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Abstract The apical junctional complex (AJC), com-

posed of tight and adherens junctions, maintains epithelial

barrier function. Since cigarette smoking and chronic

obstructive pulmonary disease (COPD), the major smok-

ing-induced disease, are associated with increased lung

epithelial permeability, we hypothesized that smoking

alters the transcriptional program regulating airway epi-

thelial AJC integrity. Transcriptome analysis revealed

global down-regulation of physiological AJC gene

expression in the airway epithelium of healthy smokers

(n = 59) compared to nonsmokers (n = 53) in association

with changes in canonical epithelial differentiation path-

ways such as PTEN signaling accompanied by induction of

cancer-related AJC components. The overall expression of

AJC-related genes was further decreased in COPD smokers

(n = 23). Exposure of airway epithelial cells to cigarette

smoke extract in vitro resulted in down-regulation of sev-

eral AJC genes paralleled by decreased transepithelial

resistance. Thus, cigarette smoking induces transcriptional

reprogramming of airway epithelial AJC architecture from

its physiological pattern necessary for barrier function

toward a disease-associated molecular phenotype.
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Abbreviations

AJC Apical junctional complex

AJ Adherens junctions

CDH Cadherin

CGN Cingulin

CLDN Claudin

COPD Chronic obstructive pulmonary disease

CSE Cigarette smoke extract

GO Gene ontology

IAJC Small airway epithelium apical junctional

complex gene expression index

PCA Principal component analysis

PTEN Phosphatase and tensin homolog

SAE Small airway epithelium

TJ Tight junctions

TJP Tight junction protein

Introduction

The apical junctional complex (AJC), a distinct multi-

component structure localized to the apex of the lateral

membrane compartment of polarized epithelial cells,

includes two kinds of intercellular junctions, tight junctions

(TJ) and adherens junctions (AJ), a unique array of
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transmembrane proteins connected to an extensive network

of cytoplasmic scaffold and signaling proteins [1, 2]. The

TJ, the most apical AJC structure, constitute a semiper-

meable barrier for solutes and ions and physically separate

the apical and basolateral membranes [3, 4]. Just below the

TJ are the AJ which mediate cell–cell adhesion [5].

Detailed studies have defined the molecular composition of

AJC [2], the posttranslational events governing AJC

assembly in polarized epithelia [6–8], and the transcrip-

tional changes associated with AJC maturation during

epithelial differentiation in vitro [9]. However, little is

known about the global gene expression program encoding

AJC components and AJC-associated molecular pathways

and transcriptional networks (the ‘‘AJC gene expression

architecture’’) in human epithelial tissues in vivo in health

and under conditions characterized by an altered epithelial

barrier function.

The airway epithelium constitutes an essential tissue

barrier protecting the lung from inhaled environmental

challenges [10, 11]. Of these, cigarette smoke is a major

risk factor for chronic obstructive pulmonary disease

(COPD) and lung cancer [12–14]. Smoking can sub-

stantially compromise lung epithelial barrier function

leading to increased epithelial permeability [15, 16].

These observations have been commonly interpreted as a

result of smoking-induced damage to the junctional

structure [17, 18] due to direct cytotoxic effects of cig-

arette smoke on the lung epithelial cells [19, 20]. In the

present study, we hypothesized that cigarette smoking

might also have a more targeted effect on the airway

epithelial barrier by modifying the AJC gene expression

architecture in the small airway epithelium (SAE), the

primary site of cigarette smoking-associated changes in

the lung [21], and that this altered AJC-related gene

expression contributes to a COPD-relevant molecular

phenotype.

Materials and methods

Study population

A total of 135 subjects were included in this study

including 53 healthy nonsmokers, 59 healthy smokers, and

23 COPD smokers (see Supplementary Table 1, and the

inclusion and exclusion criteria).

SAE sampling, cDNA preparation and microarray

processing

SAE cells (10th–12th order bronchi) were collected by

fiberoptic bronchoscopy by brushing and processed for

microarray analysis as described in the Supplementary

Methods. Total RNA was extracted using a modification

of the TRIzol method (Invitrogen, Carlsbad, CA) and

processed to generate cDNA. Genome-wide gene

expression analysis was performed using HG-U133 Plus

2.0 array (Affymetrix, Santa Clara, CA) according to

Affymetrix protocols, hardware and software. Overall

microarray quality was verified by the criteria: (1) 30/50

ratio for GAPDH B3, and (2) scaling factor B10.0 [66].

The captured image data from the HG-U133 Plus 2.0

arrays was processed using the MAS5 algorithm. The

data were normalized using GeneSpring version 7.3.1

(Agilent technologies, Palo Alto, CA). See Supplemen-

tary Methods for further details. The raw data are

available at the Gene Expression Omnibus (GEO) site

(http://www.ncbi.nlm.nih.gov/geo/), accession number for

this dataset is GSE20257.

Characterization of the apical junctional complex

gene expression

A total of 69 AJC-related genes were selected based on the

literature (Table 1). Using GeneSpring 7.3.1 software,

genes were considered ‘‘expressed’’ if detected (P call of

‘‘Present’’) in C20% of subjects in each study group. Dif-

ferentially expressed genes between two groups were

identified by the criteria: (1) P call C20% of samples in any

of the groups; and (2) P \ 0.05 between the groups with a

Benjamini-Hochberg correction. A gene was defined as

‘‘smoking-responsive’’ if its expression was significantly

different in healthy smokers compared to healthy non-

smokers. Unsupervised hierarchical clustering (with

standard correlation as similarity measure and the complete

linkage clustering algorithm) and principal component

analysis (PCA) were carried out using GeneSpring

software.

AJC gene expression index

The SAE ‘‘AJC gene expression index’’ (AJC index, IAJC)

was determined as a global measure of the coordinated

smoking-induced changes in the SAE AJC gene expression

by integrating information on expression levels of all

smoking-responsive genes encoding physiological AJC

components. For genes represented by more than one probe

set, the probe set with the lowest P value was used.

Expression values were log2 transformed. For each gene, a

mean and standard deviation were calculated from the

values in healthy nonsmokers, and the ‘‘normal range’’ was

defined as within two standard deviations (SD) of the

mean, in the direction of the smoking-induced change. IAJC

for each subject was defined as the percentage of AJC

genes with expression levels outside the normal range,

using the formula:
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Table 1 Changes in the AJC

gene expression in the SAE of

healthy smokers and smokers

with COPD

Color codes for significantly

differentially expressed genes

(vs. healthy nonsmokers);

red = significantly up-regulated

genes (vs. healthy nonsmokers);

blue = significantly down-

regulated genes (vs. healthy

nonsmokers)

NS, healthy nonsmokers;

S, healthy smokers; COPD,

COPD smokers; N.D., not

detected (P call \ 20% in both

study groups); N.S., not

significant
a For genes with more than one

probe set, the probe set with the

best P call and/or (for significant

genes) the lowest P value

(vs. healthy nonsmokers) is

included

Gene category Change vs N3 p value (vs NS)
Gene name

Gene 
symbol2 S4 COPD5 S COPD

Transmembrane tight junction (TJ) genes 
Claudin 1 CLDN1 <0.001 6.4x10-05

Claudin 2 CLDN2  N.D.6 N.D.
Claudin 3 CLDN3 <0.009 0.023
Claudin 4 CLDN4  N.S.7 0.022
Claudin 5 CLDN5  N.D. N.D.
Claudin 6 CLDN6  N.D. N.D.
Claudin 7 CLDN7  N.S. <0.007
Claudin 8 CLDN8 2.7x10-07 2.9x10-08

Claudin 9 /// HCTP4-binding protein CLDN9 <0.002 6.0x10-04

Claudin 10 CLDN10 4.7x10-11 2.2X10-11

Claudin 11 CLDN11  N.D. N.D.
Claudin 12 CLDN12  N.S. N.S.
Claudin 14 CLDN14  N.D. N.D.
Claudin 15 CLDN15  N.S. N.S.
Claudin 16 CLDN16  N.S. <0.003
Claudin 17 CLDN17  N.D. N.D.
Claudin 18 CLDN18  N.S. N.S.
Claudin 19 CLDN19  N.S. N.S.
Claudin 20 CLDN20  N.D. N.D.
Occludin OCLN 4.4x10-05 3.9x10-05

F11 receptor F11R <0.03 N.S.
Junctional adhesion molecule 2 JAM2  N.D. N.D.
Junctional adhesion molecule 3 JAM3  N.S. <0.02

4KNW4esaniknietorptneicifedenisylKNW 4.7X10-11 1.4x10-09

RDAXCrotpecersurivonedadnasuriveikcasxoC <0.005 5.8x10-05

Cytoplasmic TJ genes
1PJT)1snedulccoanoz(1nietorpnoitcnujthgiT <0.02 5.5x10-05

2PJT)2snedulccoanoz(2nietorpnoitcnujthgiT N.S. N.S.

3PJT)3snedulccoanoz(3nietorpnoitcnujthgiT <0.005 N.S.
1PPMaDk55,1detalyotimlap,nietorpenarbmeM <0.03 N.S.

Membrane protein, palmitoylated 7 (MAGUK p55 subfamily member 7) MPP7 <0.04 5.2x10-04

Symplekin SYMPK <0.003 N.S.
Membrane associated guanylate kinase, WW and PDZ domain containing 1 MAGI1 8.7x10-06 4.5x10-06

Membrane associated guanylate kinase, WW and PDZ domain containing 2 MAGI2 1.8x10-09 2.8X10-07

Membrane associated guanylate kinase, WW and PDZ domain containing 3 MAGI3 8.3x10-05 0.022
Multiple PDZ domain protein MPDZ <0.002 5.2x10-04

Cold shock domain protein A CSDA <0.002 N.S.
Cingulin CGN 2.7X10-07 7.6x10-05

Polarity complex genes
3DRAP)snagele.C(golomoh3evitcefedgninoititrap3-raP <0.004 N.S.

Par-6 partitioning defective 6 homolog beta (C. elegans) PARD6B <0.005 5.0x10-04

Protein kinase C, zeta PRKCZ <0.003 N.S.
Protein kinase C; iota PRKCI <0.02 <0.02

11KTS)emordnyssrehgeJ-ztueP(11esanikeninoerht/enireS N.S. N.S.
Scribbled homolog (Drosophila) SCRIB  N.S. N.S.

1LGLL)alihposorD(1golomoheavraltnaiglahteL N.S. N.S.
Discs, large homolog 7 (Drosophila) DLG7  N.S. N.S.
Discs, large homolog 1 (Drosophila) DLG1 <0.03 <0.04
Crumbs homolog 3 (Drosophila) CRB3  N.S. N.S.
InaD-like (Drosophila) INADL  N.S. <0.004
Membrane protein, palmitoylated 5 (MAGUK p55 subfamily member 5) MPP5 8.3x10-05 <0.006

Adherens junctions genes
1HDC)lailehtipe(nirehdac-E,1epyt,1nirehdaC <0.03 <0.01
2HDC)lanoruen(nirehdac-N,1epyt,2nirehdaC 0.002 1.0x10-05

3HDC)latnecalp(nirehdac-P,1epyt,3nirehdaC 4.7x10-04 N.S.
Catenin (cadherin-associated protein), alpha 1, 102kDa CTNNA1  N.S. N.S.

1LANNTC1ekil-ahpla,)nietorpdetaicossa-nirehdac(ninetaC 1.7x10-06 N.S.
1BNNTCaDk88,1ateb,)nietorpdetaicossa-nirehdac(ninetaC <0.003 <0.005

1LBNNTC1ekilateb,ninetac;1ekilateb,ninetaC N.S. N.S.
Catenin, beta interacting protein 1 CTNNBIP1 <0.006 N.S.

1DNNTC1atled,)nietorpdetaicossa-nirehdac(ninetaC <0.03 N.S.
MRPTPM,epytrotpecer,esatahpsohpenisorytnietorP 4.7x10-05 N.S.

Myeloid/lymphoid or mixed-lineage leukemia; translocated to, 4 MLLT4 2.4x10-05 7.0x10-05

Poliovirus receptor-related 1 PVRL1  N.D. N.D.
Poliovirus receptor-related 2 PVRL2  N.S. N.S.
Poliovirus receptor-related 3 PVRL3 8.7x10-08 <0.001

Apical polarity-regulating and other AJC-related genes
Angiomotin AMOT  N.D. N.D.
Numb homolog (Drosophila) NUMB  N.S. N.S.
Hepatocyte nuclear factor 4, alpha HNF4A  N.D. N.D.
Phosphatase and tensin homolog (mutated in multiple advanced cancers 1) PTEN 5.1x10-04 2.8x10-04

Forkhead box A1 FOXA1 3.0x10-06 3.3x10-05

Forkhead box A2 FOXA2 4.7x10-04 7.6x10-05
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IAJCð%Þ ¼
Xn

n¼1

cEn

where E1 has a value of 1 if the expression level for gene 1

is[2 SD below that of healthy nonsmokers or a value of 0

if the expression level is B2 SD below that of healthy

nonsmokers, E2 is the index for gene 2, etc., and the

constant c (=100 divided by the number of smoking-

responsive AJC genes, n) normalizes the index to the

percent of AJC genes that are outside of the range of

healthy nonsmokers. The statistical significance of differ-

ences in IAJC between the groups was determined using the

Wilcoxon signed-ranks test.

Functional analysis of gene expression data

Genome-wide correlation analysis was performed to iden-

tify smoking-responsive gene probe sets having gene

expression patterns similar to AJC genes down-regulated

by smoking (‘‘AJC-associated genes’’), i.e., genes nega-

tively correlated with the SAE IAJC in healthy smokers

using the Pearson correlation coefficient (r) B -0.5 as a

screening cut-off criterion. To determine canonical

molecular pathways enriched within the AJC-associated

gene dataset, the derived gene list was subjected to Inge-

nuity Pathway Analysis (http://www.ingenuity.com).

Criteria for pathway enrichment were: (1) the significance

of association between the canonical pathway and the

dataset (P \ 0.05, Fischer’s exact test), and (2) the degree

of enrichment ([1% unique genes from the input dataset

belonging to the pathway). Functional categories enriched

in the gene datasets were determined by gene ontology

(GO) analysis using GeneSpring software and ProfCom

analytic tool [67]. For selected gene sets, Spearman’s rank

correlation coefficient (q) was determined using StatView

(SAS Institute, Cary, NC). A smoking-sensitive network of

AJC-associated protein–protein interactions was con-

structed using STRING (Search Tool for the Retrieval of

Interacting Genes/Proteins; http://string-db.org) database

[31], applying a gene list containing smoking-responsive

AJC genes and genes in the top AJC-associated molecular

pathways as a combined input dataset using the Markov

clustering algorithm or, for recently discovered interac-

tions, based on literature data.

AJC transcriptional network

The core AJC network genes were identified based on: (1)

P call C20%, (2) significantly downregulated in the SAE of

healthy smokers versus healthy nonsmokers (P \ 0.05,

Benjamini-Hochberg correction), (3) correlation with IAJC

(r B -0.6; q B -0.7, P \ 0.0001), and (4) correlation

with two or more known AJC genes (q C 0.7, P \ 0.05).

The intrinsic AJC network genes (nodes) were identified

based on the criteria: (1) well-characterized gene encoding

a defined AJC component (Table 1), (2) P call C20%, (3)

significantly downregulated in the SAE of healthy smokers

versus healthy nonsmokers (P \ 0.05 with Benjamini-

Hochberg correction), (4) correlation with IAJC (r B -0.5;

q B -0.6, P \ 0.0001), (5) correlation with three or more

core AJC network genes (q C 0.7, P \ 0.05), and (6)

correlation with two or more known AJC genes (q C 0.6,

P \ 0.05). AJC network genes were clustered into sub-

groups based on unsupervised hierarchical clustering.

Human airway epithelial cell cultures

and in vitro studies

The human airway epithelial cell line 16HBE14o- was

chosen because these cells can differentiate in a three-

dimensional culture system acquiring essential character-

istics of the normal airway epithelium, including functional

TJ and AJ [68]. The cells were grown in Eagle’s minimum

essential medium supplemented with 2 mM L-glutamine

(Gibco, Carlsbad, CA), 10% fetal calf serum, 100 lg/ml

streptomycin, and 100 U/ml penicillin G, at 37�C in an

incubator in an atmosphere containing 5% CO2. After

reaching about 90% confluence, they were passaged and

seeded (105 cells/cm2) onto Transwell permeable filter

inserts (12 mm diameter, pore size 0.4 lm; Costar, Cam-

bridge, MA) and grown at 37�C in an atmosphere

containing 5% CO2 under liquid-covered conditions. The

volumes of the apical (400 ll) and basolateral (1,200 ll)

chambers were set to avoid a significant hydrostatic pres-

sure gradient across the cell layers [68]. Epithelial

junctional integrity was determined by measuring trans-

epithelial electrical resistance (Millicell ERS-2 epithelial

volt-ohm-meter; Millipore, Bedford, MA).

Aqueous cigarette smoke extract (CSE) was generated

from the combustion of one cigarette (Marlboro Red) bub-

bled through 12.5 ml of culture medium [69]. This medium,

defined as ‘‘100% CSE’’, was adjusted to pH 7.4 and filtered

through a 0.22-lm filter. Experiments were started once

transepithelial resistance reached C700 X9cm2, a level

corresponding to the differentiation of 16HBE14o- cells

expressing functional AJC components [68]. To mimic in

vivo cigarette smoking, differentiated 16HBE14o- cells

were exposed to CSE from the apical surface by adding 1, 2

or 4% CSE, concentrations nontoxic to these cells [46].

Control cells were treated with culture medium only. To

model chronic cigarette smoke exposure, the apical medium

containing CSE remained in the upper chamber until the

next day, when the resistance was measured and the medium

was replaced with a fresh CSE-containing medium. The

experiments were carried out for 6 days. After CSE expo-

sure was completed, cell viability was assessed by trypan
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blue exclusion and RNA extracted and processed for Taq-

Man RT-PCR analysis. Experiments were repeated at least

three times.

TaqMan real-time PCR

TaqMan RT-PCR was performed to confirm differential

expression of a subset of genes found to be differentially

expressed by microarray, using the same RNA samples that

were used for the microarray analysis, and to determine the

effect of in vitro exposure of cultured airway epithelial

cells to CSE on expression of selected AJC genes and

known smoking-inducible oxidative stress-related genes.

See Supplementary Methods for details.

Immunofluorescence analysis

Cytospin preparations of SAE obtained from randomly

selected healthy smokers (n = 3) and healthy nonsmokers

(n = 3) were processed for immunofluorescence analysis.

Samples were blocked with donkey serum for 30 min

(Jackson ImmunoResearch, West Grove, PA) and incu-

bated with primary antibodies, mouse monoclonal

antibodies against CLDN1 (10 lg/ml; Abnova, Taipei,

Taiwan) and CDH1 (10 lg/ml; Invitrogen, Camarillo, CA)

at 4�C overnight in a humid chamber, with mouse IgG2a

and mouse IgG1 (both from R&D; Minneapolis, MN)

isotype controls, respectively. Nuclei were counterstained

with 40,6-diamidino-2-phenylindole (DAPI; Invitrogen,

Carlsbad, CA). Images were captured using an Olympus

IX 70 fluorescence microscope and analyzed using

MetaMorph software (Universal Imaging Corporation,

Downingtown, PA). Pseudocolor images were formed with

red channel Cy5 fluorescence.

Results

Physiological AJC gene expression architecture

in the human SAE

Microarray analysis revealed a distinct pattern of AJC gene

expression in the SAE of healthy nonsmokers: 31 of 63

(49%) genes encoding known AJC components were

expressed in all individuals, with considerable variability in

expression levels of individual AJC genes (Fig. 1). Among

Fig. 1 Expression of AJC-related genes in the SAE of healthy

nonsmokers. The ordinate represents P calls (percent subjects in each

group expressing a given gene; yellow bars) and normalized log-

transformed expression levels (means ± SD) of each gene (red genes

with relatively high expression, C20; blue genes with relatively low

expression, \20)
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the constitutively expressed genes encoding transmem-

brane TJ proteins (TJP), CXADR (coxsackie virus and

adenovirus receptor) was most abundant followed by the

claudin genes CLDN-7, -3, -8, and -1, and F11R (JAM-1;

Fig. 1a). Of the 12 AJC genes encoding cytoplasmic TJ

components, 11 (92%) including TJP1, TJP2, and TJP3

(zona occludens ZO-1, -2, and -3, respectively), CSDA

(ZONAB) and others were constitutively expressed

(Fig. 1b). Although expression levels of the genes encod-

ing the epithelial polarity complexes were relatively low,

genes encoding the major epithelial polarity complex

PAR3/PAR6/aPKC and the core elements of the Crumbs

(CRB3/INADL/MPP5) polarity complex were detected in

the SAE of all healthy nonsmokers, whereas the Scribble

complex (SCRIB/LLGL1/DLG) was detected in only a few

subjects (Fig. 1c). Among the AJ genes, CDH1 (E-cad-

herin), displayed the highest relative expression levels

followed by MLLT4 (afadin; AF-6), CTNNB1 and other

catenin family genes (Fig. 1d). Consistent with the normal

epithelial phenotype, CDH2 (N-cadherin), abundantly

expressed in mesenchymal and neuronal tissues [5], was

barely detected in the SAE of healthy nonsmokers

(Fig. 1d). Four genes implicated in regulation of apical

epithelial polarity, e.g. NUMB, PTEN, FOXA1 and

FOXA2 [22–25] were constitutively expressed at low

levels (Fig. 1e). Genes coding for AJC elements such as

CLDN-2, -5, -6, -11, -14, -17, and -20, and nectin-1

(PVRL1) as well as putative AJC-regulating genes AMOT,

HNF4A were not detected (Fig. 1).

Smoking-dependent derangement of AJC gene

expression architecture in healthy SAE

Genome-wide analysis revealed that, whereas 19% of all

genes (6,038 of 32,436) detected in the SAE were affected

significantly by smoking (Fig. 2a, left panel), the impact of

smoking on the AJC transcriptional program was more

profound, with 71% of the detected AJC genes (39 of 55)

differentially expressed in healthy smokers versus non-

smokers (Fig. 2a, right panel). Remarkably, whereas at the

genome-wide level, smoking was associated with upregu-

lation of a considerable number of genes (Fig. 2a, left

panel) that were mostly related to oxidative stress and

xenobiotic metabolism (Fig. 2b), there was almost a uni-

form suppression of the physiological AJC gene expression

program, with 37 of 39 (95%) smoking-responsive AJC

genes significantly downregulated in healthy smokers

compared to nonsmokers (Fig. 2a, right panel; b).

All AJC categories were broadly affected in healthy

smokers, including 8 of 25 genes (32%) encoding trans-

membrane TJPs, 11 of 12 genes (92%) encoding

cytoplasmic TJ, 6 of 12 polarity complex genes (50%)

including all three members of the PAR3/PAR6/aPKC

polarity complex, and 9 of 14 AJ genes (64%), suggesting a

net effect of smoking on the physiological SAE AJC pro-

gram (Fig. 2c, Table 1). From the functional perspective,

smoking was associated with downregulation of the entire

molecular AJC machinery, including the proteins that

physically constitute cell–cell junctions, receptors for

extracellular ligands, adaptor proteins, kinases, phospha-

tases and transcription factors (Fig. 2c). In contrast to the

physiological AJC genes, expression of the TJ gene

CLDN10 and the AJ gene CDH2, both associated with

epithelial carcinogenesis [26–28], was significantly

upregulated in the SAE of healthy smokers (Table 1).

Differential expression of several AJC genes in heal-

thy smokers versus nonsmokers was confirmed by

TaqMan RT-PCR (Supplementary Fig. 1). The expression

of CLDN1 and CDH1, the two major components of TJ

and AJ, respectively, was markedly decreased in

the smokers’ SAE cells at the protein level (Fig. 2d;

Supplementary Fig. 2). Together, these findings suggest

that the physiological AJC molecular architecture in the

human SAE is broadly deranged by cigarette smoking in

vivo.

Dysregulation of the SAE AJC transcriptional program

in COPD smokers

Microarray analysis revealed that 18 of 37 AJC-encoding

genes (49%) suppressed in the SAE of healthy smokers

were further downregulated in smokers with COPD

(Table 1). Also the putative AJC-regulating genes PTEN,

FOXA1 and FOXA2 demonstrated progressive smoking-

dependent downregulation in COPD smokers (Table 1). By

contrast, CLDN10 and CDH2, the two disease-associated

AJC genes induced in the SAE of healthy smokers, were

further upregulated in COPD smokers (Table 1) along with

CLDN7, a TJ gene, implicated in epithelial carcinogenesis

[29, 30]. (See Supplementary Fig. 4 for examples of AJC

genes dysregulated in the SAE of COPD smokers.)

Based on the expression of all AJC genes detected in the

SAE, unsupervised clustering analysis effectively segre-

gated nonsmokers from both healthy and COPD smokers,

with the COPD smokers forming a group at the pole

opposite to that of nonsmokers in the clustering map

(Fig. 3a). Healthy smokers were distributed throughout the

map with subsets having either nonsmoker-like or COPD-

like molecular patterns (Fig. 3a). PCA revealed that the

groups could be separated from each other more effectively

on the basis of the SAE expression of AJC genes (Fig. 3b,

right panel) than on basis of the expression of all genes in

the SAE transcriptome (Fig. 3b, left panel). Remarkably,

the first principal component increased from 12.2% in

the transcriptome-wide analysis to 28.5% in the AJC gen-

e-restricted analysis (Fig. 3b), indicating that variability in
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AJC gene expression made a substantial contribution to

genome-wide differences between the study groups. Simi-

lar to the cluster analysis, PCA revealed a progressive shift

in AJC gene expression from healthy nonsmokers to

smokers with COPD, whereas such a trend was not

prominent at the genome-wide scale (Fig. 3b). This trend

was not due to differences in gene number between the

genome-wide and the 54-gene AJC-restricted datasets,

since PCA on randomly selected datasets with the same

number of genes as the AJC-restricted dataset did not

reveal group-specific variability between the subjects

except for the dataset composed of 54 randomly selected

oxidative stress-related genes (Supplementary Fig. 3).

SAE AJC index as a measure of smoking-dependent

dysregulation of the SAE AJC transcriptional program

The SAE AJC gene expression index (IAJC) was developed

as a global measure of the coordinated smoking-dependent

changes in the physiological SAE AJC gene expression by

integrating information on expression levels of all smok-

ing-responsive genes that encode AJC components.

Consistent with the trends revealed by the clustering

analysis and PCA, the average IAJC progressively increased

in a smoking-dependent manner from healthy smokers to

COPD smokers (P \ 0.04, Fig. 3c). This analysis also

revealed the contribution of individual AJC genes to the

Fig. 2 Smoking alters SAE AJC gene expression. a Volcano plot

comparing the normalized expression of all gene probe sets (left
panel) or AJC-encoding genes (right panel) in the SAE of healthy

smokers versus healthy nonsmokers; y-axis, negative log of P value;

x-axis, log2-transformed fold-change; red dots significant differen-

tially expressed probe sets, grey dots not significant probe sets.

b Differentially expressed physiological AJC-encoding genes (blue
bars) and other genes belonging to various functional categories

(black bars) in the SAE of healthy smokers versus healthy

nonsmokers; y-axis, log2-transformed fold-change. c Diagram of the

AJC architecture; significantly up- and downregulated in the SAE of

healthy smokers are depicted as red boxes and blue boxes, respec-

tively; yellow boxes indicate genes with no significant change; edges

indicate known interactions between individual AJC proteins based

on biochemical studies [1–7, 70]; the shapes of the nodes indicate

different classes of AJC molecules determined based on the NCBI

Entrez Gene database. d Immunofluorescence analysis of differential

expression of CLDN1 and CDH1 proteins (red) in the cytospin

preparations of SAE of healthy smokers versus healthy nonsmokers.

Nuclei stained with DAPI (blue); scale bars 10 lm. More examples

are shown in Supplementary Fig. 2
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progressive smoking-dependent abnormality in the global

SAE AJC gene expression architecture (Fig. 3d). Notably,

the IAJC-based analysis revealed a higher magnitude of

intergroup variability, suggesting that it can capture more

information related to differential expression of AJC genes

compared to traditional fold-change-based analysis.

Molecular pathways associated with smoking-induced

changes in the SAE AJC gene expression architecture

To determine whether downregulation of the physiological

AJC transcriptional program in the SAE of smokers is

associated with smoking-induced changes in the canonical

molecular pathways, we first performed a genome-wide

screening for smoking-responsive genes negatively corre-

lated (r \ -0.5) with the IAJC, i.e., having an expression

pattern similar to AJC genes in the SAE of healthy

smokers. The derived gene dataset (‘‘AJC-associated

genes’’) included 992 probe sets corresponding to 825

unique annotated genes (Supplementary Table 3), indicat-

ing that suppression of the AJC transcriptional program has

transcriptional coherence with at least 15% of other

smoking-responsive genes. Among the top AJC-associated

genes was peroxiredoxin 5 (r \ -0.66; q\ -0.53,

P \ 0.0001), an antioxidant gene that has been suggested

to protect the airway epithelium from smoking-induced

injury [19]. Ingenuity pathway analysis revealed that the

AJC-associated gene dataset (796 mapped genes) is

Fig. 3 Smoking-dependent changes in the SAE AJC gene expression

in COPD. a Unsupervised hierarchical clustering of healthy non-

smokers (green lines), healthy smokers (orange lines) and COPD

smokers (blue lines) based on the SAE expression of AJC-encoding

genes. Genes expressed above the average are represented in red,

below average in blue, and average in white. b PCA of healthy

nonsmokers (green circles), healthy smokers (orange circles) and

COPD smokers (blue circles) on all expressed gene probe sets (left
panel) and on AJC-encoding gene probe sets (right panel). The

percentage contributions of the first three principal components are

indicated. c Distribution (percent of subjects/group; ordinate) of

healthy nonsmokers (green), healthy smokers (orange) and COPD

smokers (blue) based on the SAE AJC index (IAJC; percent of

abnormally expressed AJC-encoding genes; abscissa). The inserted
box-plot shows the IAJC distribution in each group: the bottom and top

of each box represent the 25th and 75th percentile (the lower and

upper quartiles, respectively), and the band near the middle of each

box is the 50th percentile (the median); the ends of the whiskers

represent the 10th percentile and the 90th percentile; points lying

outside the whiskers are considered outliers; P values were

determined using the Wilcoxon signed-ranks test. d Abnormal

expression frequency (ordinate; percent of subjects/group having

expression of a given AJC-encoding gene below the normal range)
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enriched in elements of canonical molecular pathways

implicated in regulation of epithelial differentiation, with

the PTEN pathway showing the strongest association

(P \ 10-4; Fig. 4a). Other enriched pathways included

protein kinase A signaling, insulin receptor signaling,

PI3K/AKT signaling (all P \ 10-3), Rac and CDC42 sig-

naling pathways (both P \ 0.005, Fig. 4a). Expression of

the founding member of the PTEN pathway, the tumor

suppressor PTEN, significantly correlated with overall AJC

gene expression (Fig. 4b).

To construct a model of smoking-sensitive molecular

interactions between individual AJC-encoding genes and

associated molecular pathways, the set of AJC-encoding

genes, PTEN pathway member genes and putative AJC-

regulating genes correlating with the IAJC (r B -0.5;

q B -0.5; P \ 0.0001) were subjected to STRING net-

work analysis. STRING is a web-based analytical tool

that accumulates information on functional protein–pro-

tein associations based on the knowledge of physical

interactions between individual proteins including their

interaction in curated biological pathways complemented

by interactions that are predicted computationally using a

set of prediction algorithms [31]. This analysis revealed

that, based on known and predicted protein–protein

interactions, a number of smoking-sensitive AJC-encod-

ing genes encode proteins that interact with each other

and are directly or indirectly linked to PTEN (Fig. 4c),

implying that AJC-associated protein–protein interactions

are reprogrammed by smoking at the transcriptional

level.

Fig. 4 Smoking-sensitive AJC-associated molecular pathways.

a IPA-based canonical pathways enriched among AJC-associated

genes (smoking-sensitive genes negatively correlating with the IAJC

with r \ -0.5). The ordinate indicates the degree of enrichment

(percent of AJC-associated genes belonging to the pathway; orange
boxes) and shows -log P values of enrichment. The axonal guidance

pathway (enrichment 3.3%; P \ 0.01) was excluded as being specific

to neuronal signaling. b Spearman correlation (q) analysis of the

PTEN gene normalized expression in the SAE of healthy smokers

with the IAJC. c STRING 8.2-based model of relationships between

smoking-responsive physiological AJC-encoding genes and selected

AJC-related genes correlating with the IAJC with r \ -0.5. Each

circle corresponds to an individual gene with the size proportional to

the degree of correlation (r) with the IAJC, and the color corresponding

to the clusters in which the genes were grouped based on known

protein–protein interactions (Markov clustering); the form of the lines

reflects the confidence of the association from thick (most confident)

to dashed (least confident)
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SAE smoking-sensitive AJC transcriptional network

A uniform downregulation of the physiological AJC gene

expression pattern in the SAE of smokers suggests that

transcriptional mechanisms determining the expression of

individual AJC genes in the SAE are suppressed by

smoking in a coordinated manner. This assumption was

supported by the GO analysis, which indicated that the

biological functions ‘‘Nucleic acid metabolism’’ (38% of

dataset genes; P \ 10-7) and ‘‘Transcription’’ (27% of

dataset genes; P \ 10-5) dominated among the func-

tional GO categories significantly enriched in the AJC-

associated gene dataset (Fig. 5a). Based on the concept

that high gene expression correlation may provide

unbiased information on possible gene regulatory net-

works independent of prior knowledge about the physical

interaction between the gene products [32, 33], and since

IAJC provides a cumulative measure of AJC gene

expression, we performed a genome-wide coexpression

analysis that identified a subset of 21 smoking-responsive

genes (‘‘core AJC network genes’’; Fig. 5b), whose

expression paralleled changes in the global AJC tran-

scriptional program. This was evident as a strong

negative correlation of their expression with the IAJC

(q B -0.7; P \ 0.0001) and a strong positive correlation

with at least two AJC-encoding genes (q[ 0.7;

P \ 0.0001) in the SAE of healthy smokers (Supple-

mentary Table 4). Of note, 15 of 21 core AJC network

genes (71%) encoded nuclear proteins, consistent with a

significant enrichment of the categories ‘‘RNA binding’’

(P \ 10-5), ‘‘Nucleus’’ (P \ 10-5), and ‘‘Transcription’’

(P \ 0.001) in the 21-gene core AJC network dataset

(Supplementary Table 5). The core AJC network inclu-

ded genes encoding well-characterized transcriptional

regulators such as CRSP3, MATR3, NUCKS, and PSIP1,

as well as genes related to cytokine signaling and tissue

morphogenesis, such as IL6ST and PKD2, respectively

(Fig. 5b; Supplementary Table 4).

Overall AJC network gene expression in the SAE of

healthy smokers strongly correlated with expression of

PTEN (q = 0.77, P \ 0.0001; Fig. 5c), indicating a link

between the AJC transcriptional network and AJC-asso-

ciated signaling pathways sensitive to smoking. The

overall expression of the core AJC transcriptional net-

work genes was further decreased in smokers with

COPD (P \ 0.0003 vs. healthy smokers; Fig. 5d), in

agreement with progressive smoking-dependent suppres-

sion of the SAE AJC gene expression program in COPD

(Fig. 3c).

A subset of AJC-encoding genes (TJP1, MPP5, CDH1,

MPP7, DLG1, and MPDZ) exhibited a particularly high

degree of coexpression with the core AJC network ele-

ments (Fig. 5b). Among these ‘‘intrinsic’’ AJC network

genes, TJP1 and MPP5 exhibited the highest degree of

interaction intensity, being strongly coexpressed (q[ 0.7;

P \ 0.0001) with 18 (86%) and 16 (76%) of core AJC

network genes, respectively (Fig. 5b; Supplementary

Table 4). Based on the cluster analysis, individual AJC-

encoding genes within the network displayed a preferential

interaction with specific core network elements (Fig. 5b),

suggesting heterogeneity of the regulatory pathways within

the network.

Cigarette smoke modulates airway epithelial

AJC in vitro

To assess whether smoking can induce changes in the AJC

transcriptional program and physiological properties

independent of inflammatory cells or the direct effect of

cytotoxicity on the airway epithelial barrier, we exposed

the apical surface of differentiated 16HBE14o- human

airway epithelial cells to CSE daily at nontoxic concen-

trations (Fig. 6a). After 6 days of exposure, the expression

of genes encoding AJC components CLDN1, CLDN8,

CGN, and CDH1 was significantly downregulated

(Fig. 6b). All these genes were also among the AJC genes

significantly downregulated in the SAE of smokers in vivo

(Table 1; Supplementary Fig. 4). Downregulation of these

AJC genes was accompanied by CSE-induced suppression

of genes encoding PTEN and transcription factor

FOXO3A (Fig. 6b), a downstream member of the PTEN

pathway [34, 35]. By contrast, expression of two smoking-

inducible oxidative stress-related genes CYP1A1,

CYP1B1 and NQO1 [36], was upregulated (Fig. 6b),

indicating that the observed effect of CSE on AJC genes

was not due to the general CSE-induced transcriptional

suppression. This downregulation of physiological AJC

gene expression by noncytotoxic CSE exposure in vitro

was accompanied by a significant decrease in transepi-

thelial electrical resistance (Fig. 6c), a measure of the

epithelial junctional barrier integrity.

Discussion

Apical–basal polarity, a hallmark of differentiated epi-

thelia, is manifested by an asymmetric distribution of

specialized protein domains along the plasma membrane

[7]. Localized to the apical membrane compartments of

neighboring epithelial cells, the AJC is essential for

epithelial barrier integrity and function, with the TJ

governing the transport of solutes and ions across epi-

thelia, and the AJ mediating cell–cell adhesion [1–4].

AJC protein complexes also function as signaling plat-

forms that regulate gene expression, cell proliferation

and differentiation [37, 38] and provide a tumor-

886 R. Shaykhiev et al.



suppressing mechanism [39, 40]. All of these functions

are altered in the airway epithelium of smokers, which is

leakier, hyperproliferative, abnormally differentiated and

more susceptible to malignant transformation [16, 21, 41,

42] compared to that of nonsmokers. The present study

suggests that one of the mechanisms central to these

airway epithelial barrier abnormalities in smokers is the

dysregulation of the physiological AJC transcriptional

program in the airway epithelium, an alteration that

progresses during the development of smoking-induced

lung disease.

Physiological SAE AJC gene expression architecture

AJC barrier integrity is determined by its unique molecular

composition, which varies from one anatomic location to

another [4]. Under physiological conditions, the SAE

appears to be leakier than the epithelium of proximal air-

ways, indicative of a distinct SAE AJC molecular program

that determines a balance between physiological perme-

ability necessary for constitutive metabolic processes, and

function as a barrier limiting diffusion of solutes, ions, and

preventing penetration of inhaled microbes [1, 43, 44].

Fig. 5 Smoking-sensitive AJC-associated transcriptional network in

the SAE. a Biological process-related GO categories significantly

enriched in the dataset of AJC-associated genes (smoking-responsive;

correlating with the IAJC with r \ -0.5); x-axis, enrichments (percent

of AJC-associated genes in the particular GO category); y-axis shows

–log P values of enrichment. The dashed lines indicate the arbitrarily

defined area of significant enrichment (enrichment[10%; P \ 0.05).

b The core AJC network genes and their coexpression-based

‘‘interactions’’ with the intrinsic AJC network genes were identified

based on their correlation with the IAJC and each other as described in

‘‘Materials and methods’’. Each circle represents an individual gene

with the size differences proportional to inter-network interaction

intensity, and the color corresponding to the clusters based on the

unsupervised hierarchical clustering; the form of the lines reflects the

strength of the correlation between the two genes (see Supplementary

Table 4). c Spearman rank correlation (q) analysis of the PTEN gene-

normalized expression and the mean AJC network gene expression in

the SAE of healthy smokers. d Mean normalized expression levels of

AJC network genes in the study groups; the data presented are the

means±SD for each group and the P values indicate the significance

of the differences between the groups
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Although expression of several AJC proteins in the airway

epithelium has been analyzed in detail previously [44], the

entire AJC molecular composition of the SAE in vivo

under physiological conditions has not been previously

assessed. Microarray analysis of the present study revealed

that 49% of genes encoding known AJC components are

expressed in the SAE of healthy nonsmokers, with con-

siderable variability in expression levels of individual AJC

genes.

Transcriptional suppression of physiological AJC

program by smoking

Cigarette smoke increases airway epithelial permeability in

vivo and in vitro [15–19, 45, 46]. Since smoking is

associated with dramatic gene expression changes in the

airway epithelium [36], we hypothesized that chronic

exposure to cigarette smoke modulates the transcriptional

program necessary for the maintenance of AJC in the SAE.

Of the AJC-encoding genes physiologically expressed in

the SAE, 67% were found to be significantly downregu-

lated in healthy smokers. All categories of AJC-encoding

genes were broadly affected, with the genes encoding

cytoplasmic TJ components being almost uniformly (92%)

downregulated. This was accompanied by downregulation

of putative regulators of epithelial polarity (e.g., PTEN,

FOXA1, and FOXA2), suggesting that some of them might

represent smoking-sensitive regulators of AJC genes in the

airway epithelium. Impressively, smoking-induced differ-

ences in AJC gene expression had a higher impact on the

Fig. 6 Effect of the CSE on the airway epithelial AJC gene

expression and barrier integrity in vitro. a Viability of differentiated

16HBE14o- cells apically stimulated with 1, 2, or 4% CSE for 6 days

as described in ‘‘Materials and methods’’ compared to unstimulated

cells (n = 3 in each group); NS nonsignificant difference (P [ 0.05)

for all three comparisons. b Expression of AJC genes (CLDN1,

CLDN8, CGN, CDH1), PTEN pathway genes (PTEN, FOXO3), and

oxidative stress-related genes (CYP1A1, CYP1B1, NQO1) in

16HBE14o- cells stimulated with 2% CSE for 6 days as described

in ‘‘Materials and methods’’ compared to unstimulated cells deter-

mined by TaqMan PCR; y-axis, normalized expression levels;

P values indicate the significance of differences between the groups;

n = 3 in each group; c Transepithelial resistance of differentiated

16HBE14o- cell monolayers (expressed as percent of initial level)

was measured during 6 days of stimulation with 2% CSE, as

described in ‘‘Materials and methods’’ compared to control (unstim-

ulated) cells; P values indicate the significance of differences between

the groups; n = 3 in each group
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variability between smokers and nonsmokers than the

global SAE transcriptome changes induced by smoking.

The data of the present study suggest a model in which

the modulation of airway epithelial barrier by chronic

cigarette smoking is a relatively specific molecular process

involving the transcriptional reprogramming of the AJC

molecular architecture. Supporting this concept, we

observed that 6-day exposure of differentiated human air-

way epithelium to noncytotoxic concentrations of CSE in

vitro resulted in downregulation of several AJC genes, and

was accompanied by a reduction in transepithelial resis-

tance. These in vitro data indicate that the effect of

cigarette smoke on AJC molecular integrity in the SAE

does not require the presence of inflammatory cells and

their mediators previously reported to downregulate

expression of AJC genes and increase airway epithelial

permeability [21, 47, 48]. Downregulation of physiological

AJC genes by smoking in vivo and in vitro was paralleled

by decreased expression of PTEN and FOXO3A, a tran-

scription factor in the PTEN pathway [34, 35], as well as an

upregulation of oxidative stress-related genes, with a strong

association between the IAJC and PRDX5, an antioxidant

gene that has been suggested to limit smoking-increased

airway epithelial permeability [19]. Although oxidative

stress is known to induce disassembly of AJC at the protein

level [49], our data suggest the possibility of a reciprocal

relationship between transcriptional programs regulating

AJC integrity and oxidative stress responses to smoking.

Cancer-like AJC gene expression pattern

in smokers’ SAE

The broad suppression of the physiological SAE AJC

transcriptional program in healthy smokers was accompa-

nied by an upregulation of CDH2 and CLDN10, AJC genes

linked to cancer-related pathological changes in epithelial

tissues. Epithelial expression of CDH2, a marker of neu-

ronal and mesenchymal cells, is a common indicator of

epithelial-mesenchymal transition (EMT) [5, 50]. Other

molecular changes typical of EMT, such as downregulation

of CDH1, occludin, TJP1 and CXADR [51], were also

detected in the smokers’ SAE, suggesting that dysregula-

tion of SAE AJC gene expression in smokers might result

from common transcriptional derangement associated with

smoking-induced EMT. Consistent with this concept, nic-

otine, the major cigarette smoke constituent, induces

EMT-like molecular and morphological changes in human

lung cancer cell lines [52]. Upregulation of CDH2 and

downregulation of CDH1 are the central EMT features in

human lung cancer [28]. Our data provide evidence that

smoking induces EMT-typical molecular changes in the

healthy airway epithelium in vivo prior to clinical mani-

festations of lung cancer.

Another smoking-induced AJC gene was CLDN10,

whose expression has been associated with increased epi-

thelial permeability [53]. Recently, CLDN10 has been

described as a marker of Clara cells in the mouse airways

[54]. Given that the numbers of Clara cells are consider-

ably reduced in the SAE of smokers [55], it is possible that

smoking induces de novo expression of CLDN10 in other

cell populations similar to various epithelial cancers, in

which CLDN10 is overexpressed [26, 27].

Smoking-sensitive SAE AJC-associated molecular

pathways and networks

Broad suppression of biologically related groups of genes

suggests that central mechanisms controlling their expres-

sion, e.g. signaling pathways or transcriptional regulators,

are dysregulated in a coordinated manner [32, 33, 56]. No

central transcriptional mechanism regulating AJC biogen-

esis in the adult epithelia has been defined. The present

study revealed that suppression of the physiological AJC

gene expression program in the SAE of smokers is paral-

leled by downregulation of 15% of other smoking-

responsive genes and that this AJC-associated dataset is

significantly enriched with the elements of canonical

molecular pathways critical for epithelial differentiation.

The top enriched pathways (PTEN, PI3K/AKT, Rac- and

CDC42) have been implicated in posttranslational regula-

tion of apical epithelial polarity and AJC assembly [6, 8],

but not yet linked to AJC transcriptional control. Among

these pathways, the PTEN signaling pathway had the

highest degree of association with smoking-induced chan-

ges in the AJC transcriptional program. The tumor

suppressor PTEN is an important mediator of epithelial

apical membrane identity [24]. Our data indicate an inter-

esting possibility that cigarette smoking reprograms

AJC-associated protein–protein interactions necessary for

the generation of airway epithelial polarity.

Based on the concept that coexpressed genes might share

common mechanisms of transcriptional regulation [33], we

identified a ‘‘core AJC transcriptional network’’ composed

of 21 smoking-responsive genes that are strongly correlat-

ing with the IAJC in the SAE of healthy smokers. One of the

critical hallmarks of biologically meaningful transcriptional

networks is the enrichment of certain GO categories [32,

56]. Consistent with this requirement, the core AJC tran-

scriptional network was significantly enriched in genes

encoding nuclear proteins with nucleic acid-binding activ-

ity, including the transcriptional regulators MATR3, PSIP1,

NUCKS [57–59], tumor suppressor CRSP3 [60], and

PKD2, a gene mediating mechanosensation in primary cilia

[61]. Remarkably, MPP5, a component of the Crumbs3

polarity complex localized in the primary cilium [62], and

TJP1, a TJ component capable of modulating gene
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expression [37], were the intrinsic AJC network compo-

nents most intensively interacting with the core AJC

network genes. None of identified network genes has been

previously implicated in regulation of the AJC, and the

network structure was different from that of the epithelial

junctional complex network determined based on protein–

protein interactions [63]. The overall AJC network gene

expression in the healthy smokers SAE strongly correlated

with PTEN expression, indicating a molecular link between

the AJC transcriptional network and AJC-associated sig-

naling pathways.

It has been previously shown that cigarette smoke, in

combination with the inflammatory cytokine interleukin-

1beta (IL-1b), induces AJ disassembly in endothelial cells

by suppressing PTEN activity [64], indicating the possi-

bility that cigarette smoke can utilize different molecular

mechanisms to regulate AJC integrity depending on the

targeted cell type and/or cellular microenvironment. Ciga-

rette smoke is commonly associated with inflammatory

responses in various tissues, including airway epithelium

[65] and inflammatory cytokines, including IL-1b can

induce significant derangement in the AJC structural

integrity [48]. Our study extends these observations by

providing evidence that smoking can induce a broad dis-

array in the airway epithelial AJC architecture by

reprogramming transcriptional elements encoding essential

components of AJC in a noninflammatory and noncytotoxic

manner. It is remarkable that changes in the PTEN pathway

are associated with both transcription-dependent and

-independent mechanisms of AJC regulation by smoking.

In vivo gene coexpression data in our study helped

identify a previously unknown relationship between the

AJC complex genes, AJC transcriptional network and the

PTEN pathway that exist in the human airway epithelium.

Although additional mechanistic studies are necessary to

determine whether PTEN is a direct regulator of the AJC

transcriptional program (or vice versa), our data indicate

that mechanisms that regulate the AJC transcriptional

program and the PTEN signaling pathway—the two car-

dinal features of the epithelial apical membrane identity—

are coordinated and integrated into the complex tran-

scriptional response of the human airway epithelium to the

stress of cigarette smoking in vivo.

AJC reprogramming in COPD

Another observation of the present study is that smoking-

induced reprogramming of the physiological AJC archi-

tecture in the SAE progresses with the development of

COPD, the major smoking-induced lung disease [13, 21,

65]. Not only the physiological AJC-encoding genes, but

also the core AJC transcriptional network genes identified

in healthy smokers, were progressively suppressed in the

SAE of smokers with COPD, suggesting that downregula-

tion of AJC gene expression in COPD might be a

consequence of progressive dysregulation of transcriptional

regulatory mechanisms that starts in smokers prior to clin-

ical evidence of disease. Reciprocally to the suppressed

physiological AJC genes, the expression of smoking-

induced cancer-associated AJC components CDH2 and

CLDN10 further increased in the SAE of COPD smokers,

did as CLDN7, another AJC gene implicated in the pro-

motion of epithelial carcinogenesis [29, 30]. Together, these

observations suggest that the overall AJC molecular archi-

tecture in the airway epithelium in COPD is reprogrammed

in a smoking-dependent manner from its normal gene

expression pattern essential for maintaining an appropriate

barrier function toward a cancer-like molecular phenotype.
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