magnitude of the emphysema caused by c-Jun deletion, we measured 

the MCL using computer-assisted morphometry analysis (Figure 2B). The increase in the 

MCL generally indicates airspace (alveolar size) enlargement and greater severity of 

emphysema.18, 19 The MCL of the c-Jun mutant mice at 1.5 months of age was not 

http://ajp.amjpathol.org/�
http://ajp.amjpathol.org/�
http://ajp.amjpathol.org/�
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different from that of wild type mice (Figure 2B). However, the chord lengths of the c-

Jun∆ae mice were increased by 15% and 17% when compared to c-Junf/f mice at 3 and 8 

months of age, respectively. There was a dramatic increase in the lung tissue damage 

and the MCL in c-Jun∆ae mice by 39% at 12 months of age. The MCL of c-Junf/f mice 

lungs increased by 22% at 3 months of age when compared to that of 1.5-month-old 

mice, but it remained stable at this level through 12 months of age. To determine 

whether Cre recombinase expression has any effect on the integrity of the lung 

structure, lungs from wild type mice expressing Cre recombinase under the control of 

SPC promoter were harvested at 12 months of age. There was no noticeable defect in 

lung structure in these mice as evaluated by histopathology and MCL quantification. 

Histopathology and MCL in these mice were comparable to that of mice with c-Jun 

floxed allele (c-Junf/f mice) (“See Supplemental Figure S3 at http://ajp.amjpathol.org"). 

Although it would have been best to calculate alveolar surface area, we unfortunately did 

not measure the lung volumes. However, neither the simple MCL nor a calculated 

surface area will reflect the extreme heterogeneity of the tissue destruction as seen in 

Figure 2A. Nevertheless, there is clearly progressive destruction of alveolar tissue in the 

c-Jun∆ae mice, suggesting a prominent role for c-Jun in the proper maintenance of lung 

alveolar cell homeostasis in adult mice, and deregulation of c-Jun expression in alveolar 

epithelial cells can promote emphysema severity with age. 

 

Deletion of c-Jun in the alveolar epithelium causes DNA damage in the lung 

Several studies have reported the presence of endothelial and epithelial apoptosis in 

lungs of COPD patients and in experimental models of COPD.20  In order to determine 

whether deletion of c-Jun from alveolar type II epithelial cells induces emphysema via 

cellular apoptosis in the lungs, we performed TUNEL assays on lung sections of c-Junf/f 

and c-Jun∆ae mice (Figure 3).  As shown in Figure 3A, low levels of TUNEL-positive cells 

http://ajp.amjpathol.org/�
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were present in the lungs of c-Jun∆ae mice (~ 3 cells per field) at 1.5 months of age, but 

none in c-Junf/f mice. The number of TUNEL-positive cells gradually increased in 3- and 

8-month-old c-Jun∆ae mice by 7.5 and 31 cells per field, respectively (Figure 3B). This 

increase in the number of TUNEL-positive cells was consistent with the increase in the 

severity of the lung damage and emphysema in c-Jun mutant mice. In 12-month-old c-

Jun∆ae mice, the number of TUNEL-positive cells declined to 20 per field, as compared to 

8-month age old littermates. In contrast to the situation in c-Jun mutant mice, there were 

very few apoptotic cells (1-2 per field) in the lungs of all age groups of c-Junf/f mice. 

These results suggest that loss of c-Jun expression in alveolar epithelium results in 

elevated levels of cellular apoptosis, there by leading to progressive loss of alveolar 

epithelium. 

 

The c-Jun deficiency deregulates antioxidant enzyme and inflammatory cytokine 

expression 

Deregulation of antioxidant gene expression has been implicated in lung tissue 

destruction leading to emphysema.5, 21 Therefore, we asked whether c-Jun deficiency 

would decrease antioxidant gene expression, leading to increased levels of lung cell 

apoptosis. To answer this question, we analyzed the expression levels of representative 

antioxidant enzymes, Gclc, Nqo1, and Hmox1. We chose these enzymes as they play 

roles in cellular detoxification and maintenance of redox status and are also 

transcriptionally regulated by AP-1 transcription factor. 5, 21 Gene expression analysis 

revealed deregulated expression of Gclc, Nqo1 and Hmox1 in the lungs of c-Jun mutant 

mice as compared to the littermate control group (Figure 4A). The mRNA expression 

levels of all three enzymes were significantly lower in 3-month-old c-Jun mutant mice 

than in wild type mice, but their expression levels between these two genotypes in 8- 

month age groups were not different statistically. The expression levels of Nqo1 and 
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Hmox1, but not Gclc, were significantly lower in 12-month-old c-Jun mutant mice than in 

wild type mice (Figure 4A). These results suggest that a lack of the c-Jun/AP-1 pathway 

alters the response to cellular stress, at least, in part, as a result of deregulation of 

antioxidant gene expression.  

 

A number of cytokines have been shown to play a role in the orchestration of 

inflammation in COPD by activating, recruiting, and prolonging the survival of 

inflammatory cells.6 We therefore assessed the levels of several cytokines and 

chemokines in the BAL fluid of c-Jun∆ae and c-Junf/f mice using multiplex cytokine 

assays. Of the cytokines measured, only the levels of four, TNFα, IL12p40, IL13, and 

CXCL1, and showed a significant difference in between c-Jun∆ae mice and their c-Junf/f 

littermates (Figure 4B). BAL fluids from the 3- and 8-month age groups of c-Jun∆ae mice 

had elevated levels of TNFα when compared to those of their counterpart c-Junf/f 

littermates. IL12p40 levels were not different between the genotypes at 3 months of age, 

but they were markedly higher in 8-month-old c-Jun∆ae mice (83 pg/ml) than c-Junf/f mice 

(8 pg/ml).  In mutant mice, although not statistically significant, IL12p40 levels were still 

higher (14 pg/ml) than those in c-Junf/f mice (8 pg/ml) at 12 months of age. Similarly, 

levels of Cxcl1 (KC or human IL-8 equivalent) were significantly elevated in c-Jun mutant 

mice at 3 and 12 months of age, when compared to wild type mice (Figure 4B). 

Likewise, IL13 levels were also not different between the two genotypes in 3 month and 

12 month age groups but significantly elevated in c-Jun∆ae mice in 8-month age groups 

compared to their c-Junf/f littermates (Figure 4B). 

 

Prolonged exposure to cigarette smoke induces perivascular and peribronchiolar 

inflammation in c-Jun mutant mice 
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Because cigarette smoke is a major etiological factor in the pathogenesis of COPD and 

inflammation, we asked whether c-Jun deletion in alveolar epithelial cells increases the 

severity of the lung pathogenesis in response to cigarette smoke exposure. We exposed    

c-Junf/f and c-Jun∆ae (8-week-old) mice to cigarette smoke for 6 months (as detailed in the 

Methods section) and then assessed lung inflammation and tissue damage. Lung 

inflammation and air space enlargement were assessed by inflammatory cell analysis in the 

BAL fluid and by measuring the MCL of lung tissue sections, respectively. We found 

elevated numbers of inflammatory cells, mainly consisting of neutrophils, macrophages, and 

lymphocytes, in the lungs of c-Jun mutant mice as compared to c-Junf/f mice (Figure 5A). 

The percent increase in total neutrophils in the BAL of cigarette smoke-exposed c- 

Jun∆ae mice over room air controls was 20-fold greater than those in their c-Junf/f 

counterparts (200% vs. 10% in c-Jun∆ae compared to c-Junf/f mice). Likewise, epithelial cell 

sloughing was 1.7-fold higher in c-Jun∆ae mice as compared with their c-Junf/f counterparts 

(125% vs. 70%, c-Jun∆ae vs. c-Junf/f mice). However, percent increase in total cells (36% vs. 

37% % in c-Jun∆ae vs. c-Junf/f mice) and macrophages (32% vs. 36%, Jun∆ae vs. c-Junf/f 

mice) was not statistically different between the two genotypes following smoke exposure. 

Histopathologic examination revealed the lymphocyte infiltrates adjacent to the blood 

vessels and airways in the lungs of c-Jun∆ae mice exposed to cigarette smoke (Figure 5B; 

“See Supplemental Figure S4 for 40x images at http://ajp.amjpathol.org") that resembled the 

bronchus associated lymphoid tissue (BALT) phenotype observed in the lung tissue of 

COPD patients.22 We then used morphometry to quantify the effects of c-Jun deficiency on 

lung tissue destruction. As expected, the MCL in lungs of cigarette smoke-exposed c-Junf/f 

mice was greater than that in the filtered room air-exposed control group (Figure 5C). 

However, cigarette smoke exposure did not alter the magnitude of emphysema caused by 

the deletion of c-Jun (Figure 5C). The average MCLs of cigarette smoke-exposed c-Jun∆ae 

mice were comparable to those of room air-exposed c-Jun∆ae mice. These results strongly 
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support a prominent role for c-Jun in the proper maintenance of lung alveolar cell 

homeostasis and in reducing the lung inflammation induced by cigarette smoke. 

We further identified the cell types infiltrating the perivascular and peribronchiolar regions of 

the lungs of c-Jun mutant mice by immunostaining the lung tissue sections with the anti-CD3 

and anti-B220 antibodies, which specifically stain T-lymphocytes and B-lymphocytes, 

respectively. Immunostaining revealed that the perivascular and peribronchial infiltrates in 

the lungs of c-Jun∆ae mice consisted mainly of T- (Figure 5D) and B-lymphocytes (Figure 

5E). This type of immune infiltration was not seen in the lungs of cigarette smoke-exposed c-

Junf/f mice or in the lungs of filter air-exposed control mice of either genotype. 

 

DISCUSSION   

Our current findings demonstrate for the first time a critical role for the c-Jun/AP-1-

pathway in maintaining lung alveolar epithelial cell homeostasis by reducing cellular 

stress and inflammation. The continual progression of emphysema (e.g., the 

destruction of alveoli and persistent inflammation) in c-Jun∆ae mice is akin to the pace 

of emphysema that develops in smokers. Consistent with this observation, we found a 

substantial loss of c-JUN expression in the lung tissues obtained from patients with 

severe COPD symptoms when compared to non-COPD patients (Figure 1). 

Importantly, the lack of the c-Jun transcription factor enhanced the severity of cigarette 

smoke-induced lung inflammation with lymphocyte infiltrates, which are observed in 

the lungs of COPD patients.22 In contrast, a specific deletion of c-Jun in Clara cells did 

not cause progressive emphysema in mice data not shown) nor was any such 

phenotype detectable in wild-type mice with Cre recombinase at up to 12 months of 

age (“See Supplemental Figure S3 at http://ajp.amjpathol.org”). Thus, it appears that a 

loss of c-Jun expression specifically in the alveolar epithelium may enhance 

susceptibility to the development and progression of emphysema.  

http://ajp.amjpathol.org/�
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COPD is characterized by chronic bronchitis and emphysema. Various experimental models 

of emphysema have been used to elucidate the mechanisms underlying the pathogenesis of 

COPD. One of these models, cigarette smoke, has been widely used because it utilizes the 

relevant etiological agent that causes COPD. We and others have shown that chronic 

exposure to cigarette smoke in the mouse displays several of the characteristic hallmarks of 

COPD, including airspace enlargement, oxidative stress, apoptosis, inflammation, and 

protease-anti-protease imbalance.13, 23 One of the limitations of the chronic cigarette smoke 

model, however, is the mild degree of emphysema it produces. Several studies have utilized 

other non-smoking models, such as the instillation of elastase,24, 25 VEGF inhibition,26, 27 

caspase 3 instillation,28 and ceramide activation.29 These models have the advantage of 

causing airspace enlargement in a shorter period of time (cigarette smoke exposure 

requires 6 months), and they are also known to induce lung inflammation and cellular 

apoptosis, which lead to airspace enlargement. However, although there are limitations 

associated with using chronic cigarette smoke exposure in mice (such as a lack of chronic 

bronchitis because of undetectable levels of mucus production), this model has been 

considered the most relevant model for COPD research because it uses the etiologic agent 

that causes the majority of COPD cases. 

 

Both alveolar epithelial and endothelial cell apoptosis and proliferation are known to be 

deregulated in the lungs of rodents exposed to experimental emphysema,6 as well as in the 

lungs of patients with emphysema COPD.20 This phenotype has been generally attributed to 

elevated levels of oxidative stress, and protease-anti-protease imbalance caused by the 

impact of cigarette smoke on lung structural cells and of infiltrated leukocytes.5, 30, 31 

Consistent with this notion, targeted deletion of c-Jun in type II epithelial cells gradually 

increased the level of apoptosis (as assessed by TUNEL-positive staining) in the lungs at 
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1.5 to 8 months of age, and the number of apoptotic cells gradually increased with age 

(Figure 3). This apoptotic cell death was accompanied by an inflammatory response at 3 

months of age, leading to a gradual loss of lung alveoli in 8- and 12-month-old mice (Figure 

2A). Although apoptosis gradually increased up to 8 months of age in c-Jun∆ae mice, the 

MCL remained at the level of 3-month-old mice. The decrease in TUNEL staining at 12 

months of age could be attributed to the loss of alveolar epithelium in the lung, as reflected 

in the histopathology and MCL (Figure 2). It is likely that the lung epithelium switches from 

apoptosis to necrotic cell death in c-Jun mutant mice between the ages of 8 and 12 months, 

reflecting a change in the aging process. Indeed, this change is consistent with the presence 

of fewer apoptotic cells in these mice at the later time. From 3 to 8 months, apoptosis may 

be the predominant mechanism of cell elimination (versus necrosis) because of the absence 

of c-Jun signaling. Since apoptosis generally does not drive inflammation, a lesser MCL 

effect is seen during the initial phase. This balance changes over time to favor necrosis. 

Thus, the loss of c-Jun, combined with an increase in the age of the mice, leads to a rise in 

necrosis over apoptosis as well as the promotion of tissue destruction and the inflammatory 

responses commonly seen in emphysema. Also supporting this contention is a previous 

report that cigarette smoke exposure induces necrosis by inhibiting apoptosis in lung 

epithelial cells.32 Decreased levels of CD46 complementary regulatory protein, which 

regulates T-regulatory cell turnover, are associated with a loss of lung function and the 

development of emphysema in COPD patients, and depletion of CD46 in an experimental 

model of emphysema has been reported to promote the necrosis of inflammatory cells, 

rather than apoptosis.33 

 

Increased level of apoptosis was accompanied by decreased expression of several 

antioxidant enzymes such as Gclc, Nqo1 and Hmox1 in the lungs of c-Jun mutant mice 

(Figure 4A). Previously, it was shown that c-Jun regulates the expression of Nqo1 and Gclc 



 

20 
 

by transcriptional activation of ARE elements on their promoters by associating with Nrf234 

and Hmox1 through the induction of Fos/AP-1 activity.35  Also, mouse embryonic fibroblasts 

deficient in c-Jun undergo premature senescence due to proliferation defects caused by 

increased level of spontaneous DNA damage and impaired repair.36-39 Furthermore, the c-

Jun/AP-1 transcription factor is a critical regulator of cell proliferation and survival. For 

example, the lack of c-Jun impairs liver cell generation mainly due to increased cell death of 

hepatocytes.10 c-Jun promotes the survival of hepatocytes by regulating the expression of 

inducible nitric oxide synthase and total nitric oxide levels in experimental hepatitis.40 Thus, 

lack of the c-Jun transcription factor in alveolar epithelium likely results in deregulation of 

cellular redox state that may contribute to DNA damage, leading to the impairment of 

epithelial cell regeneration and emphysema.  

 

Inflammation is a common feature in the pathogenesis of many chronic conditions, including 

COPD/emphysema.21 Multiple cytokines orchestrate the recruitment and activation of 

inflammatory cells and thereby contribute to both acute and chronic airway diseases such as 

COPD.41 In the present study, we found increased levels of a pro-inflammatory cytokine 

TNFα in BAL fluids obtain from 3- and 8-month-old c-Jun mutant mice as compared to wild 

type mice. TNFα has been implicated in emphysema. For example, increased levels of 

TNFα has been observed in COPD patients42 and in cigarette smoke-induced experimental 

emphysema.43 c-Jun has been shown to regulate the TNFα levels through regulating the 

expression of tissue inhibitor of metalloproteinase 3 (TIMP3),44 a potent inhibitor of TNFα 

converting enzyme (TACE). Conditional and inducible deletion of both c-Jun and Jun-B in 

the epidermis of adult mice developed psoriasis-like inflammatory skin disease.45 Analysis of 

skin lesions in these double mutant mice revealed a remarkable increase in the 

inflammatory cells consisting of T- lymphocytes and inflammatory cytokines such as TNFα, 
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IL12p40, MIP1, and MIP2.45 We also found increased levels of IL13, Cxcl1, and IL12p40, in 

c-Jun mutant mice (Figure 4B). Lung specific expression of IL13 promoted the development 

of emphysema and inflammation,46 whereas Cxcl1 possesses neutrophil chemoattractant 

activity and IL12p40 regulates immune responses.47 Thus, it is likely that a deregulated 21 

cytokine expression resulting from lack of the c-Jun/AP-1 signaling in the alveolar epithelium 

contributes to the progression of emphysema. 

 

We noted a persistent presence of foamy (atypical) alveolar macrophages in c-Jun∆ae mice, 

which was correlated with the lung tissue damage and progression of emphysema. 

Consistent with this observation, the presence of foamy (hypertrophic) alveolar 

macrophages was noted in several experimental models of emphysema. For example, 

genetic disruption of surfactant protein D (SPD) causes progressive emphysema 

accompanied by the hypertrophic alveolar macrophages in the lung48, 49 Gene expression 

analysis revealed strikingly lower levels of SPA, SPC and SPD in the lungs of c-Jun∆ae mice 

when compared to their c-Junf/f counterparts (“See Supplemental Figure S5 at 

http://ajp.amjpathol.org”). The fact that c-Jun∆ae mice exhibited progressive emphysema 

analogous to that in SPD–/– mice and that AP-1 is known to regulate SPD expression50 

strongly support our contention that deregulation of c-Jun/AP-1-regulated surfactant gene 

expression may contribute in part to the progression of emphysema. In addition, both 

gradual and age-related emphysema have been observed in mouse models lacking β-

subunit of αvβ6 integrin,51 lysosomal acid lipase,52 NADPH oxidase,30 TLR4 and MyD88,53 

and placental growth factor.54 Whether c-Jun acts as a functional effector in mediating 

cellular functions and maintaining the lung tissue homeostasis regulated by these proteins 

remains to be investigated in our experimental conditions. COPD is characterized by an 

inflammatory response by the lungs to inhaled substances such as cigarette smoke and 

airborne pollutants. Cigarette smoke induces both humoral and cell-mediated immune 
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responses via the release and inhibition of both pro- and anti-inflammatory cytokines.55 

Deletion of c-Jun leads to severe inflammation, consisting of T- and B-lymphocyte 

accumulation around the major airways and blood vessels in the lung (Figure 5) following 

cigarette smoke exposure. To our knowledge, this is first report that c-Jun deficiency 

enhances the severity of lung inflammation with perivascular and peribronchial lymphocyte 

infiltration. Moreover, we have found that c-JUN expression is decreased in lung tissue 

samples from patients with severe- or very severe-COPD, as compared to those without 

COPD. Therefore, we now propose that the loss of c-Jun expression in alveolar epithelium 

may be a susceptibility factor underlying cigarette smoke-induced lung inflammation and 

emphysema development. Paradoxically, c-JUN is highly expressed in human lung cancer 

tissues/cells, and its expression is correlated with a poor prognosis in lung cancer 

patients.56-59 However, transgenic overexpression of c-Jun alone in mice does not lead to an 

overt phenotype in all most all tissues, including the lung.60 On the contrary, overexpression 

of this transcription factor in hamster tracheal epithelial cells induces their proliferation and 

transformation in vitro,61 and transgenic expression of a mutant form of c-Jun in the lung 

epithelial cells inhibits carcinogen induced lung tumorigenesis.62 The pro-carcinogenic 

effects of c-Jun in chemically and viral induced pathogenesis are mainly attributed to its pro-

proliferative and anti-apoptotic effects, mediated by the upregulation of cell cycle genes and 

suppression p53-mediated functions, respectively 7. Although c-Jun has procarcinogenic 

effects, lack of its pro-proliferative and anti-apoptotic effects may be contributing to the loss 

of lung tissue in c-Jun∆ae mice that are seen under our experimental conditions. Whether the 

activation of this transcription factor may prove a useful new strategy for treating COPD or 

this approach may be problematic because it could have potential pro-carcinogenic effects 

warrants further investigation. 
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   FIGURE LEGENDS 

Figure 1: c-JUN expression in non-COPD and COPD lung tissues. (A) Real-time 

analysis of c-JUN mRNA levels in non-COPD (n=21), moderate-COPD (n=24) severe COPD 

(n=13) and very severe COPD (n=30) human lung tissue biopsies. The horizontal and 

vertical lines were plotted as median ± interquartile range. Linear regression analysis was 

performed without any adjustment and with further adjustment for sex, age and cigarette 

pack-years. *P = 0.008, non-COPD vs very severe-COPD.  One-way ANOVA with 

Bonferroni corrections was performed for multiple group comparisons. **P = 0.05, non-

COPD vs very severe-COPD.  (B) Immunoblot analyses of c-JUN in non-COPD, severe-

COPD and very severe-COPD lung homogenates (left panel). Immunoblot analysis of c-JUN 

in non-COPD and moderate-COPD was shown in right panel. β-actin was used as reference 

for loading control. c-JUN protein bands were quantified and normalized to β-actin in each 

sample using Bio-Rad Image Lab software. The horizontal and vertical lines were plotted as 

median ± interquartile range for each group (n=9). Linear regression analysis was performed 

without any adjustment and with further adjustment for sex, age and cigarette pack-years. 

*P = 0.001, non-COPD vs very severe-COPD or moderate-COPD vs very severe-COPD.  

One-way ANOVA with Bonferroni corrections was performed for multiple group 

comparisons. **P = 0.001, non-COPD vs very severe-COPD or moderate-COPD vs very 

severe-COPD.  (C) Immunohistochemical analysis of c-JUN on lung sections of non-COPD, 

moderate-COPD, severe-COPD and very severe-COPD patients. Graph represents the 

number of c-JUN positive cells. One-way ANOVA with Bonferroni corrections was performed 

for multiple group comparisons.*P = 0.001, Non-COPD vs severe-COPD and very severe-

COPD; or moderate-COPD vs severe-COPD and very severe-COPD. 

 

Figure 2: Deletion of c-Jun induces inflammation and emphysema in mice. Mice 
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(n= 8) were sacrificed at the age of 1.5, 3, 8 or 12 months. Lungs were inflated and fixed 

in 1.5% paraformaldehyde. Lung sections (5µ) were prepared and stained with H & E. 

(A) Lung images (400x) of 1.5, 3, 8 or 12 months old c-Junf/f and c-Jun∆ae mice were 

shown. Arrows indicate the presence of foamy macrophages. Bottom panel represents 

40x images of the lungs of c-Jun∆ae and  c-Junf/f mice at 12 months of age. (B) Serial 

images of H & E stained lung sections (100x) were taken and then mean chord lengths 

(MCL) were measured using computer-assisted morphometry with Image Pro Plus 

software. The values represented are mean MCL + SEM. One-way ANOVA followed by 

Newman-Kuels post hoc analysis was performed for multiple group comparisons, 

whereas two-way ANOVA with a Bonferroni correction was used for comparing the 

interaction between genotype and age. In both cases P values with < 0.05 were 

considered as statistically significant.*P< 0.05 c-Junf/f vs c-Jun∆ae.  

  

Figure 3: c-Jun deficiency leads to DNA damage. TUNEL staining was performed on 

lung tissues obtained from c-Junf/f and c-Jun∆ae mice (n=3) using In Situ Cell Death 

Detection Kit. Nuclei were stained with propidium iodide. (A) Images of the TUNEL 

stainings of 1.5, 3, 8 or 12 month old mice (200x) were shown. TUNEL-positive epithelial 

cells and macrophages were indicated with white arrows and asterisks, respectively. (B) 

TUNEL-positive epithelial cells were counted (10 fields/lung sections) and the averages 

of 3 mice + SEM were given. * P < 0.05, 1.5 M old vs other age groups; †P < 0.05, c-

Junf/f vs c-Jun∆ae mice.  

 

Figure 4: Expression levels of antioxidant enzymes and inflammatory cytokines. 

(A) Total RNA was isolated from the lungs of 1.5, 3, 8 or 12 month old c-Junf/f and c-

Jun∆ae mice and cDNA was prepared. The expression levels of Gclc, Nqo1 and Hmox1 
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were determined using Taqman gene real time probes. Significance was calculated 

using student’s “t’ test. *P < 0.05, c-Junf/f vs c-Jun∆ae mice. (B) Cytokines were measured 

in BAL fluids of 1.5, 3, 8, or 12 month-old c-Junf/f and c-Jun∆ae mice. Cytokines analyses 

were performed with multiplex suspension array system using Luminex beads. The 

mean values of cytokines in picograms + SEM of IL-12p40, IL-13, Cxcl1 (KC) and TNF-α 

were given (n=5). Significance was calculated using student’s “t’ test. *P < 0.05, c-Junf/f 

vs c-Jun∆ae mice.  

 

Figure 5: Cigarette smoke induced inflammation and emphysema in the lungs of 

c-Junf/f and c-Jun∆ae mice. Mice were exposed to cigarette smoke (CS) or filtered room 

air (RA) for 6 months. BAL was collected from the right lung, centrifuged, and stained 

with Diff-Quik stain kit. Left lung was inflated with 0.8% agarose and fixed in 1.5% 

paraformaldehyde. (A) Differential cell counts were performed and expressed as mean + 

SEM for total cells, neutrophils, macrophages and lymphocytes. One-way ANOVA 

followed by Newman-Kuels post hoc analysis was performed for multiple group 

comparisons, whereas two-way ANOVA with a Bonferroni correction was used for 

comparing the interaction between genotype and CS. In both cases ‘P’ values with < 

0.05 were considered as statistically significant. *P < 0.05 filtered air vs cigarette smoke; 

†P < 0.05, c-Junf/f vs c-Jun∆ae mice.  (B) Histopathology of lung sections showing the 

perivascular and peribronchial cellular infiltrate. Lung sections were prepared from mice 

exposed to RA and CS and stained with H & E. (C) Serial images of H & E stained lung 

sections (100x) of c-Junf/f and c-Jun∆ae mice exposed to CS and RA were taken and then 

mean chord lengths (MCL) were measured using computer-assisted morphometry with 

Image Pro Plus software. The values represented are mean MCL + SEM. One-way 

ANOVA followed by Newman-Kuels post hoc analysis was performed for multiple group 

comparisons, whereas two-way ANOVA with a Bonferroni correction was used for 
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comparing the interaction between genotype and CS. In both cases P values with < 0.05 

were considered as statistically significant.* P < 0.05 RA vs CS exposed mice. (D) The 

tissue sections obtained from the lungs of mice exposed to CS or RA were 

immunostained with anti-CD3 antibodies (E) and anti-B220 antibodies. Graphs represent 

the c-Jun positive T and B lymphocytes.   

 

 

 

 

 

 

 

 

 

 

 
 
 



 

 

Table 1. Clinical and Demographic characters of the Study Population. 

Parameters Non- 
COPD 

Moderate-
COPD 

Severe- 
COPD 

Very severe-
COPD 

Age (Mean + SD) 63.1 + 11.5 69.4 + 8.2 64.9 + 7.9 55.2 + 5.8 

Sex         
        M 11 13 7 14 
        F 10 11 6 16 

Smoking Status         

        Current 1 4 2 0 
        Ever 14 17 11 28 
        Never 6 1 0 1 
        Not Known 0 2 0 1 
        Packs/year (Mean +SD) 43.8 + 40.4 45.8 + 24.5 34.8 + 21.6 46.3 + 33.1 

Pulmonary Function Parameters         

        FEV1 (Mean + SD)  91.5 + 8.2 62.7+10.4 36.9 + 5.3 18.0 + 4.0 
        FCV   (Mean + SD) 95.1 + 9.2 77.1+ 15.7 62.2 + 15.4 47.1 + 14.1 
       Gold stage - 0/I/II/III/IV 14/7/0/0/0 0/0/24/0/0 0/0/0/13/0 0/0/0/0/30 

 

Values represent the number of patients or mean + SD. Gold = Global Initiative for Chronic Obstructive Lung 
Disease.  












