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DNA methylation, a key mechanism of repressing
gene expression, is of particular relevance in control-
ling development and cell differentiation. We ana-
lyzed the extent and regulation of DNA methylation of
the �-smooth muscle actin (�-SMA) gene to elucidate
its potential role in myofibroblast differentiation.
These experiments revealed the presence of three
CpG islands that were methylated at different levels in
fibroblasts, myofibroblasts, and alveolar epithelial
type II cells. Coordinately, these cells expressed low,
high, or no �-SMA, respectively. In addition, inhibi-
tion of DNA methyltransferase activity or knock down
of DNA methyltransferase using specific small inter-
fering RNA caused significant induction of �-SMA in
fibroblasts. In contrast, induced overexpression of
DNA methyltransferase suppressed �-SMA gene ex-
pression. Transforming growth factor � induced
myofibroblast differentiation was enhanced or sup-
pressed by knockdown or overexpression of DNA
methyltransferase, respectively. Finally, in vitro DNA
methylation of the �-SMA promoter suppressed its
activity. These findings suggest that DNA methylation
mediated by DNA methyltransferase is an important
mechanism regulating the �-SMA gene expression
during myofibroblast differentiation. (Am J Pathol
2010, 177:21–28; DOI: 10.2353/ajpath.2010.090999)

Expression of �-smooth muscle actin (�-SMA) is a key
indicator of myofibroblast differentiation in fibroblasts.1–2

Myofibroblasts have a phenotype intermediate between
fibroblasts and smooth muscle cells.1–2 Their accumula-
tion in tissue remodeling and fibrosis leads to excessive
deposition of the extracellular matrix, production of pro-
fibrogenic cytokines, and altered mechanical properties
of affected tissue.2–3 In view of their importance in fibrosis
and certain cancers, understanding the mechanism of
this differentiation is important for complete elucidation of

the pathogenesis of fibrosis, as well as its management
and treatment. While a great deal is known about tran-
scriptional regulation of the �-SMA gene,4–5 there is little
information regarding the epigenetic regulation of this
aspect of myofibroblast differentiation. The importance of
histone acetylation is recently suggested in dermal myo-
fibroblast differentiation,6 while inhibition of DNA methyl-
ation suppresses hepatic myofibroblast differentiation.7

However whether this is mediated via direct alterations in
DNA methylation of the �-SMA gene is uncertain.

DNA methylation is a covalent modification in which
cytosine is methylated in a reaction catalyzed by DNA
methyltransferases (Dnmts) with S-adenosyl-methionine
as the methyl donor.8 In adult somatic tissues, DNA meth-
ylation typically occurs in a CpG dinucleotide context
while non-CpG methylation is prevalent in embryonic
stem cells.9 In mammalian cells, three Dnmt isoforms,
namely Dnmt1, Dnmt3a, and Dnmt3b, have been de-
scribed responsible for DNA methylation.8–14 It is thought
that Dnmt3a and Dnmt3b are essential for de novo meth-
ylation and mammalian development,10 while Dnmt1
serves as a maintenance type of methyltransferase that is
responsible for copying DNA methylation patterns to the
daughter strands during DNA replication.11–13

The DNA methylation pattern is an important compo-
nent of the regulatory mechanisms of gene expres-
sion.7–17 In many disease processes such as cancer,
gene promoter CpG islands acquire abnormal hyper-
methylation, which results in heritable transcriptional si-
lencing.15–17 In an attempt to find out the regulatory
mechanism of myofibroblast differentiation, the potential
role of DNA methylation was investigated in terms of its
impact on �-SMA gene expression. The findings revealed
the presence of three CpG islands in the �-SMA gene
that were differentially methylated in �-SMA expressing
myofibroblasts versus nonexpressing lung alveolar epi-
thelial type II cells. Inhibition of fibroblast DNA methyl-
transferase with either an inhibitor or specific DNA meth-
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yltransferase small interfering (si)RNA leads to significant
induction of �-SMA expression, while ectopic expression
of Dnmts suppressed its expression. Moreover in vitro
DNA methylation of the �-SMA promoter abolished its
activity. These data suggested that DNA methylation by
Dnmts represented a key mechanism for suppression of
myofibroblast differentiation.

Materials and Methods

Animals and Cell Culture

Pathogen-free female Fisher 344 rats (7 to 8 weeks old)
were purchased from Charles River Breeding Laborato-
ries, Inc. (Wilmington, MA). Fibroblasts were isolated
from rat lungs by enzymatic digestion as before.18–20

Cells were then maintained in Dulbecco’s modified Ea-
gle’s medium supplemented with 10% plasma-derived
serum (Cocalico Biologicals, Inc., Reamstown, PA), anti-
biotics, 1% insulin/transferring/selenium (Sigma Chemi-
cals, St. Louis, MO), 5 ng/ml platelet-derived growth fac-
tor (R&D Systems, Inc., Minneapolis, MN), and 10 ng/ml
epidermal growth factor (R&D Systems, Inc., Minneapo-
lis, MN). The adherent cells were then trypsinized and
passaged for at least three times before use. Where
indicated, cells were treated with 4 ng/ml of transforming
growth factor (TGF�1; R&D systems, Inc., Minneapolis,
MN) for 48 hours or 72 hours to induce myofibroblast
differentiation as before.18

Rat alveolar epithelial type II cells were isolated by
elastase cell dispersion and IgG panning as before.19

They were cultured on 6-well tissue culture dishes pre-
coated with fibronectin (R&D Systems, Inc., Minneapolis,
MN) in Dulbecco’s modified Eagle’s medium supple-
mented with 10% newborn calf serum (Sigma). The cells
were of �90% purity based on assessment using by
anti-cytokeratin5/8 (BD Biosciences Inc, San Diego, CA)
immunofluorescent staining.

DNA Pyrosequencing Analysis

Genomic DNA were extracted from cells using Wizard
genomic DNA extraction kit (Promega Inc., Madison, WI)
and 1 �g of the genomic DNA was bisulfite modified
using the Zymo Research EZ Methylation gold kit (Zymo
Research Corp., Orange, CA) in accordance with the
manufacturer’s protocol. The bisulfite modified sample
DNA was then 10-fold diluted and 1 �l of diluted DNA
was used in PCR reactions with 3 �l 10� PCR buffer, 200
�mol/L of dNTPs, 6 pmol forward primer, 6 pmol reverse
primer, and 3 mmol/L MgCl2, 0.75 U Qiagen HotStar Taq
polymerase (Qiagen Inc., Valencia, CA. Cat. # 205203) in
30 �l total volume adjusted using double distilled H2O as
necessary. The PCR cycling condition is as following:
95°C 15 minutes; 45 � (95°C 30 s; 51°C 30 s; 72°C 30 s);
72°C 10 minutes; 4°C �. The PSQ96HS system is used
according to standard procedures for the Pyrosequenc-
ingTM analysis.

Plasmid and Constructs

The mouse Dnmt1, Dnmt3a, and Dnmt3b cDNA constructs
were purchased from Thermo Fisher Scientific Inc., Hunts-
ville, AL. They were amplified by PCR, digested, and in-
serted into vector pLenti6/V5-DEST to form CMV promoter
driven constitutively expressed Dnmt constructs pLenti6/
V5-DEST-dnmt1, pLenti6/V5-DEST-dnmt3a, and pLenti6/
V5-DEST-dnmt3b respectively. The lentivirus based siRNA
constructs specific for rat Dnmt1, Dnmt3a and Dnmt3b,
respectively, and the negative control siRNA construct were
from Open Biosystems and inserted into lentivirus by the
Vector Core at the University of Michigan.

The rat �2880 to � 32 (promoter) and �2880 to �
2803 (promoter plus first intron) rat �-SMA gene promoter
region sequences (numbered from transcription start
site) were amplified by PCR and cloned into promoterless
pGL3-basic vector to form the �-SMApro-Luc and
�-SMApro-intron-Luc constructs, respectively, wherein
the luciferase reporter gene expression was regulated by
these promoters.

Transfection and Reporter Gene Assay

All transient transfections of cells were performed using
the FuGENE6 reagent (Roche Applied Science, India-
napolis, IN) according to the manufacturer’s instructions
as previously described.18 Supercoiled DNA was iso-
lated with an endotoxin-free Qiagen column kit (Qiagen
Inc, Valencia, CA). Unless otherwise indicated, 2 �g DNA
of the �-SMA promoter-luciferase construct of interest
and 100 ng plasmid pRL-SV40 control vector (used for
normalization) were co-transfected per culture into rat
lung fibroblasts in serum-free Dulbecco’s modified Ea-
gle’s medium. Four hours after transfection, the media
were replaced with Dulbecco’s modified Eagle’s medium
containing 10% plasma-derived serum and treated with
either 4 ng/ml TGF� or buffer only. The cells were har-
vested 48 hours after transfection, and the activity of
firefly or Renilla luciferase was measured using the dual
luciferase assay system from Promega Corporation,
Madison, WI. The relative luciferase activity was calcu-
lated by normalizing firefly luciferase activity to that of
Renilla luciferase. Experiments with each construct were
repeated two to four times and results shown as relative
light units and expressed as mean � SE.

RNA Analysis by Quantitative Real-Time PCR

This was undertaken to assess gene expression using a
GeneAmp 7500 Sequence Detection System (PE/ABI,
Foster City, CA) as before.18–20 All required primers and
probes were purchased from Applied Biosystems (PE/
ABI, Foster City, CA) and the results were expressed as
2���CT using 18s RNA as the reference. The specific
calibrator for each assay was indicated in the figure
legends.
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Nuclear Extraction and DNA Methyltransferase
Assay

Nuclear extracts were prepared with the nuclear extrac-
tion kit from Epigentek (Brooklyn, NY) in accordance with
the manufacturer’s protocol. Protein concentration was
determined using the bicinchoninic acid assay from
Thermo Fisher Scientific Inc. (Huntsville, AL) according to
the user manual. DNA methyltransferase activity was as-
sayed using the EpiQuik DNA Methyltransferase Activity/
Inhibition Assay Kit from Epigentek. Results were ex-
pressed as absorbance units and normalized to the
activity in control untreated rat lung fibroblasts (set as
100%).

Flow Cytometry Analysis

Fibroblasts or alveolar epithelial type II cells were in-
fected for 72 hours with the respective lentivirus con-
struct as indicated. After detachment with cell dissoci-
ation buffer (Invitrogen Co. Carlsbad, CA) and washing
in PBS, they were then fixed with 4% paraformaldehyde
for 15 minutes at room temperature. They are stained
with phycoerythrin conjugated anti-�-SMA antibody
(R&D Systems, Inc., Minneapolis, MN) or correspond-
ing phycoerythrin conjugated IgG control in 0.1% saponin
containing 1� PBS for 1 hour at room temperature. After
stringent washing with 0.1% Saponin containing 1�
PBS, they were analyzed on a Cytomics FC500 ma-
chine (Beckman Coulter Inc., Miami, FL). Data col-
lected were then analyzed using Winlist software (Ver-
ity Software House Inc., Topsham, ME).

Western Blot Analysis

The anti-�-SMA antibody was purchased from Sigma-
Aldrich St. Louis, MO and all of the other antibodies were
purchased from Santa Cruz Biotechnology Inc., Santa
Cruz, CA. Equal amounts of cell protein extracts were
loaded onto 12% SDS polyacrylamide gels and trans-
ferred onto Hybond-P membranes for Western blotting as
previously described.18–20

Statistical Analysis

This was undertaken as before18–20 using analysis of
variance, followed, where appropriate, by post hoc test-
ing using Scheffé’s test. A value of P 	 0.05 was used as
a criterion for statistical significance in comparisons be-
tween any two groups.

Results

Identification and Methylation Status of CpG
Islands

De novo appearance of myofibroblasts with their distinct
�-SMA expressing phenotype is characteristic of, and
potentially important in, tissue remodeling, fibrosis and

cancer.1–4 To study if DNA methylation was involved in
the control of �-SMA gene expression, the gene se-
quence was first scanned for potential CpG islands using
the EMBOSS CpGPlot/CpGReport/Isochore program at
http://www.ebi.ac.uk/Tools/emboss/cpgplot/index.html.
This analysis revealed the presence of three CpG islands
residing in the promoter and the first intron (Figure 1A).
To determine the methylation status of these islands and
its functional significance vis-à-vis expression of �-SMA,
genomic DNA isolated from fibroblasts and alveolar ep-
ithelial type II cells were pyrosequenced using primers
specific for the �-SMA gene. The results revealed that the
CpG islands in the �-SMA promoter region were on the
average �80% methylated in both fibroblasts and alve-
olar epithelial cells (Figure 1B). However, the CpG is-
lands in the first intron showed very limited methylation
(�7%) in fibroblasts, but were highly methylated (�59%)
in alveolar epithelial cells. This differential methylation of
the CpG islands in the intronic region between these two
cell types correlated with expression of �-SMA in the
former and not in the latter cells, suggesting that methyl-
ation of these CpG islands may be of functional signifi-

Figure 1. A: Location of CpG islands in �-SMA gene. DNA sequence of
�-SMA gene �2900 to � 3100 from transcriptional start site was submitted to
the EMBOSS CpGPlot/CpGReport/Isochore program online. The results re-
vealed three islands between bp 2142 to 2244 (corresponding to �759 to
�656 from transcriptional start site, namely promoter region), bp 3095 to
3199 (corresponding to � 195 to � 299 from transcriptional start site, namely
first intro region1), and bp 3339 to 3452 (corresponding to � 439 to � 552
from transcriptional start site, namely first intron region 2). B: Methylation
status of CpG islands in the �-SMA gene. This was determined by DNA
pyrosequencing of the �-SMA gene promoter and the first intron regions 1
and 2 where CpG islands were located. The position of each methylated
cytidine from the transcriptional start site was indicated in the x axis. The
results were expressed as percentages and shown as the means � SE from
three independent experiments.
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cance in repressing �-SMA gene expression. To evaluate
this further, the effects of manipulating DNA methylation
by altering the expression of Dnmts were examined.

Dnmt Expression Profile in Fibroblasts
and Epithelial Cells

Initially the Dnmt isoform expression profile for these cells
was examined. In mammalian cells, three Dnmt isoforms,
Dnmt1, Dnmt3a, and Dnmt3b, have been identified and
are responsible for methylation of DNA.8–14 To determine
the presence of these Dnmts in fibroblasts and epithelial
cells, RNA was isolated from these cells and analyzed for
the respective Dnmt isoform mRNA level by real-time
PCR. The results indicated that all three Dnmt isoforms
were detectable in both fibroblasts and epithelial cells
(Figure 2A). Dnmt3a showed the highest expression level
in both cells. Interestingly epithelial cells, which do not
express �-SMA, generally expressed higher levels of all
Dnmts than fibroblasts. To confirm this relative difference
in Dnmt expression between these two cell types, fresh
nuclear extract from both cells were prepared and as-
sayed for the level of DNA methyltransferase activity.
Consistent with the Dnmt mRNA data (Figure 2B), the

results showed that DNA methyltransferase activity was
significantly higher (�180%) in epithelial cells than fibro-
blasts. This would be consistent with the finding of in-
creased methylation of the CpG islands in the �-SMA
gene of epithelial cells versus that of fibroblasts.

Dnmt Inhibition Induced �-SMA Gene
Expression in Fibroblasts

To confirm that DNA methyltransferase activity is an impor-
tant regulator of myofibroblast differentiation, the effect of a
Dnmt inhibitor, 5-aza-2
-deoxycytidine (5-aza-dC), on
�-SMA expression was examined. This compound has
been used for treating cancers21–22 and recently widely
used as a DNA methyltransferase inhibitor. It is incorpo-
rated into DNA to form stable complexes with Dnmt re-
sulting in its inactivation.21–22 To study if DNA methyl-
transferase could regulate myofibroblast differentiation,
fibroblasts were treated with 5-aza-dC at the indicated
doses and then analyzed for �-SMA gene expression by
real-time PCR and Western blot analysis. The results
showed that 5-aza-dC significantly induced expression of
�-SMA in fibroblasts in a dose dependent manner, at both
mRNA (Figure 3A) and protein (Figure 3B) levels. Much
higher levels of protein expression were noted after 5 days
of treatment relative to those seen at 3 days. To confirm that
the treatment with this inhibitor did have an effect on the
methylation status of the �-SMA gene, genomic DNA iso-
lated from control and 5-aza-dC treated fibroblasts were
pyrosequenced using primers corresponding to the �-SMA
gene. The results showed that the methylation ratio of de-
oxycytidine in the �-SMA gene was decreased by 3.55 to
5.86% depending on the location of the CpG island (Figure
3C). The overall average reduction in all sites was 4.59% in
cells treated with the inhibitor for 72 hours relative to that in
control cells (Figure 3C). Thus inhibition of DNA methytrans-
ferase activity resulted in reduced DNA methylation and
induction of �-SMA expression.

Dnmt siRNAs Induced �-SMA Expression

siRNA has been effectively used to inhibit expression of
specific gene targets.23–24 This strategy was used to
evaluate if DNA methylation mediated by specific Dnmts
could regulate �-SMA expression in fibroblasts. Lentivi-
rus siRNA mimics against the indicated Dnmt isoforms
were transfected into fibroblasts and 48 hours later were
analyzed for �-SMA mRNA levels by real-time PCR. The
results showed that consistent with the DNA methyltrans-
ferase inhibitor studies, transfection of each of the indi-
cated Dnmt isoform siRNA individually stimulated �-SMA
expression (Figure 4A). Addition of all three Dnmt isoform
siRNAs caused a further increase in �-SMA expression
over the transfection by individual Dnmt isoform siRNA,
but not synergistically. Analysis of �-SMA protein levels
by flow cytometry (Figure 4B) confirmed the stimulatory
effects of these Dnmt siRNAs on �-SMA expression. To
put this observation in the context of TGF� induced myo-
fibroblast differentiation, the effects of these Dnmt siR-
NAs on �-SMA expression were examined in cells treated

Figure 2. Dnmt expression in fibroblasts (RLF) and epithelial cells (AEC). A:
Total RNA from the indicated cell type were analyzed by real-time PCR for
the indicated Dnmt isoform mRNA. The results were expressed as 2���CT

with 18s rRNA used as the endogenous control. Data were shown as the
mean � SE from triplicate samples. An asterisk indicated statistically signif-
icant difference when compared with the corresponding mean value in
AECs. B: DNA methyltransferase assay was conducted using equal amounts
of freshly prepared nuclear extracts from either fibroblasts (RLF) or epithelial
cells (AEC). The results were expressed as a percentage of the mean activity
in fibroblasts. Mean � SE from triplicate samples are shown.
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with TGF�. As expected, the results showed that TGF�
treatment alone enhanced �-SMA protein expression
(Figure 4C). Control untreated (buffer only) cells exhib-
ited similar stimulation of �-SMA protein expression by
Western blot analysis (Figure 4C). In TGF�-treated cells,
similar enhancement of �-SMA expression by Dnmt
siRNA was also observed. In both situations, the effect of
Dnmt3b was the weakest. Thus all Dnmt isoforms exam-
ined could significantly regulate �-SMA expression in an
additive manner.

Dnmt Overexpression Suppressed �-SMA
Expression

Thus far inhibition of DNA methyltransferase activity or
Dnmt expression effectively induced �-SMA expression

in fibroblasts. This would be consistent with the initial
finding that increased DNA methylation in the �-SMA
gene correlated with suppression of �-SMA expression.
To further confirm that Dnmt could regulate �-SMA ex-
pression, the complementary experiment to the siRNA
studies was undertaken to analyze the effect of Dnmt
overexpression on �-SMA expression. Dnmt isoform ex-
pression plasmids were constructed and transfected into
fibroblasts to achieve overexpression of each of the indi-

Figure 3. Effect of DNA methyltransferase inhibitor on �-SMA expression. A:
Fibroblasts were treated with the indicated doses of DNA methyltransferase
inhibitor, 5-aza-dC for three days. Total RNA was then extracted and analyzed for
�-SMA mRNA by real-time PCR. The results were expressed as 2���CT using 18s
rRNA as the endogenous control. Data were shown as the mean � SE from
triplicate samples. All treated samples showed significantly higher levels of
�-SMA expression compared with untreated controls. B: Fibroblasts were treated
with 5-aza-dC at the indicated dose for three or five days, and then analyzed for
�-SMA protein levels by Western blotting. Equal amounts of total protein were
loaded onto the gels for separation. The membrane was striped and reblotted
with horseradish peroxidase-conjugated anti-glyceraldehyde-3-phosphate dehy-
drogenase antibody as a loading control. C: The cells were treated with either
control buffer (“None”) or 5-aza-dC for 72 hours. The genomic DNA was then
isolated and pyrosequenced using primers corresponding to the �-SMA gene
promoter region. The extent of methylation (expressed as percentages) was
plotted versus the corresponding position of the CpG island from the transcrip-
tional start site. The results were shown as mean � SE.

Figure 4. Effect of Dnmt siRNAs on fibroblast �-SMA expression. A: Fibro-
blasts were transfected with the indicated siRNA construct or constructs or all
three constructs (“ALL”) for 48 hours and then analyzed for �-SMA mRNA by
real-time PCR. The results were expressed as 2���CT using 18s rRNA as the
endogenous control. Data were shown as the mean � SE from triplicate
samples. Mean values of cells treated with Dnmt siRNA were significantly
higher than that of cells treated with the control vector. B: The indicated
siRNA construct or all three constructs (“ALL”) were transfected into fibro-
blasts and then stained with phosphatidylethanolamine-conjugated anti-�-
SMA antibody followed by flow cytometric analysis. The dashed line indi-
cated the IgG control, while the solid line represented the cells transfected with
control siRNA and stained with phosphatidylethanolamine-conjugated anti-�-
SMA antibody. The shaded region represented cells transfected with the indi-
cated Dnmt siRNA construct(s) stained with phosphatidylethanolamine-conju-
gated anti-�-SMA antibody. C: Fibroblasts were transfected with the indicated
individual Dnmt siRNA or all three siRNAs together (“ALL”) and treated with
either buffer only (“Buffer”) or TGF� (4 ng/ml) for 72 hours. On harvest,
equal amounts of total protein extracts were loaded onto gels for Western
blotting. The membrane was striped and reblotted with HRP conjugated
anti-glyceraldehyde-3-phosphate dehydrogenase antibody as a loading
control.
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cated isoforms. The results showed that overexpression
of each of the Dnmt isoforms individually caused signifi-
cant reduction in �-SMA mRNA levels by real-time PCR
analysis, with the greatest effect (�50% inhibition) exhib-
ited by Dnmt1 overexpression (Figure 5A). Combined
overexpression of Dnmts 1, 3a, and 3b resulted in a
greater inhibitory effect without evidence of synergism.
Similar inhibition of �-SMA protein levels was also dem-
onstrated by western blotting analysis, and remained
detectable even when the cells were treated with TGF� to
induce myofibroblast differentiation (Figure 5B). As with
the siRNA experiments, the effect of Dnmt3b overexpres-
sion was the weakest. In view of the noted effects on

TGF� induced differentiation, the possibility that this cy-
tokine could up-regulate �-SMA expression by suppress-
ing Dnmt expression was investigated. Fibroblasts were
treated with buffer only or TGF� and 6 hours later were
analyzed for Dnmt mRNA levels by real-time PCR. The
results showed that TGF� treatment significantly inhibited
expression of Dnmt1 and Dnmt3a but not Dnmt3b (Figure
5C). Thus consistent with the inhibitor and siRNA studies,
overexpression of Dnmts suppressed fibroblast �-SMA
expression and TGF� induced myofibroblast differentia-
tion, while TGF� had suppressive effects on Dnmt
expression.

Methylation of �-SMA Promoter Inhibits �-SMA
Gene Expression

To further confirm the importance of DNA methylation in
suppression of �-SMA gene expression, the �-SMA gene
promoter region and the �-SMA gene promoter region
inclusive of the first intron were cloned with fusion to a
luciferase reporter gene, wherein the expression of lucif-
erase was driven by the �-SMA gene promoter (dia-
grammed in Figure 6A). These constructs were then
methylated in vitro with CpG methyltransferase M. SssI
isolated from E. Coli, which methylates all cytosine resi-
due (C5) within the double stranded dinucleotide recog-
nition sequence 5
-CG-3
. These methylated and non-
methylated constructs were then transfected into rat lung
fibroblasts followed by treatment with TGF� or buffer to
examine the effect of methylation on promoter activity.
The results showed the expected promoter activity of
both nonmethylated promoter constructs, which was sig-
nificantly enhanced by TGF� treatment (Figure 6B). The

Figure 5. Effect of Dnmt overexpression on �-SMA expression. A: Fibro-
blasts were transfected with indicated the indicated Dnmt isoform expression
plasmid or all three plasmids (“ALL”) for 48 hours. They were then analyzed
for �-SMA mRNA levels by quantitative real-time PCR. The results were
expressed as 2���CT using 18s rRNA as the endogenous control. Data were
shown as the mean � SE from triplicate samples. All samples treated with
Dnmt plasmid(s) were significantly different from the sample treated with the
control vector. B: The cells were transfected with the indicated individual
Dnmt isoform expression plasmid or all three plasmids together (“ALL”) and
treated with either buffer only (“Buffer”) or TGF� for 72 hours and then
analyzed for �-SMA content by Western blotting. The membrane was
stripped and reblotted with HRP conjugated anti-glyceraldehyde-3-phos-
phate dehydrogenase antibody as a loading control. C: Rat lung fibroblasts
were treated with 4 ng/ml TGF� or buffer only (“Buffer”) for 6 hours and
then total RNA was extracted and analyzed for mRNA of the indicated dnmt
gene by real-time PCR. The results were expressed as mean � SE with N �
3. The inhibition by TGF� treatment was significant only for dnmt1 and
dnmt3a mRNA.

Figure 6. Effect of DNA methylation on �-SMA promoter activity. �-SMA
promoter constructs without the first intronic region (�-SMApro-Luc) and
the �-SMA promoter constructs with the first intronic region (�-SMApro-
intron-Luc) were methylated in vitro and transfected into rat lung fibro-
blast (diagrams of constructs in A). B: The transfected cells were treated
with either TGF� or buffer only for 48 hours and tested for the promoter
activity in terms of luciferase activity in relative light units. Experiments
with each construct were repeated two to four times and the results were
expressed as mean � SE.
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nonmethylated construct containing the first intron
showed higher activity than its intronless counterpart, but
exhibited a lower level of stimulation by TGF�. In contrast,
both methylated promoter constructs exhibited essen-
tially baseline levels of activity with minimal stimulation by
TGF�. These results confirmed that methylation of the
�-SMA gene promoter region suppressed its expression.

Discussion

Myofibroblast differentiation is commonly detected by
induction of �-SMA expression in fibroblasts.1–3 Regula-
tion of its expression has been extensively studied as a
means of understanding the mechanism of differentia-
tion. Understanding this mechanism is of importance be-
cause of the key roles they play in tissue fibrosis and
more recently in cancer.4 Despite discovery of an in-
creasing number of trans-acting factors and cis-acting
elements that control �-SMA gene expression,20–22,25–27

the epigenetic regulation of its expression has not re-
ceived this level of attention. In this paper, an attempt
was made to determine the potential importance of epi-
genetic regulation in myofibroblast differentiation from
the standpoint of the importance of DNA methylation
status of the �-SMA gene on its expression. Highly meth-
ylated sequences in CpG islands of many genes are
known to be responsible for gene silencing,8,13–14 and
especially in the context of cell differentiation and devel-
opment they may be responsible for maintenance of the
undifferentiated state.28 Thus the first step in this study
was to determine the extent of DNA methylation in the
�-SMA gene in fibroblasts with the capacity for myofibro-
blast differentiation. Fibroblast cultures routinely contain
some myofibroblasts (usually 	20%), and thus show a
certain level of �-SMA expression even in the absence of
an exogenous differentiating stimulus.18–20 In these cells,
the findings revealed the presence of at least three CpG
islands in the promoter and first intron of the �-SMA gene
with a distinct methylation pattern. While they revealed a
�78% methylation in the promoter sequences, the in-
tronic region was only poorly methylated (	8%). This was
in contrast to freshly isolated lung alveolar epithelial type
II cells that do not express �-SMA, which showed uni-
formly high methylation in comparable sequences of the
�-SMA gene. Thus consistent with its role in gene silenc-
ing, highly methylated DNA sequences in the �-SMA
gene correlated with suppression of its expression.

The importance of DNA methylation was further evi-
denced by stimulation of �-SMA expression by an inhib-
itor of DNA methyltransferase, 5-aza-dC, which was as-
sociated with a reduction in DNA methylation of the
�-SMA gene. This stimulatory effect of 5-aza-dC is oppo-
site to that found in hepatic stellate cells, where it was
found to inhibit their differentiation to myofibroblasts via
an nuclear factor �B dependent mechanism.7 The basis
for this difference is unclear, but may be related to the
different cell types and/or experimental conditions used.
Nevertheless, to confirm the importance of DNA methyl-
ation in suppression of myofibroblast differentiation, the
effects of suppressing or overexpressing Dnmts on

�-SMA expression were examined in fibroblasts. The
three known Dnmt isoforms that regulates DNA methyl-
ation, Dnmt1, Dnmt3a, and Dnmt3b, are known to be
responsible for methylating DNA sequences.8–14 When
Dnmt expression was suppressed using isoform specific
siRNAs, there was a significant induction of �-SMA ex-
pression. In contrast overexpression of Dnmts by trans-
fection with expression plasmids caused significant re-
pression of �-SMA expression. These observations were
noted even in cells treated with TGF� to induce myofi-
broblast differentiation. Moreover TGF� itself inhibited
Dnmt expression, suggesting an additional mechanism
by which it could regulate �-SMA expression to effect
myofibroblast differentiation by suppression of DNA
methylation. Thus the totality of the findings revealed
significant regulation of �-SMA expression by methylation
of its gene sequence mediated in part by Dnmts 1, 3a,
and 3b. These results signify the importance of DNA
methylation and Dnmts in suppression of myofibroblast
differentiation, which may be important in homeostatic
prevention of differentiation. Abrogation of this suppres-
sion, in addition or in conjunction with transcriptional
activation of the �-SMA gene may be involved in the de
novo emergence of myofibroblasts in fibrosis or cancer.
The findings in this study thus revealed an additional
potential target for novel therapeutic approaches for con-
trolling both these processes.

The differential pattern of DNA methylation between
fibroblasts and epithelial cells are of some interest, es-
pecially since this may account for the absence of �-SMA
expression in the latter cell type. Despite expression of all
three Dnmt isoforms in both these cell types, this differ-
ential methylation pattern suggests additional mecha-
nisms are involved in causing this difference between the
two cell types. The consequences of the higher methyl-
ation of intronic sequences in epithelial cells on transcrip-
tional activation may contribute to the silencing of the
�-SMA gene in these cells. This is supported by the
observation that in fibroblasts the �-SMA promoter con-
struct with nonmethylated first intronic region exhibited
significantly higher activity than one without the first in-
tronic region, indicative of the potent stimulatory effect of
this intron. However, when the constructs were methyl-
ated, the presence or absence of the first intron had no
significant effect since promoter activity was essentially
abolished. Thus additional studies on transcriptional reg-
ulation via the first intronic region in myofibroblast differ-
entiation may be warranted in future studies.
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