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Abstract

Chronic obstructive pulmonary disease (COPD) remains a major
public health challenge that contributes greatly to mortality and
morbidity worldwide. Although it has long been recognized that
the epithelium is altered in COPD, there has been little focus on
targeting it to modify the disease course. Therefore, mechanisms
that disrupt epithelial cell function in patients with COPD are
poorly understood. In this study, we sought to determine whether
epigenetic reprogramming of the cell-cell adhesion molecule
E-cadherin, encoded by the CDH1 gene, disrupts epithelial
integrity. By reducing these epigenetic marks, we can restore
epithelial integrity and rescue alveolar airspace destruction. We
used differentiated normal and COPD-derived primary human
airway epithelial cells, genetically manipulated mouse tracheal
epithelial cells, and mouse and human precision-cut lung slices to

assess the effects of epigenetic reprogramming. We show that the
loss of CDH1 in COPD is due to increased DNA methylation site
at the CDH1 enhancer D through the downregulation of the ten-
eleven translocase methylcytosine dioxygenase (TET) enzyme
TET1. Increased DNA methylation at the enhancer D region
decreases the enrichment of RNA polymerase II binding.
Remarkably, treatment of human precision-cut slices derived
from patients with COPD with the DNA demethylation agent 5-
aza-29-deoxycytidine decreased cell damage and reduced air space
enlargement in the diseased tissue. Here, we present a novel
mechanism that targets epigenetic modifications to reverse the
tissue remodeling in human COPD lungs and serves as a proof of
concept for developing a disease-modifying target.
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Chronic obstructive pulmonary disease
(COPD) is a progressive lung disease that
currently has no disease-modifying therapies.
It afflicts 13% of the world’s population and
is on track to be the third leading cause of
death worldwide. There is both structural
and functional dysregulation of the
epithelium, although the molecular basis
mediating these changes is less well
understood. However, the epithelium serves
as the first line of defense of the lung and is
in constant contact with the external
environment. Therefore, it is highly
susceptible to epigenetic modifications from
these exposures (1, 2). As the molecular
underpinnings of the pathogenesis of chronic
lung diseases continue to be investigated,
there is increasing evidence that epigenetic
marks can drive the cellular phenotype
in disease.

Epigenetic reprogramming caused by
environmental exposure perturbs gene
expression (3, 4) and can be transmitted
across generations (5, 6). Notably, the
heritable epigenetic modifications affect stem
cell regeneration, differentiation, and repair
(2, 7). DNAmethylation, the addition of
a methyl group to the five-carbon position
of the cytosine of a cytosine–guanine
dinucleotide (CpG), is a well-known
epigenetic mark (8). A cluster of CpG
dinucleotide repeats called CpG islands
(CGIs) near the gene promoter is a primary
site for DNAmethylation for transcriptional
regulation (9), andmethylation of these sites
blocks the binding of transcription factors
and attracts methyl-binding proteins that
initiate chromatin compaction (10, 11).

Additional regions of DNAmethylation
outside CGIs, such as enhancer regions, can
play a vital role by regulating the binding of
transcription factors and RNA polymerase II
(RNAPII) to activate gene transcription (12).

Both genetic and environmental factors
affect DNAmethylation, thus altering
gene expression and impacting cellular
phenotype and function, which can result in
chronic diseases (13, 14). Changes in DNA
methylation in response to environmental
exposures, such as cigarette smoking (CS),
are associated with the development of
COPD (1, 15–17), although the mechanism
mediating this association is not clear
(15, 16, 18–20).

To address the gaps in knowledge, we
sought to identify a mechanism resulting in
reduced epithelial cadherin (E-cadherin)
in COPD and CS-injured epithelia (21–23).
E-cadherin, encoded by the CDH1 gene, is
a transmembrane protein that initiates
intercellular contacts through transpairing
between cadherins on opposing cells and is
critical in establishing epithelial integrity
(24). We delineated the epigenetic machinery
causing E-cadherin loss in COPD epithelia.
We identified increased methylation in
critical regions regulating CDH1 expression.
Moreover, using the Food and Drug
Administration (FDA)–approved epigenetic
modulator, 5-aza-29-deoxycytideine
(decitabine; AZA), we found that DNA
demethylation improves the integrity of
epithelia in patients with COPD and drives
pulmonary remodeling in mouse-derived
precision-cut lung slices (PCLS). As proof
of concept, we then extended our studies to
human lungs using PCLS derived from
patients with COPD to determine whether
targeting methylation could serve as a
therapeutic strategy. Our study identifies a
novel epithelial target for disease-modifying
agents in COPD.

Methods

Detailed methods are presented elsewhere
(see the data supplement).

CDH1 Candidate Gene CpG
Methylation Association Study
The proportion of methylation
(b-methylation) at CpG loci within and
adjacent to CDH1 in lower airway epithelial
cells was evaluated in the Subpopulations
and Intermediate Outcomes in COPD Study

(SPIROMICS) cohort (characteristics; see
Table E3 in the data supplement).

Human Epithelial Cell Culture
Epithelial cells (passage 2, demographics; see
Table E1) were cultured at air–liquid
interface (ALI) for 4–6weeks (22, 25). COPD
cells were treated with 1μMAZA (Sigma-
Aldrich) or DMSO (vehicle) for 10days.
Cells from the cell line 16HBE14o- (ATCC)
were cultured in Dulbecco’s Modified Eagle
Medium (Corning) supplemented with
2mM L-glutamine, 10% fetal bovine serum
(Sigma), and 1% penicillin–streptomycin
(ThermoFisher Scientific).

PCLSs
Human lungs were obtained from the
International Institute for the Advancement
of Medicine. All animal procedures were
performed according to the Johns Hopkins
University Institutional Animal Care and Use
Committee (MO22M343). Mouse (adult
C57BL/6J female) and human lung PCLSs
were prepared as described elsewhere (26, 27).

Acute CS Exposures
CS aerosol or humidified air exposures were
conducted as described elsewhere (21–23, 25,
28) (six CS/air for PCLSs, two CS/air for ALI
cultures).

Quantification of Mean Linear
Intercept (MLI)
PCLS morphometric changes were measured
using the MLI, as described elsewhere (29).

Lactate Dehydrogenase (LDH) Assay
Media from PCLS were collected, and
cytotoxicity analysis was performed using an
LDH assay (Abcam).

Knockdown of Ten-Eleven Translocase
Methylcytosine Dioxygenase (TET)
Enzyme TET1 in 16HBE Cells Using
Lentivirus
The 16HBE cells were transducedwith
lentiviruses with shRNATET1
(ACACAACTTGCTTCGATAATT) and
scramble (CCTAAGGTTAAGTCGCCCTCG).

Mouse Tracheal Epithelial Cell (mTEC)
Culture
The Cdh1fl/fl, Tet11/2, and wild-type (WT)
C57BL/J mice were killed, and the mTECs
were cultured at ALI for 2weeks (22).

Clinical Relevance

There is evidence of increased
methylation of CDH1 (the gene for
E-cadherin) in moderate-severe
chronic obstructive pulmonary
disease (COPD). We provide
molecular evidence that targeted
changes in the enhancer element
decreases protein production, and
targeting this improved lung
epithelial function and tissue
function. These findings suggest that
reversing CDH1 DNA methylation
could be a potential therapeutic
strategy for COPD.
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In Vitro Knockdown of Cdh1 in mTECs
The mTECs of Cdh1fl/flmice were
transfected with adenovirus Ad-5CMVeGFP
(GFP) or Ad5CMVCre-eGFP (Cre) at a titer
of 23 107 plaque-forming units, as described
in our previous study (22).

Immunofluorescence
The immunofluorescence analysis was
performed as described elsewhere (22).
The primary antibodies against
E-cadherin, 5-methylcytosine (5mC), and
5-hydroxymethylcytosine (5hmC) were from
Cell Signaling Technology. The images were
taken using an LSM880-AiryscanFAST (30).

Quantification of Lung
Epithelial Plasticity
The epithelial integrity was measured by
transepithelial electrical resistance and
FITC-dextran (21).

Gene Expression Measurement by
Quantitative PCR (RT-qPCR)
Total RNAwas reverse transcribed with the
High-Capacity cDNA Reverse Transcription
Kit (ABI) before we performed SYBR
Green–based qPCR.We used the 22DDCt

method (31) to calculate the relative gene
expression ratio normalized by the
housekeeping gene GAPDH. The qPCR
primers are listed elsewhere (see Table E2).

5mC and 5hmC Measurement
5mC and 5hmC levels weremeasured using
theMethylFlash Global DNAMethylation
(5mC) ELISAKit (EpiGentek) and
MethylFlash Global DNAHydroxymethylation
(5hmC) ELISA (EpiGentek).

Bisulfite Sequencing
Genomic DNAwas subjected to bisulfite
conversion (EZ DNAMethylation Kit;
Zymo) and PCR amplification and
subcloned into the pCR2.1 vector
(ThermoFisher Scientific) (32). The primer
sequences are listed in Table E2.

Chromatin Immunoprecipitation
(ChIP)-qPCR
We performed ChIP analysis using the
ChIP-IT Express Kit (Active Motif) (32).
Isolated chromatin was sheared after
immunoprecipitation with antibodies against
RNAPII (Active Motif), histone H3
monomethylated at lysine 4 (H3K4me1)
(Abcam), and IgG (a negative control).
The primers are listed in Table E2.

Statistical Analysis
Results were expressed as the mean6 SEM.
For the data analysis and figures, we used
Prism 9.4 (GraphPad).

Results

DNA Demethylation Restores
Remodeling in Both Mouse and
Human Lung Tissues
Our group has demonstrated that altered
epithelial integrity is critical to inducing the
lung remodeling that occurs with CS-related
injury and in COPD (22, 23, 25). In an
epigenetic study from the SPIROMICS
cohort (33), in moderate to severe COPD
and control to mild COPD using a dataset of
73 COPD epithelial cells, we found that the
DNAmethylation was increased (chr16:
68789786–68789788, cg10313337) at the
CDH1 gene body; effect size=0.040; P value

as genomic control (gc) corrected P=0.0093
(Table 1). Baseline characteristics for patients
in the epigenome-wide association study by
COPD status are described elsewhere (Table
E3). Next, we investigated whether global
DNA demethylation with a DNA
demethylation agent, AZA, can protect
epithelial integrity in epithelial cells derived
from patients with COPD.We utilized
primary cells derived from patients with
COPD, which were differentiated at ALI to
study the effects of AZA. Treatment with
1μMAZA, showing a significant induction
in global DNA demethylation in human
bronchial epithelial cells (34) without
affecting cell viability (see Figure E1A), for
10 days significantly improved epithelial
transepithelial electrical resistance (1.13-fold
in AZA vs. vehicle; P=0.0251) (Figure 1A)
and reduced monolayer permeability as
measured by FITC–dextran flux (0.76-fold in
AZA vs. vehicle; P=0089) (Figure 1B) in the
differentiated cells derived from patients with
COPD, which was not seen in normal cells.
Notably, the addition of AZA significantly
restored both CDH1 gene expression
(1.44-fold in AZA vs. vehicle; P=0.0063)
(Figure 1C) and E-cadherin protein
expression (Figure 1D), the loss of which we
have demonstrated to be sufficient to induce
the alveolar tissue destruction and airway
tissue remodeling that occurs in COPD (22).
Of note, other markers of COPD-induced
epithelial plasticity, such as cell movement,
percentage of ciliary cells, and ciliary beat
frequency, which are more reflective of
cytoskeletal rearrangement (25), were not
changed with AZA treatment (see Figure E2).
To determine whether the effect of AZA
on the epithelial barrier occurred through
its effects on CDH1, we examined

Table 1. Comparisons of Proportion DNA Methylation at CpG Sites within the CDH1 Genomic Region

CpG Site ID Chr
UCSC RefGene

Name
UCSC RefGene

Group Stand hg38 Effect.Size SE P Value gc. P Value

cg10313337 16 CDH1 Body 1 0.040 0.015 0.009 0.009
cg05303053 16 CDH1 Body 2 0.011 0.011 0.306 0.306
cg20750889 16 CDH1 Body 2 20.001 0.013 0.937 0.937
cg00632260 16 CDH1 Body 2 20.008 0.011 0.440 0.440
cg25218831 16 CDH1 Body 2 20.011 0.017 0.528 0.528

Definition of abbreviations: Chr=chromosome; COPD=chronic obstructive pulmonary disease; CpG=cytosine–guanine dinucleotide;
gc=genomic control; SPIROMICS=Subpopulations and Intermediate Outcomes in COPD Study; UCSC=University of California, Santa Cruz.
b-methylation for five CpG sites within the CDH1 genomic region was compared between 36 SPIROMICS patients with moderate to severe
COPD and 36 SPIROMICS patients without COPD or with mild COPD who had DNA isolated from lower airway epithelial cells from research
bronchoscopic brushings. Regression-based models included age, sex, body mass index, smoking pack-years, current smoking status, and first five
principal components of ancestry. DNA methylation at one CpG near the CDH1 enhancer D region (chr16: 68789786–68789788, cg10313337) was
significantly increased in the DNA from epithelial cells from patients with moderate-to-severe COPD compared with cells from control patients and
those with mild COPD. Bold value represents a region of significance. The “1” and “2” refer to the positive and negative DNA strands.
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mTECs derived from Cdh1fl/flmice with
Cre-induced Cdh1 knockdown (�40%
reduction in Cdh1 gene expression; data not
shown) using Ad5CMVCre-eGFP (Cre)
adenoviruses versus Ad5CMVeGFP (GFP)
(�50% transfection efficiency) (Figure 1E,
left). For the differentiated GFP- or Cre-
infected mTECs, Cdh1 knockdown decreased
the AZA-induced improvement in barrier by
0.5-fold (P = 0.002; Figure 1E). Furthermore,
the improvement in monolayer barrier
properties recapitulates overexpression of
E-cadherin in lung epithelial monolayer
integrity (22, 23). These results indicate that
the inhibition of DNAmethylationmediates
improved barrier function in COPD by
CDH1 transcriptional activation.

Downregulation of CDH1 Transcript Is
Associated with TET1
Given the evidence of increased methylation
near CDH1 in patients (Table 1) and the
improvement seen with AZA, we

investigated whether the loss of CDH1 is
due to modifiers of DNAmethylation.
Gene expressions of CDH1 and
epigenetic modulators—TETs, DNA
methyltransferases, histone acetyltransferase
p300, and histone deacetylases—in human
bronchial epithelial cells derived from
healthy donors and those with COPD at ALI
were detected using qRT-PCR and were
assessed with Spearman correlations.
Among all the modulators, we identified an
association with CDH1 and TET1, in the five
normal and COPD age- and sex-matched
samples (r=0.8, P=0.1333) (Figure 2A).
TET1 catalyzes the oxidation of 5mC for
DNA demethylation pathways. Of note, we
did not find a correlation between CDH1 and
the histone modifications (see Table E4),
supporting the primary role of DNA
methylation in CDH1 regulation in COPD.
In the acute CS-exposed normal human
epithelial cells (two cigarettes per day),
CDH1 expression was downregulated

(0.54-fold in CS vs. air; P=0.0513)
(Figure 2B) with a corresponding reduction
in TET1 (0.4-fold in CS vs. air; P=0.035;
Figure 2C), but not in TET2 (Figure 2D) or
in TET3 (Figure 2E). In the human epithelial
cell line 16HBE, knockdown of TET1
showed a trend toward downregulation of
CDH1 gene expression (0.59-fold in shTET1
vs. shCTL; P=0.0832) (Figure 2F), indicating
that TET1was, at least, one of the factors
involved in the transcriptional regulation of
CDH1. To delineate the role of TET1 on
CDH1 transcriptional regulation, we
acquired differentiated mTECs fromWT
and Tet11/2 mice. Tet1 expression was
decreased after acute CS exposure (0.49-fold
inWT-CS vs. WT-air; P=0.0076) (Figure
3A). As expected, mTECs derived from
Tet11/2 mice demonstrated low levels at
baseline (0.45-fold in Tet11/2-air vs.
WT-CS; P=0.0046) (Figure 3A). Tet2 gene
expression was not significantly altered by CS
exposure and was not altered by loss of Tet1

A B C

E

Vehicle AZA

E-cadherin

Total protein

D

Ad-Cre-GFP

Ad-GFP

Figure 1. Global DNA demethylating agent 5-aza-29-deoxcytidine (AZA) restores destructive epithelial integrity in chronic obstructive pulmonary
disease (COPD)-derived epithelia. (A and B) Measurement of the barrier function of AZA-treated normal/COPD-derived epithelial cells by (A)
transepithelial electrical resistance (TEER) and (B) FITC–dextran flux (n=12–22). (C and D) Expression of both the cadherin 1 (CDH1) (C) gene
and (D) protein. (E) Measurement of TEER in mouse tracheal epithelial cells (mTECs) derived from Cdh1fl/fl mice with Cre-induced Cdh1
knockdown at the air–liquid interface culture (n=3). Scale bar, 200 mm. The error bars represent SEM. Statistics were determined by ordinary
one-way ANOVA with Sidak’s multiple comparison test, with P, 0.05 considered statistically significant. Veh= vehicle.
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(Figure 3B). Tet3 gene expression in the
mTECs was not detectable (data not shown).
The reduced Tet1, as seen in both
CS-exposedWT and Tet11/2-derived
mTECs, was associated with a significant
decrease in Cdh1 expression (0.52-fold in
WT-CS vs. WT-air; P=0.0467; 0.51-fold in
Tet11/2-air vs. WT-air; P=0.032), but Cdh1
expression was not further decreased in
CS-exposed Tet11/2-derived mTECs
(Figure 3C). The downregulated of Cdh1
corresponded to the reduced 5hmC level
(0.42-fold inWT-CS vs. WT-air; P=0.0493;
0.42-fold in Tet11/2-air vs. WT-air;
P=0.0493) (Figure 3D). The positive
association of Tet1 and Cdh1was also shown
as Tet1 deficiency in the lung tissues derived
fromWT and Tet1/2 mice (0.68-fold
reduction in Tet11/2 lung vs. WT;
P=0.0281) (Figure 3E); Cdh1 gene
expression was also downregulated (0.4-fold
in Tet11/2 lung vs. WT; P=0.0379)
(Figure 3F). These results further suggest that
Tet1-mediated DNA demethylation regulates
Cdh1 expression in epithelia.

DNA Hypermethylation in the CDH1
Enhancer D Region Blocks RNA
Polymerase Binding
Because the DNAmethylation changes are
tissue and cell type specific, we sought to
determine whether DNAmethylation is
involved in the loss of E-cadherin in the lung
epithelium of patients with COPD. In an in
silico analysis withMethPrimer (35), four
CGIs (percentage of guanine and cytosine
.60%) at 59 CDH1were found to
encompass the transcription start site (TSS):
CGI 1 (NC_000016.10: 68737081–68737235,
2211 to257 TSS), CGI 2 (NC_000016.10:
68737303–68737871,111 to1279 TSS),
CGI 3 (NC_000016.10: 68738057–68738255,
1765 to1963 TSS), and CGI 4
(NC_000016.10: 68738317–
68738443,11025 to11151 TSS)
(Figure 4A, blue). To determine whether the
transcriptional decreases in E-cadherin are
due to hypermethylation of these CGIs, we
investigated the methylation status of 135
CpG sites at the 59 promoter region of CDH1
using bisulfite sequencing with three sets of

primers. We calculated the average
methylation percentage of each CGI by
taking the average methylation percentage of
all CpG sites in each donor (unmethylated,
0%; methylated, 100%) (three donors per
group) (Figure 4A). We found that COPD-
derived epithelial cells had a trend toward
increased DNAmethylation at CGI 2 to CGI
4 but that methylation percentage was very
low and no specific methylation pattern was
observed, as shown in the graphs (6–10
clones per donor) in Figure 4B and the dot
plots (see Figure E3). We did not observe any
enrichment of RNAPII (Figure 4C) and
H3K4me1, an active enhancer mark (36)
(Figure 4D) at the TSS of the CDH1 gene
using ChIP assay. On the basis of the
evidence of enhancer methylation of
E-cadherin in other systems (37), we
investigated whether DNAmethylation at
specific enhancers was involved in CDH1
transcriptional activation. Using bisulfite
sequencing, we assessed the DNA
methylation status at the enhancers A (chr16:
68732016–68732406, hg38), B (chr16:

A B C D E

F 16HBE shCTL shTET1

100µm 100µm 100µm

Figure 2. CDH1 gene expression correlates with the expression of ten-eleven translocase dioxygenase (TET1). (A) Correlation of CDH1 gene
expression with TET1 in human epithelial cells by Spearman rank correlation analysis (n=5). (B–E) Gene expressions of (B) CDH1, (C) TET1,
(D) TET2, and (E) TET3 in the cigarette-smoking (CS)–exposed normal epithelial cells (n=6–7). (F) Gene expression of CDH1 in the 16HBE cell
line with TET1 knockdown (n=3). Top: lentivirus transduction efficiency indicated as GFP-tagged fluorescence, 103. Scale bars, 100mm.
Bottom: CDH1 expression decreases with knockdown of TET1. Error bars represent SEM. Statistics were determined by using Mann-Whitney
test in (B–E) and an ordinary one-way ANOVA with Sidak’s multiple comparison test in (F), with P,0.05 considered statistically significant.
Scale bars, 100 mm.
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68744856–68745117, hg38), and D (chr16:
68760873–68761125, hg38) of the CDH1
gene in epithelial cells from both normal
donors and those with COPD.We found the
average methylation percentage of the
enhancers (A, B, and D) by assessing the
CpG sites of each enhancer in every donor.
There was a significant increase in enhancer
methylation (2.76-fold in COPD vs. normal;
P=0.0015; Figure 5A). Although there was
patient-to-patient variability, of all the
enhancers, the average methylation
percentage was significantly increased at the
enhancer D region (2.12-fold in COPD vs.
normal; P=0.0469) (Figure 5B). Each CpG
site is shown in the graphs (left) and the dot
plots (right) of Figure 5C. Notably, we found
that the increased methylation percentage of
CDH1 enhancer D was located at CpG Site 1
at Position 9 (4.66-fold in COPD vs. normal;
P=0.039) (Figure 5D), not at CpG Site 2 at
Position 74 (P=0.1094) (Figure 5E). The
methylation at the enhancer D region
showed a decrease in RNAPII binding (0.42-
fold in COPD vs. normal; P=0.0079)
(Figure 5F) with the reduction of an active

enhancer mark, H3K4me1 (0.73-fold in
COPD vs. normal; P=0.0317) (Figure 5G).
AZA treatment in COPD-derived epithelial
cells reduced the DNA hypermethylated at
the enhancer D region (0.39-fold in AZA vs.
vehicle; P=0.0364) (Figure 5H), as shown in
the dot plots (left) and the graph (right) with
the enrichment in the RNAPII binding
(1.18-fold in AZA vs. vehicle; P=0.0286) in
Figure 5I. Further supporting this notion, the
DNAmethylation at Site 1 of the enhancer D
region was also correlated with the CDH1
expression amongA549 andHEK293T cells
(see Figure E4). These data suggested thatDNA
methylation at the enhancerD region reduces
RNAPII binding for transcriptional activation.

We found that acute CS exposure
increased global DNAmethylation in
mTECs derived fromWTmice (1.92-fold in
CS vs. air; P=0.0012) (Figure 6A) as
evidenced by 5mC localization in the alveolar
tissue of the ex vivo human lung slices from a
healthy donor after CS exposure to six
cigarettes (see Figure E5A), indicating that
the pulmonary remodeling caused by CS is
linked to DNAmethylation. Exposing ex vivo

PCLSs derived fromWTC57BL/6J mice to
the acute CS exposure, we found that 1μM
AZA (noncytotoxic dose, as shown in Figure
E1B) for 24hours attenuated the CS-induced
cytotoxicity as measured by the release of
LDH (0.36-fold in CS-AZA vs. CS-vehicle;
P=0.002) (Figure 6B). We assessed for the
localization of 5mC (indicated in red) on
mouse lung slices and counterstained for
nuclei with Hoechst 33342 (indicated in
blue) by immunofluorescence (Figure 6C).
The acute CS exposure increased 5mC
expression in the alveolar epithelium, which
was reversed by AZA. To determine whether
this resulted in a decrease in TET1-mediated
DNA demethylation, we assessed
5-hydroxymethylcytosine (5hmC)
colocalization with E-cadherin in the lung
sections, as 5hmC is a stable mark of DNA
base modification from the conversion of
5mC bymeans of the TET enzyme (38). In
the presence of AZA, the abundance of both
E-cadherin (indicated in green) and 5hmC
(indicated in red) in the air-/CS-exposed
mouse PCLSs was increased in the airway
(Figure 6D). Negative controls for rabbit or

BA C D

FE

Gene Tet1 Gene Tet2 Gene Cdh1

Gene Cdh1

5hmC level

Figure 3. Tet1 mediates Cdh1 expression in mTECs. (A–D) Measurement of gene expressions of (A) Tet1, (B) Tet2, and (C) Cdh1, as well as
(D) 5-hydroxymethylcytosine (5hmC) level in mTECs derived from wild-type (WT) C57BL/6J or Tet11/2 mice after exposure to acute CS (two
cigarettes per day) versus humidified air. (E and F) Gene expressions of (E) Tet1 and (F) Cdh1 in WT C57BL/6J and Tet11/2 mouse lung tissues
(n=8). Error bars represent SEM (four to nine from two independent experiments). Statistics were determined by ordinary one-way ANOVA with
Sidak’s multiple comparison tests, compared with WT-air, with P, 0.05 considered statistically significant.
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Figure 4. The promoter methylation level of CDH1 is not significantly changed in human epithelial cells derived from normal donors and those
with COPD. (A) Top: The schematic diagram displays the percentage of cytosine–guanine dinucleotide (CpG) dinucleotide (CG) content in the
59 promoter region of the CDH1. In an in silico analysis by MethPrimer, four CpG islands (CGIs) were identified (blue) (CG content .60%, an
observed:expected ratio= 0.6). Bottom: The average methylation percentage (% Met) of the CDH1 promoter is shown among CGIs. % Met was
calculated by taking an average of the methylation level of all CpG sites within CGI1, CGI2, and CGI3 and CGI4 of 3 normal donors (N) and
3 with COPD (C) by bisulfite sequencing. (B) The % Met of individual CpG sites at the CDH1 promoter (6–10 clones per donor). (C and D)
Chromatin immunoprecipitation of (C) RNA polymerase II (RNAPII) and (D) histone H3 monomethylated at lysine 4 (H3K4 me1) at the TSS
region (5 normal donors and 5 with COPD). Error bars represent SEM. Statistics were determined using (A) Wilcoxon matched-pairs signed rank
tests and (C and D) the Mann–Whitney test, with P,0.05 considered statistically significant. TSS= transcription start site; UTR=untranslated
region.
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Figure 5. DNA hypermethylation in the CDH1 enhancer D region blocks RNAPII binding. (A) The average % Met of the CDH1 enhancers A, B,
and D was calculated by taking an average of the methylation level of all CpG sites within enhancers A, B, and D of each donor (N: 5–6 normal
donors; C: 5–6 donors with COPD) by bisulfite sequencing. (B) The average % Met of CDH1 enhancers A, B, and D. (C) % Met of each CG site
of enhancers A, B, and C are shown in graphs (left) and in dot plots (right) (3 normal donors and 3 with COPD). Unmethylated (open circles)
and methylated (closed circles) nucleotides are indicated. Each row of circles corresponds to an individual clone sequenced (9–10 clones per
donor). (D and E) The % Met (D) Site 1 (CG Site 9) and (E) CpG Site 2 (CG Site 74) of enhancer D in donors with COPD versus normal donors
(8 normal and 8 with COPD). (F and G) Enrichment of (F) RNAPII and (G) H3K4 me1 at the enhancer D region (5 normal and 5 with COPD). (H)
The methylation at the CDH1 enhancer D in AZA-treated COPD cells is shown in dot plots (left) and in % Met (right) (9–10 clones per group; 3
donors). (I) Enrichment of RNAPII in AZA-treated COPD cells (n=3). Error bars represent SEM. Statistics were determined by (A, B, D, E, and
H) Wilcoxon matched-pairs signed rank tests and (F, G, and I) Mann–Whitney test, with P, 0.05 considered statistically significant.
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Figure 6. Global DNA demethylating agent AZA restores lung pulmonary remodeling in both mouse and human lungs. (A) Global DNA
methylation in WT C57BL/6J-derived mTECs after acute exposure to CS (two cigarettes or humidified air in a day) (n=7 from two independent
experiments). (B) Cytotoxicity in mouse precision-cut lung slices (PCLSs) from WT C57BL/6J with acute exposure to CS (six cigarettes or
humidified air in a day) by LDH level (seven to nine slices from three independent experiments). (C and D) Immunofluorescence of (C)
5-methylcytosine (5mC; red) and nucleus (blue) and of (D) E-cadherin (green), 5hmC (red), and nucleus (blue) of PCLSs derived from WT mice
(n=3 from three independent experiments). Negative controls against rabbit IgG (Rb IgG) and mouse IgG (Ms IgG) are indicated at the bottom.
(E and F) Immunofluorescence of (E) 5mC (red) and nucleus (blue) and of (F) E-cadherin (green), 5hmC (red), and nucleus (blue) in human
PCLSs derived from patients with COPD (n=3 from 2 donors). Relative fluorescent intensity is indicated on the right in (E) and at the bottom in
(F). The immunofluorescence images were taken at a 633 oil objective. Scale bars, 20mm. Error bars represent SEM. Statistics were determined
by using (A, E, and F) the Mann–Whitney test and (B) one-way ANOVA with Sidak’s multiple comparison tests, with P, 0.05 considered
statistically significant. LDH= lactate dehydrogenase.
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Figure 7. Global DNA demethylating agent AZA restores lung pulmonary remodeling in both mouse and human lungs. (A) In mouse PCLSs
from WT C57BL/6J mice with acute exposure to CS (six cigarettes or humidified air in a day), AZA was found to attenuate CS-induced alveolar
destruction by measuring the MLI and by hematoxylin and eosin staining (left) at 203 (3 slices from 3 mice). Scale bars, 200mm. (B) In human
PCLSs from patients with COPD, AZA was found to reduce alveolar destruction (10 images per group, 58 chords per image; total, 580 chords
per group from two donors) by hematoxylin and eosin staining (left) at 23. Scale bars, 2mm. Error bars represent SEM. Statistics were
determined by using (A) a one-way ANOVA with Sidak’s multiple comparison tests and (B) the Mann–Whitney test, with P,0.05 considered
statistically significant. (C) A schematic of the epigenetic regulations underlying CDH1 transcription in COPD. DNA hypermethylation at the
CDH1 enhancer D region, not the CDH1 promoter, is accompanied by the reduction of RNAPII binding. The downregulation of TET1 in COPD
contributed to the methylation pattern at the CDH1 enhancer, leading to barrier dysfunction (created from BioRender.com). MLI=mean linear
intercept.
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mouse IgG are shown in Figure 6D (bottom).
In PCLSs derived from patients with COPD,
we compared the ex vivo treatment of AZA
(1μM) with the vehicle control in adjacent
slices (250μm). AZA did not significantly
increase 5mC fluorescence (Figure 6E), but it
increased E-cadherin (twofold in AZA vs.
vehicle; P=0.0127) as well as 5hmC (7.54-
fold in AZA vs. vehicle; P=0.0003) in the
airways (Figure 6F). Besides, we examined
whether AZA affects cell viability and cell
death in lung epithelium and tissues. We
observed that AZA did not alter cell death, as
measured using the alamarBlue cell viability
assay, in either the COPD-derived PCLSs nor
the COPD-derived epithelial cells (Figure
E1), but its improvement was likely due to
the increase in cell proliferation caused by
AZA as measured using KI67 (Figure E5B).

Utilizing theMLI, we assessed whether
AZA protects or repairs lung injury in mice
and patients with COPD. The presence of
AZA significantly reduced the CS-induced
alveolar destruction in the PCLS tissues
(0.84-fold in CS-AZA vs. CS-vehicle;
P=0.0159; Figure 7A [representative images
are shown on the left]). The alveolar lung
destruction was also diminished by AZA
(0.88-fold in AZA vs. vehicle; P=0.0195)
(Figure 7B). As ex vivo PCLSs provide a
more physiologically relevant context, these
data suggest that AZA is a potential therapy
to improve lung tissue architecture.

Discussion

It has been well recognized that
environmental exposures increase DNA
methylation, promoting the development of
metabolic disorders and chronic diseases
(39), and have even been associated with age-
related chronic conditions (40–42). The
airway epithelium, the first line of defense of
the lung, is in constant contact with the
external environment and, therefore, at high
risk for epigenetic reprogramming. Although
the epithelium has long been known to be
dysregulated in COPDwith chronic
remodeling and cellular loss, the therapeutic
focus has been on immune regulation and
smooth muscle relaxation. Here, we have
evidence that reversing the epigenetic
reprogramming that occurs by DNA
methylation can restore epithelial integrity
and reverse the alveolar damage observed in

COPD lungs, independent of CS exposure
(Figure 7C).

Aberrant methylation is a fundamental
epigenetic mechanism to silence a gene.
Enhancers, which can work independently
on the orientation, distance, and location of
the corresponding target gene, activate the
gene transcription by binding RNAPII (43).
In silico analysis with LASAGNA-Search 2.0
(44) suggests that NF-kB, p50, Sp1, and
CCAAT/enhancer-binding protein (C/EBP)
a are putative binding transcription factors
at the enhancer D region. Alteration in the
methylation status at the enhancer D region
may affect NF-kB– and Sp1-involved
inflammatory response in COPD (45, 46).
Notably, C/EBP activity shows a decrease in
airway epithelium from patients with COPD
and exerts severe COPD phenotypes in a
rodent model (47). To our knowledge, this is
the first demonstration of DNAmethylation
on the CDH1 enhancer element in epithelial
cells derived from patients with COPD, with
evidence that AZA can reverse these changes
and improve tissue architecture. Future
studies are needed to dissect the downstream
binding of the transcription factors at the
methylated enhancer D region.

TET enzymes catalyze the oxidation of
5mC to 5hmC, 5-formylcytosine, and
5-carboxycytosine as intermediates for
the process of both active and passive
DNA demethylation pathways in an
a-ketoglutarate– and iron-dependent
manner (previously reviewed by our group)
(38). Loss of TETs has been shown in various
chronic diseases such as childhood
immunodeficiency with lymphoma (48),
obesity (49), allergic rhinitis (50, 51), and
childhood asthma (34). As our findings
demonstrate, the expression of TET1 in lung
epithelial cells correlates with CDH1
expression. Tet1 can cause dynamic changes
in DNAmethylation in response to
exposures, as has been demonstrated in
house dust mite–induced airway
hyperresponsiveness (52, 53) and
inflammatory responses in human lung
epithelial cells (53, 54), as well as in lung
cancer development (55). Tet-mediated
DNA demethylation is thought to mainly
occur at the distally located enhancers to
fine-tune the transcription (56, 57) and
activate transcription through the enhancer
enrichment of 5hmC (58), which occurs as
we have found in the COPD-derived
epithelia.

E-cadherin plays a key role in
maintaining the proliferation capabilities of
alveolar type 2epithelial cells (22). It is
plausible that maintenance of DNA
hypomethylation in the CDH1 enhancer is
critical for cell regeneration and that
increased DNAmethylation at this site
abrogates the repair mechanisms necessary
for alveolar regeneration in the injured
epithelium of patients with COPD.We
demonstrated that DNA demethylation
increases CDH1 gene expression in epithelial
cells derived from patients with COPD.
Although we are currently limited by the
technologies to demethylate specific nucleic
acids in primary cells and human tissues,
these strategies would significantly further
both our molecular understanding of the
disease and future therapies. There are
several demethylation drugs in development
for the treatment of specific cancers. We
chose to study 5-AZA, as 5-Aza-CR and 5-
Aza-CdR have already been approved by the
FDA for the treatment of certain subtypes of
myelodysplastic syndrome and chronic
myelomonocytic leukemia. Whether future
strategies are needed to increase the
specificity of the drug or modalities for
inhaled versions to target the lung epithelium,
this study provides the proof of concept
needed to show that the treatment of COPD
lungs with AZA causes improvement in lung
architecture. As a proof of concept, we
studied the effects of AZA in the two different
donors and found significant improvements
in alveolar destruction. As we see increases in
cell proliferation, these studies demonstrate
evidence of repair and regeneration in the ex
vivo lung slices. To our knowledge, this is the
first demonstration of disease-modifying
therapy in human lungs using a current
FDA-approved demethylating agent.
Moreover, this raises the possibility that these
strategies are relevant in age-associated lung
function decline.

There are several limitations to the
study. Epigenetic regulation of E-cadherin is
not the only mechanism by which
E-cadherin is regulated in COPD, nor is it
the only protein that is altered in COPD,
which is substantiated by the fact that the
effect of AZA is modest. Moreover, given the
small number of human PCLS samples, our
data serve as a proof of principle that these
proteins, identified in vitro and in mouse
models, have some relevance in human
lungs, although a more comprehensive
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analysis of patient characteristics and
responses is needed before these strategies
can be translated clinically. There is likely to
be patient-to-patient variation in gene
expression and DNAmethylation patterns,
and future studies will likely have to consider
this while considering therapeutic options.
Finally, we recognize that the improvement
of transepithelial electrical resistance with
AZA is small, which is likely due to its
minimal effect on other junctional proteins.
Despite these limitations, our study presents,
to our knowledge, the first evidence that the
loss of E-cadherin is due to the DNA
methylation at the CDH1 enhancer element
as a result of loss of TET1 in COPD
epithelium and that reversing DNA
methylation improves alveolar destruction in
COPD. The SPIROMICS cohort showed
increased DNAmethylation of CDH1

in moderate to severe COPD. These findings
suggest that reversing CDH1DNA
methylation could be a potential therapeutic
strategy for COPD.�
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