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Rationale: DNA methylation is an important epigenetic mechanism,
which often occurs in response to environmental stimuli and is crucial
in regulating gene expression. It is likely that epigenetic alterations
contribute to pathogenesis in idiopathic pulmonary fibrosis (IPF).
Objectives: To determine the DNA methylation changes in IPF and
their effects on gene expression.
Methods: TotalDNAmethylationandDNAmethyltransferaseexpres-
sion were compared in IPF and normal control lung tissues. IPF and
normal tissues were subjected to comparative analysis of genome-
wideDNAmethylationandRNAexpressionusingDNAhybridization
to the Illumina HumanMethylation27 BeadChip and RNA hybridiza-
tion to Illumina HumanHT-12 BeadChip. Functional analyses of dif-
ferentially expressed and differentially methylated genes were
done. Selected genes were validated at DNA, RNA, and protein
levels.
Measurements and Main Results: DNAmethylation status was altered
in IPF. IPF samples demonstrated higher DNAmethyltransferase ex-
pression without observed alterations in global DNA methylation.
Genome-wide differences in DNA methylation status and RNA ex-
pression were demonstrated by array hybridization. Among the
genes whose DNA methylation status and RNA expression were
both significantly altered, 16 genes were hypermethylated in DNA
associated with decreased mRNA expression or vice versa. We vali-
dated CLDN5, ZNF467, TP53INP1, and DDAH1 genes at the level of
DNAmethylation status, RNA, and protein-level expression.
Conclusions: Changes in DNA methylation correspond to altered
mRNA expression of a number of genes, some with known and
others with previously uncharacterized roles in IPF, suggesting that
DNAmethylation is important in the pathogenesis of IPF.
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Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive, and
usually fatal pulmonary disorder with no effective therapy, the
prevalence of which has increased (1, 2). Prognosis in IPF is

inversely correlated to the presence of fibroblastic foci, charac-
terized by abnormal myofibroblasts (3). The changed phenotype
of these fibrotic cells is due to the altered gene expression in
these cells (4). These myofibroblasts are characterized not only
by increased expression of a-smooth muscle actin and other
muscle proteins, but also by decreased expression or function
of regulatory genes, such as THY1 (5). Some of these genes
have been characterized as “IPF suppressor genes,” for exam-
ple, THY1 (6), CAV1 (7), and PTEN (8). Knockout mouse
models of these IPF suppressor genes demonstrate more lung
fibrosis, and restoring expression of these genes ameliorates the
fibrosis (5, 7, 8). DNA hypermethylation may be an important
mechanism contributing to down-regulation of these IPF sup-
pressor genes (9). We previously reported that hypermethyla-
tion epigenetically decreases THY1 in IPF fibroblasts and in
fibroblastic foci (10). On the other hand, hypomethylation of
oncogene promoters can result in increased expression (11).
Profiling DNA methylation changes may improve our under-
standing of the pathogenesis of IPF and uncover novel thera-
peutic targets.

Gene expression profiles are dependent on changes in the epi-
genome, including DNAmethylation, histone modifications, and
noncoding RNA regulation. DNA methylation usually occurs at
clusters of CpG dinucleotides called CpG islands, generally in
promoter regions, often associated with the transcriptional inac-
tivation of the affected gene (12). CpG islands in gene promoters
are mostly methylation-free in normal somatic tissues (13).
DNA methylation is important in the fine-tuning of chromatin
structure and histone modifications to regulate gene expression
at various stages of differentiation and development (14). DNA
methylation contributes to the pathogenesis of noncancerous
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Idiopathic pulmonary fibrosis (IPF) is an often fatal disease,
and epigenetic mechanisms have been implicated in the
pathogenesis of IPF.

What This Study Adds to the Field

A comparative analysis of genome-wide DNA methylation
combined with gene expression patterns from IPF and
normal lung suggests that DNAmethylation status and gene
expression profiles are altered in IPF. The observation that
gene expression of some of the critical genes in IPF is in-
versely related to DNAmethylation of these genes suggests
DNA methylation has a mechanistic role in IPF. An un-
derstanding of these epigenetic alterations may provide new
insights into IPF pathogenesis.
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diseases, such as cardiovascular disease, neurological and psy-
chiatric disorders, and in pulmonary fibrosis (10, 15, 16). How-
ever, studies examining DNA methylation and gene expression
on a global scale in IPF are lacking. In this article, we attempt to
bridge this knowledge gap by studying genome-wide methyla-
tion profiles in IPF and normal lungs to identify differentially
methylated genes that may play a role in the pathogenesis of IPF.
By overlaying DNA methylation array data with RNA expres-
sion array data from lung tissue samples of IPF and normal con-
trol tissues, we explored possible relationships between the
altered DNA methylation profile and corresponding changes
in gene expression. Some of the results of these studies have
been previously reported in the form of an abstract (17).

METHODS

See the online supplement for details on methods.

Study Population

Lung tissue samples for microarray analysis, validation, and other stud-
ies in this project were obtained from the University of Alabama at Bir-
mingham (UAB,Birmingham,AL) Tissue Procurement Facility or from

the Lung Tissue Research Consortium (LTRC, Bethesda, MD). These
included deidentified lung tissue from 12 patients with IPF (mostly late
stage, severe) and 7 normal control subjects (see Table E1 in the online
supplement). The diagnosis of IPF was based on American Thoracic
Society and European Respiratory Society definitions (18). All cases
were clinically and histologically reviewed by expert pulmonologists
and pathologists, respectively. The study was approved by the UAB
Institutional Review Board.

DNA and RNA Preparation and Related Assays

Genomic DNA and total RNA were extracted from whole lung tissue
and prepared for microarrays. A portion of DNA was bisulfite modified
and used for methylation-specific PCR (MSP) (10). Real-time reverse
transcription-polymerase chain reaction (RT-PCR) or PCR was then
performed (19). All primers are listed in Table E2. Quantitative DNA
methylation assays were performed with a OneStep qMethyl kit (Zymo
Research, Irvine, CA) with some modifications.

DNAMethylationMicroarrayandRNAExpressionMicroarray

DNAmethylation and gene expression analysis were performed with the
HumanMethylation27 BeadChip and iScan system or HumanHT-12
BeadChip and iScan system, respectively (Illumina Inc., San Diego, CA).

Figure 1. Expression of DNA methyltransferases (DNMTs)

in idiopathic pulmonary fibrosis (IPF) and normal lung

(Norm) tissues. (A–C) Real-time reverse transcription-
polymerase chain reaction (RT-PCR) results for DNMT3a

(A; P ¼ 0.015), DNMT3b (B; P ¼ 0.01), and DNMT1 (C;

P ¼ 0.113) expression in IPF lung tissues (solid columns)
compared with normal lung tissues (open columns); mea-

surements are normalized to 18S. Experiments were per-

formed in triplicate. Results are averages of at least three

independent experiments, each experiment including at
least three samples from each group. *P , 0.017 versus

normal by analysis of variance. Columns and error bars

represent means 6 SD. (D) Hematoxylin and eosin (H&E)

staining (top) and immunohistochemical staining for
DNMT3a (bottom) on serial sections from a normal subject

and patients with idiopathic pulmonary fibrosis (IPF). Fi-

broblastic foci are designated by asterisks. Arrows indicate
intense staining in abnormal hyperplastic epithelium over-

lying fibroblastic foci. Staining shown is representative of

all samples examined. In normal lung, DNMT3a staining

was sometimes seen in bronchial epithelium (data not
shown). (Additional immunohistochemistry of DNMT3a

can be seen in Figure 4E.)
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Immunohistochemistry

Sections from paraffin-embedded human IPF or normal lung tissues were
used for immunohistochemistry with the following antibodies: anti-
DNMT3a (Sigma, St. Louis,MO), anti-CLDN5 (cat. no. LS-C118405; Life-
span Biosciences, Seattle, WA), and anti-TP53INP1 (cat. no. LS-C48323;
Lifespan Biosciences).

Western Blot

Antibodies used for immunoblotting were anti–a-smooth muscle actin
(Biocarta US, San Diego, CA), anti-ZNF467 (cat. no. AP5309a;
Abgent, San Diego, CA), anti-DDAH1 (cat. no. AP2898b; Abgent),
anti-CLDN5, and anti-TP53INP1. Anti–b-tubulin antibody (Santa
Cruz Biotechnology, Santa Cruz, CA) was used for loading control.

Data and Statistical Analysis

Statistical analysis for DNAandRNAarrays was done with the Illumina
Genome Studio version 2011 analysis package, and pathway analysis

was performed with Ingenuity Pathway Analysis (Ingenuity Systems,
Redwood City, CA).

Initially liberal criteria were used in order not to miss true positive
signals in the screening process, due to the relatively small sample size.
A jDiffScorej of >13 (equivalent to P , 0.05) for DNA methylation
array, a P value less than 0.05, and a fold change greater than 2 for
RNA expression array were used. Genes chosen for further validation
were those that fit these criteria and had an inverse relationship between
DNA methylation and RNA expression. More stringent criteria were used
to select differentially methylated and expressed genes for network analy-
sis. Specifically, the false discovery rates (FDR) were calculated by the
method of Benjamini and Hochberg (20) with correction for multiple test-
ing. Genes with an FDR< 0.05 were selected. For the four genes validated
by additional experiments, P values were obtained by one-way analysis of
variance or Kruskal-Wallis analysis of variance on ranks. The more strin-
gent threshold of P , 0.0125 (¼ 0.05/4) according to the Bonferroni cor-
rection for multiple testing was used to claim statistical significance.

Data visualization and clustering were performed with GeneSpring
GX version 11.5.1 software (Agilent Technologies, Santa Clara, CA).

Figure 2. (A) Heatmap of DNA

methylation array: methylated/
unmethylated genes in idio-

pathic pulmonary fibrosis (IPF)

and normal control samples.

Each row represents a gene with
its average methylation status of

IPF samples or normal samples.

A gradient color scale ranging

between green (unmethylated)
and purple (methylated) is in-

cluded. Brackets indicate genes

with the most significant differ-

ences in methylation status. (B)
Heatmap of gene expression ar-

ray in IPF and normal samples.

Each row represents a gene with
its average expression of IPF

samples or normal samples. A

gradient color scale ranging be-

tween blue (down-regulated in
RNA expression) and gold (up-

regulated in RNA expression)

is shown. (C) Venn diagram

of overlapped genes from DNA
methylation array and RNA

gene expression array data sets.

Thirty-five genes in both data
sets have a jDiffScorej of at least
13, which is equivalent to a

P value less than 0.05, and are

more than twofold changed in
the RNA array, and 16 of these

genes have inverse DNA meth-

ylation and RNA expression

(i.e., DNA hypermethylation
with RNA down-regulation, or

DNA hypomethylation with

RNA up-regulation). Entity List
1 (red): IPF filtered on expres-

sion (0.0–100.0)th percentile

in the raw data (translated

from IPF methylation), 870 en-
tities (835 1 35). Entity List

2 (blue): t test unpaired [IPF]

versus [normal] p < 0.05, fold

change > 2.0, 373 entities
(338 1 35).
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RESULTS

Alteration of DNA Methyltransferase

Expression in IPF Lung Tissues

Global DNA methylation was similar in IPF and normal lung
(Figure E1). Quantitative RT-PCR with whole lung extract dem-
onstrated that patients with IPF had higher DNA methyltrans-
ferase (DNMT) 3a and DNMT3b expression, but DNMT1
expression was not different (Figure 1). Patients with IPF showed
increased immunohistochemical staining for DNMT3a compared
with normal control subjects (Figure 1D and Figure E4). Staining
was primarily nuclear and seen in multiple cell types. In IPF,
staining was most intense in hyperplastic epithelium overlying
fibroblastic foci, but in general was not increased in myofibro-
blasts within the foci. In some samples, staining was most intense
in a layer of cells between the outermost epithelial layer and
the myofibroblasts (data not shown). Cells in this location have

previously shown to express LAM5g2 (laminin-5, g2 chain),
keratin-5, and heat shock protein 27 (HSP27) in what have been
termed “sandwich foci” (21). In normal lung, DNMT3a staining
was occasionally seen in bronchial epithelium (data not shown).
These data suggest that de novo DNA methyltransferases are
up-regulated in IPF, and the pattern of expression is altered.
This could be responsible in part for differences in altered meth-
ylation patterns in specific cell types.

DNA Methylation Microarray Demonstrated Altered DNA

Methylation Pattern in IPF Lung Tissues

Genome-wide methylation profiles were compared between IPF
and normal control groups. Using an equivalent of P value less
than 0.05 (jDiffScorej > 13), a total of 870 genes were identified
as differentially methylated between IPF and normal groups
out of more than 14,000 genes on the chip (Figure 2A). Four

TABLE 1. NETWORKS ASSOCIATED WITH DIFFERENTIALLY METHYLATED GENES IN IDIOPATHIC
PULMONARY FIBROSIS VERSUS NORMAL TISSUE

Score Focus Molecules* Top Functions

46 19 Humoral immune response, protein synthesis, infectious disease

28 13 Energy production, lipid metabolism, small-molecule

biochemistry

20 10 Cellular assembly and organization, cellular compromise,

nervous system development and function

3 1 Molecular transport, protein synthesis, protein trafficking

3 1 DNA replication, recombination, and repair; gene expression;

genetic disorder

3 1 Cellular growth and proliferation, dermatological diseases

and conditions, genetic disorder

2 1 Protein trafficking, connective tissue disorders, immunological

disease

2 1 DNA replication, recombination, and repair; digestive system

development and function; drug metabolism

* For a list of molecules, see Table E3. The genes used in the network analysis were selected on the basis of a false positive

discovery rate (FDR) < 0.05 (see the online supplement for detail).

TABLE 2. NETWORKS ASSOCIATED WITH DIFFERENTIALLY EXPRESSED GENES IN IDIOPATHIC
PULMONARY FIBROSIS VERSUS NORMAL TISSUE

Score Focus Molecules* Top Functions

42 25 Connective tissue disorders, genetic disorder, dermatological

diseases and conditions

36 23 Inflammatory response, gene expression, cell-to-cell signaling

and interaction

35 22 Cellular compromise, inflammatory response, cellular function

and maintenance

33 22 Cell-to-cell signaling and interaction, cellular movement,

immune cell trafficking

31 20 Hematological disease, cancer, reproductive system disease

29 19 Inflammatory response, cellular movement, hematopoiesis

28 19 Inflammatory response, cardiovascular disease, lipid metabolism

23 17 Gene expression, cell death, cell cycle

23 16 Embryonic development, tissue development, nervous system

development and function

21 17 Cell death, liver necrosis/cell death, organ morphology

21 15 Cell morphology, carbohydrate metabolism, developmental

disorder

20 16 Cardiovascular disease, cell death, gastrointestinal disease

20 15 Cell-to-cell signaling and interaction, cellular assembly and

organization, cellular development

19 15 Cell cycle, lipid metabolism, nervous system development

and function

19 15 Antigen presentation, cellular movement, hematological system

development and function

* For a list of molecules, see Table E5. The genes used in the network analysis were selected on the basis of a false positive

discovery rate (FDR). Because the genes with a fold change greater than 2 and a P value not greater than 0.05 had an FDR not

exceeding 0.061, therefore all genes with a fold change greater than 2 and a P value not greater than 0.05 were used in the

network analysis (see the online supplement for detail).
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hundred and six genes were found to have lower, whereas 464
genes had higher, DNA methylation in IPF lung tissues com-
pared with normal control lung tissues. Some of the identified
differentially methylated genes are known to have roles in IPF,
but many have not been previously associated with IPF (Table
E7). For example, matrix metalloproteinase-7 (MMP7), which
is known to have higher expression in patients with IPF (22),
demonstrated lower DNA methylation in the array. Some
differentially methylated genes have not been reported in IPF,
but in other fibrotic diseases (Table E4). More stringent criteria
were used for screening the differentially methylated genes for
network analysis. Differentially methylated genes were grouped
by Ingenuity Pathway Analysis (IPA) into several relevant func-
tional categories, including cellular assembly and organization,
cellular compromise, and small-molecule biochemistry, as shown
in Table 1 and Table E3.

RNA Expression Array Analysis Demonstrates Differential

Expression of Many Genes with Differential Methylation

Next, we examined transcriptional profiles using the HumanHT-12
BeadChip and iScan system, also from Illumina, Inc. Of the
more than 30,000 genes on the chip, there were 373 genes with
a P value less than 0.05 and fold change greater than 2 between
IPF and normal control lung (Figure 2B). The top-ranked over-
expressed genes in IPF by RNA expression array were associ-
ated with connective tissue disorders, such as collagens and
genes involved in matrix remodeling and fibrogenesis, for ex-
ample, SPARC (secreted protein acidic and rich in cysteine)
(23) and MMP7 (22), previously reported in IPF. There were
also genes involved in inflammatory response and cell signaling,
for instance, the members of the interleukin family (Tables E5
and E8). Other top networks identified by IPA (using RNA
with >2-fold change, P , 0.05) included cell–cell signaling,
interaction, and cellular movement (Table 2 and Table E5).
The highly ranked differentially expressed genes known to be
related with IPF or other fibrotic diseases are listed in Table E6.

DNA methylation is important in the regulation of gene
expression. There were only 35 genes identified with a fold

change of 2 or more, a P value less than 0.05 for IPF versus
normal, which also had significant differences in methylation
on DNA methylation arrays (Figure 2C) by unpaired t test.
Sixteen of these genes showed inverse DNA methylation
and gene expression, that is, the genes with DNA hyperme-
thylation demonstrated transcriptional down-regulation, or
vice versa (Figure 3). Eight of the 16 genes have been re-
ported to be associated with lung fibrosis; the direction of
expression change of all but one (catalase) (24) is consistent
with published data.

Validation of Selected Genes: ZNF467 and CLDN5 Are

Down-regulated, whereas TP53INP1 and DDAH1

Are Up-regulated in IPF

We selected 4 genes (ZNF467, CLDN5, TP53INP1, andDDAH1)
from the 16 genes that differed between IPF and control tissues by
both DNA and RNA arrays, and which have never or only re-
cently been reported as having a role in IPF.

The DNA methylation status was first analyzed by MSP, in
which most samples demonstrated both M and U bands (data
not shown), indicating a mixture of methylated and unmethy-
lated DNA copies within these selected genes. The most striking
difference was MSP for ZNF467, in which most IPF samples
showed an M band, whereas normal control samples have none
or only a faint M band (Figure 4B, part b). This indicates that
IPF samples have more methylated ZNF467 than normal at the
specific CpG sites of the primers. We confirmed the differences
in DNA methylation using the OneStep qMethyl kit, which uses
real-time PCR to quantify locus-specific DNA methylation
(25, 26). CLDN5 and ZNF467 demonstrated more methylated
DNA loci, whereas TP53INP1 and DDAH1 had fewer than the
normal control sample (Figures 4B, 5B, 6B, and 7B). We then
confirmed the RNA expression by real-time RT-PCR or at
the protein level by Western blot. Compared with normal
samples, IPF samples had lower expression of CLDN5 and
ZNF467, but higher expression of TP53INP1 and DDAH1 (Fig-
ures 4A, 5A, 6A, and 7A). The protein expression by either
Western blots or immunohistochemistry confirmed these findings

Figure 3. Graphic representa-

tion of the 16 genes that were

different in both data sets by P

value. The columns represent
fold changes in mRNA expres-

sion (idiopathic pulmonary fi-

brosis [IPF] vs. normal); the

solid line represents the Db of
DNA methylation status for

IPF (vs. normal). *Genes pre-

viously reported to be involved

in IPF: CLDN5 (PubMed ID
[PMID] 22003091), HP (PMID

17044913), TP53INP1 (PMID

16166619, array data), DDAH1
(PMID 21677199), COL3A1

(PMID 15133032),MMP7 (PMID

18447576), and CTSK (PMID

15161653); ygene reported to
be down-regulated in IPF: CAT

(PMID 21190578).
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in our samples (Figures 4C and 4D, 5C and 5D, 6C and 6D, and
7C and 7D; and Figure 8).

Figure 8 shows characteristic staining for CLDN5 and
TP53INP1 on IPF and normal lung tissues. TP53INP1 shows
increased staining in IPF, especially in the cell layer immedi-
ately beneath the epithelium covering fibroblastic foci, a pattern
similar to staining for DNMT3a (Figure 1D and Figure E4).
Normal tissues had little staining for TP53INP1. CLDN5, how-
ever, was present in endothelial cells and in some interstitial
cells in normal lung tissue, but was decreased in IPF, especially
in areas with fibroblastic foci. Occasional faint staining for
CLDN5 was seen in epithelium overlying fibroblastic foci.

Interestingly, many of the top-ranked genes from the DNA
methylation and RNA arrays could be organized into a single
network by IPA (Figure E5). Some of the molecules involved
in this network are either known to be associated with pulmonary
fibrosis, such as MMP7 (22), HP (27), or have been validated in
this study.

DISCUSSION

This is the first study to examine the DNA methylation changes
and altered expression of genes on a genome-wide level in IPF

and normal lung tissues. The DNA methylation changes at pro-
moter regions of specific genes may change cell phenotypes and
contribute to the pathogenesis of IPF (10, 16).

In this study, we compared global DNA methylation levels,
and the changes in related DNA methylation enzymes. DNA
is methylated by DNA methyltransferases, including DNMT1,
DNMT3a, and DNMT3b (28). DNMT3a and DNMT3b are
de novo methyltransferases, whereas DNMT1 maintains estab-
lished methylation patterns (28). We did not observe differences
in global DNA methylation between IPF and normal lung (Fig-
ure E1), but found higher DNMT3a and DNMT3b expression
levels in IPF. Immunohistochemistry for DNMT3a demon-
strated increased staining in IPF, most prominent in hyperplas-
tic epithelium overlying fibroblastic foci and in some cases in
cells previously identified as arising from bronchiolar basal cells
(21), suggesting that there are active methylation changes with-
in specific anatomic regions, where cells are undergoing pheno-
typic alteration. This is consistent with our previous finding of
THY1 silencing associated with DNA hypermethylation in
myofibroblasts within fibroblastic foci (10).

Even though the relationships among DNMT expression,
global methylation, and methylation of specific genes are not

Figure 4. ZNF467 is down-regulated in idiopathic pulmonary fibrosis (IPF) lung tissues. (A) mRNA expression of ZNF467 was determined by real-
time reverse transcription-polymerase chain reaction (RT-PCR) in IPF (solid column) and normal (open column) samples, normalized to 18S. P <

0.001. (B) a: Relative DNA methylation level by quantitative PCR of ZNF467 amplicon after digestion with methylation-sensitive restriction enzymes

against its undigested control in IPF (solid column) and normal (open column) samples. P ¼ 0.001. b: Methylation-specific PCR (MSP) with IPF or

normal control DNA samples, using primers specifically designed for methylated (M) and unmethylated (U) sequence. (C) Representative Western
blot for ZNF467 and a-smooth muscle actin (a-SMA) in IPF and normal lung tissues. b-Tubulin served as loading control. (D) Bar graph of ZNF467

(P ¼ 0.005) (black column for IPF, open column for normal) and a-SMA (P ¼ 0.003) (dark gray column for IPF, light gray column for normal) Western

blots. Results are averages of at least three independent experiments of at least three samples of each group. *P , 0.0125 compared with normal
control group. Columns and error bars represent mean 6 SD.
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always straightforward (29), we examined the DNAmethylation
status in IPF, as there should be additional genes with altered
expression caused by changes in DNA methylation. Although
we found multiple genes for which DNA methylation is in-
versely correlated with RNA expression, the overall correlation
of methylation and expression failed to achieve statistical sig-
nificance because of the small sample size, heterogeneous na-
ture of IPF, and the incomplete overlaps of the genes in these
two arrays (see online supplement data). There were other
genes for which DNA methylation status differed significantly
between IPF and normal samples, but did not correlate with
gene expression. This is not surprising, as DNA methylation is
only one of the many epigenetic mechanisms that regulate gene
expression (30). There are also examples of genes for which
hypermethylation at certain CpG islands is associated with in-
creased expression (31).

We chose to validate several genes not previously associated
with IPF at the time the studies were performed. ZNF467 is a zinc
finger protein, a transcription factor that enhances nuclear reten-
tion and trans-activation of STAT3 (signal transducer and acti-
vator of transcription-3) (32). STAT3 trans-activation has been
demonstrated to be altered in IPF (33). Studies have demon-
strated that ZNF467 may also trans-activate a peroxisome
proliferator-activated receptor (PPAR) response element and
recruit a histone deacetylase complex (34). The hypermethylation

of ZNF467 can result in lowered ZNF467 expression in IPF,
which could potentially decrease the activation of PPARg
(34). PPARg ligands are potential antifibrotic agents (35, 36).
Histone deacetylases are important in regulation of the myofi-
broblast phenotype (37). Thus, there is significant biological
plausibility for a role for ZNF467 in the pathogenesis of IPF.

The other down-regulated gene in this study is CLDN5,
a transmembrane protein belonging to the claudin family that
is strongly expressed in normal lung endothelium and is a
major contributor to tight junction formation in these cells
(38). A report, published while this manuscript was in prepara-
tion, demonstrated that claudin-5 is decreased in bleomycin-
induced pulmonary fibrosis (39), which indicated that decreased
CLDN5 expression may be involved in epithelial–mesenchymal
transition (EMT). EMT often involves promoter methylation
to turn off epithelial genes (40, 41). The hypermethylation of
claudin-5 in IPF lung tissues could be an indicator of EMT
occurring in specific cell populations. We found only faint stain-
ing of CLDN5 in epithelium overlying fibroblastic foci and in
small vessels adjacent to fibroblastic foci, in contrast to more
diffuse expression in normal lung (Figure 8).

TP53INP1 and DDAH1 were the genes we confirmed as
increased in IPF at the RNA or protein level. TP53INP1 is
a p53-inducible cell stress response protein, a major mediator
of p53 antioxidant function (42). In certain cancers, TP53INP1

Figure 5. CLDN5 is down-regulated in idiopathic pulmonary fibrosis (IPF) lung tissues. (A) mRNA expression of CLDN5 was determined by real-time

reverse transcription-polymerase chain reaction (RT-PCR) in IPF (solid column) and normal (open column) samples, normalized to 18S. P < 0.001. (B)

Relative DNA methylation level by quantitative PCR of CLDN5 amplicon after digestion with methylation-sensitive restriction enzymes against its
undigested control in IPF (solid column) and normal (open column) samples. P < 0.001. (C) Representative Western blot for CLDN5 and a-smooth

muscle actin (a-SMA) in IPF and normal lung tissues. b-Tubulin served as loading control. (D) Bar graph of CLDN5 (P< 0.001) (black column for IPF,

open column for normal) and a-SMA (P < 0.001) (dark gray column for IPF, light gray column for normal) Western blots. Results are averages of at

least three independent experiments of at least three samples of each group. *P , 0.0125 compared with normal control group. Columns and error
bars represent mean 6 SD.
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is overexpressed and correlates with poor prognosis (43, 44). In
a study in prostate cancer, antisense oligonucleotides down-
regulated TP53INP1, which can inhibit cell proliferation and
induce apoptosis (45). TP53INP1 was also reported to be in-
creased in a previous IPF microarray analysis (46). DNA hypo-
methylation may contribute to the up-regulation of TP53INP1
expression in IPF. Whether the increased TP53INP1 has similar
effects in IPF as in prostate cancer is under further investiga-
tion. The other up-regulated gene, DDAH1, belongs to the
dimethylarginine dimethylaminohydrolase (DDAH) gene fam-
ily. Increased DDAH could decrease endogenous inhibitors of
nitric oxide synthase (NOS) activity, which could result in in-
creased NOS in IPF (47). As we were completing our validation
of DDAH1, a study was published describing slightly increased
expression of DDAH1 and higher expression of DDAH2 in IPF
(48). The study demonstrated that DDAH activity contributes
to the pathogenesis of lung fibrosis through the modulation of
endogenous NOS inhibitors. In their animal model, DDAH1-
overexpressing mice had greater pulmonary fibrosis compared
with wild-type mice. We did not examine DDAH2 expression,
but in our IPF samples, DDAH1 was increased significantly at
the protein level. Further functional and mechanistic studies of
the regulation of TP53INP1, DDAH1, ZNF467, and CLDN5 in
IPF, as well as how gain or loss of DNA methylation affects
RNA/protein expression, are ongoing in our laboratories.

Our studies have some important limitations, including indi-
vidual variations, and the temporally heterogeneous nature of

IPF. Different stages of the disease can have different pheno-
types. Even in the same patient, different cells could be at dif-
ferent stages. Specific gene DNA methylation status has been
related to stages of cancer progression and outcomes (49, 50).
For example, AIM1 gene promoter methylation in specific re-
gions is higher in more advanced melanoma disease stages (51).
Previously we demonstrated hypermethylation of the THY1
promoter in fibroblasts within fibroblastic foci, which represent
“active” disease, but not in adjacent epithelium, and not in
areas of dense, “established” fibrosis. This finding suggests that
methylation is controlled temporally and spatially in the lung in
IPF. Description of changes at different stages of IPF and within
specific cell types must await novel techniques that are still in
development. Another limitation of our study was the small
sample size, which required us to use less stringent criteria dur-
ing the screening process, in order not to miss true positive data.
In addition, although we have shown an inverse correlation
between DNA methylation and gene expression for certain
genes, this does not imply that this is the mechanism by which
these genes are regulated, or that the gene expression changes
occur subsequent to the methylation changes. To prove that the
DNA methylation changes drive the changes in gene expression
would require mechanistic studies in animal models or cell cul-
ture targeting these genes, and such inhibition/overexpression
experiments are not possible in human studies. We are currently
designing studies evaluating how gain or loss of DNA methyl-
ation affects gene expression of the identified genes in animal

Figure 6. TP53INP1 is up-regulated in idiopathic pulmonary fibrosis (IPF) lung tissues. (A) mRNA expression of TP53INP1 was determined by real-
time reverse transcription-polymerase chain reaction (RT-PCR) in IPF (solid column) and normal (open column) samples, normalized to 18S. P ¼
0.006. (B) Relative DNA methylation level by quantitative PCR of TP53INP1 amplicon after digestion with methylation-sensitive restriction enzymes

against its undigested control in IPF (solid column) and normal (open column) samples. P< 0.001. (C) Representative Western blot for TP53INP1 and

a-smooth muscle actin (a-SMA) in IPF and normal lung tissues. b-Tubulin served as loading control. (D) Bar graph of TP53INP1 (P ¼ 0.018) (black
column for IPF, open column for normal) and a-SMA (P ¼ 0.008) (dark gray column for IPF, light gray column for normal) Western blots. Results are

averages of at least three independent experiments of at least three samples of each group. *P , 0.0125, yP . 0.0125 but , 0.05, compared with

normal control group. Columns and error bars represent mean 6 SD.
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models. Finally, the lung tissue samples from the normal control
subjects are from a slightly younger cohort, as it is a challenge to
obtain an exactly age-matched normal cohort. It is possible that
some of the changes we observed may in part be due to aging.
Nevertheless, as IPF is a disorder seen in more advanced ages, it
is possible that age-related changes in methylation may be con-
tributory to IPF.

Different studies use different array platforms resulting in dif-
fering RNA array data (46, 52). We used whole lung tissue,
which contains signals from multiple cell types and regions with
differing histopathology. We confirmed the presence of fibro-
blastic foci within tissue immediately adjacent to tissue used for
array analysis, but this is still an important limitation. However,
this approach confirms that many molecules known to be
altered in IPF could be epigenetically regulated, and identifies

novel molecules and pathways that can be confirmed at the
individual gene and cellular level, as we have done previously
for THY1 (10). Also, this study makes a stronger case for ex-
ploring alteration of DNA methylation as a novel therapeutic
approach in IPF.

Inconsistency between single-gene DNA methylation status
and array data has also been encountered by investigators in lung
cancer research (53). We previously reported that THY1 is
hypermethylated in IPF fibrotic foci and hypomethylated with
increased gene expression in the overlying epithelium, but the
whole lung array data indicated THY1 has lower methylation in
IPF samples (P . 0.05), and increased expression in RNA array
(P , 0.05; a greater than twofold change). Thus, it is critically
important that findings from array approaches be validated at
the tissue level.

Figure 7. DDAH1 is up-regulated

in idiopathic pulmonary fibrosis
(IPF) lung tissues. (A) mRNA

expression of DDAH1 was de-

termined by real-time reverse

transcription-polymerase chain
reaction (RT-PCR) in IPF (solid

column) and normal (open col-

umn) samples, normalized to

18S. P ¼ 0.029. (B) Relative
DNA methylation level by

quantitative PCR of DDAH1

amplicon after digestion with

methylation-sensitive restriction
enzymes against its undigested

control in IPF (solid column) and

normal (open column) samples.
P ¼ 0.002. (C) Representative

Western blot for DDAH1 and

a-smooth muscle actin (a-SMA)

in IPF and normal lung tissues.
b-Tubulin served as loading con-

trol. (D) Bar graph of DDAH1

(P < 0.001) (black column for

IPF, open column for normal)
and a-SMA (P < 0.001) (dark

gray column for IPF, light gray column for normal) Western blots. Results are averages of at least three independent experiments of at least three samples

of each group. *P , 0.0125, yP . 0.0125 but , 0.05, compared with normal control group. Columns and error bars represent mean 6 SD.

Figure 8. Immunohistochemis-

try of TP53INP1 and CLDN5 in

idiopathic pulmonary fibrosis

(IPF) tissues and normal lung
tissues. Shown are hematoxy-

lin and eosin (H&E) staining

(left) and immunohistochemi-

cal staining for TP53INP1 and
CLDN5 (middle and right) on

serial sections from a normal

subject (top) and two patients
with IPF (bottom). A fibroblas-

tic focus is designated by an

asterisk. Arrow indicates faint

staining of CLDN5 in epithe-
lium overlying fibroblastic foci.

Staining shown is representa-

tive of all samples examined.

Insets indicate region outlined
by dashed lines in top right panel

in Figure E4.
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Epigenetic regulation in fibrotic diseases is a relatively new
area. Although this is the first study to apply a whole-genome
approach to DNA methylation in IPF, a great deal remains to
be explored. There are other important DNA methylation–
related proteins, such as methyl-CpG binding domain proteins,
which have been reported to act together with histone-
modifying enzymes to regulate gene expression (30, 54). How-
ever, microarray approaches can provide valuable information
about methylation patterns in IPF. Using a validation process,
novel genes of clinical interest can be identified. By combining
gene expression and DNA methylation status, we can generate
more reliable and accurate biomarkers for IPF. Also, it could be
helpful by measurement of epigenetic alterations to select spe-
cific patients who may benefit from epigenetic therapy. Overall,
understanding the DNA methylation profile in idiopathic pul-
monary fibrosis will not only yield new insights into the patho-
genesis of this devastating disease but will also help improve
diagnosis and treatment of patients with IPF.

Author disclosures are available with the text of this article at www.atsjournals.org.
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