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DNA methylation is a key mechanism for repression
of gene expression, including that of �-smooth mus-
cle actin (�-SMA) gene expression in fibroblasts. How-
ever, the trans-acting factors that interact with the
methylated �-SMA gene to regulate its expression
have not been identified. Using gel shift and chroma-
tin immunoprecipitation (ChIP) assays, methyl CpG
binding protein 2 (MeCP2) was shown to bind to the
�-SMA gene. Suppression of MeCP2 gene expression
by siRNA or its deficiency in lung fibroblasts isolated
from MeCP2 knockout mice caused significant reduc-
tion of �-SMA gene expression. In contrast, transient
transfection of MeCP2 expression plasmid into fibro-
blasts enhanced �-SMA gene expression. Moreover, in
vivo studies revealed that compared to their wild type
littermates, MeCP2-deficient mice exhibited signifi-
cantly decreased alveolar wall thickness, inflammatory
cell infiltration, interstitial collagen deposition, and
myofibroblast differentiation in response to endotra-
cheal injection of bleomycin. Thus, MeCP2 is essential
for myofibroblast differentiation and pulmonary
fibrosis. (Am J Pathol 2011, 178:1500–1508; DOI:

10.1016/j.ajpath.2011.01.002)

Induction of myofibroblast differentiation is a key feature
of wound healing, tissue repair, and remodeling or fibro-
sis.1–6 The myofibroblast arises de novo at these sites of
tissue repair, and is a characteristic cellular component
of active tissue remodeling, such as that in the fibroblas-
tic foci of affected lungs from patients with idiopathic
pulmonary fibrosis.1–6 The myofibroblast is a major
source of the extracellular matrix that is found in these
areas of remodeling, as well as cytokines, such as trans-
forming growth factor � (TGF�).1–6 The myofibroblast’s

characteristic expression of �-SMA is widely used as a

1500
marker for its identification as well as differentiation from
precursor cells, such as fibroblasts.1 In the lung the myo-
fibroblast is found to be essential for alveolar develop-
ment,7 but it is also implicated in pathogenesis of chronic
fibrotic lung diseases.6 The myofibroblast is thought to
promote fibrosis by engaging in cross talk with adjacent
alveolar epithelial cells resulting in heightened production
of fibrogenic cytokines and extracellular matrix compo-
nents, with consequent distortion of normal lung architec-
ture and mechanical properties.1–6 Given these significant
developmental and pathogenic roles of the myofibroblast,
obtaining insight into the mechanism of its differentiation
from precursor cells would be of considerable interest. Re-
cent studies have focused on signaling and complex/com-
binatorial transcriptional, regulatory mechanisms of the
marker gene, �-SMA expression,8–17 but remain incom-
pletely understood especially at the epigenetic level.

Epigenetic regulation of gene expression commonly oc-
curs at two primary levels, namely DNA methylation and
modified histone interaction with DNA.18 There is evidence
that both modes of epigenetic regulation affect myofibro-
blast differentiation.19–22 Although inhibition of histone
deacetylase is known to suppress myofibroblast differenti-
ation, the molecular mechanism is unclear, especially vis-
à-vis regulation of �-SMA gene expression.20–22 With re-
spect to DNA methylation, there is recent evidence of
indirect mechanisms affecting expression of the �-SMA
gene.23,24 These studies implicate a role for the methyl CpG
binding protein 2 (MeCP2), a key member of the methyl-
DNA binding protein family of proteins.25–29 While MeCP2
can bind to unmethylated DNA,29 preferentially it binds
methylated DNA at the 5=-CpG residues.30–31 MeCP2 is
originally considered to be a transcriptional repressor in
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conjunction with Sin3A and histone deacetylase, but was
found later to also have a significant role as a transcriptional
activator, as well as in the regulation of chromatin architec-
ture and RNA splicing.32–34 Thus, there is considerable
complexity in the possible mechanisms by which MeCP2
can regulate gene expression.

The presence of three CpG islands in the �-SMA gene
is recently reported and their methylation is associated
with suppression of �-SMA gene expression and thus,
the undifferentiated state of the precursor fibroblasts.19 In
cells that do not express �-SMA, such as the alveolar
epithelial type II cell, intronic regions are also highly
methylated.19 This is in contrast to the situation in fibro-
blasts with the potential to express �-SMA, wherein only
the promoter regions were significantly methylated.19

Moreover in fibroblasts, inhibition of DNA methyltrans-
ferase (Dnmt) activity or induced deficiency of Dnmt 1,
3a, and/or 3b is sufficient to induce �-SMA expression.19

TGF�-induced myofibroblast differentiation is associated
with reduction in Dnmt1 and Dnmt3a expression, while
induced over-expression of all three Dnmts suppress
�-SMA expression without complete suppression of
TGF� inducibility.19 Thus, DNA methylation appears to
be a key mechanism for maintenance of the undifferen-
tiated state, but the regulatory mechanism associated
with gene repression is not clear.

Given that MeCP2 is implicated in mechanisms regu-
lating gene sequences with methylated DNA and the
previous identification of methylated DNA in the �-SMA
gene, the objective of this study was to investigate the
potential role of MeCP2 in the regulation of �-SMA gene
expression in lung fibroblasts. The results indicated that
MeCP2 preferentially bound the methylated �-SMA gene
promoter and enhanced �-SMA gene expression. Sup-
pression of MeCP2 gene expression in lung fibroblasts
by siRNA or its deficiency in cells from MeCP2 knock out
mice resulted in reduced �-SMA gene expression. Fur-
ther studies indicated that MeCP2 deficient mice, com-
pared to their wild-type littermates, exhibited significantly
decreased alveolar wall thickness, inflammatory cell infil-
tration, interstitial collagen deposition, and myofibroblast
differentiation on endotracheal injection of bleomycin.
Thus, an essential role of MeCP2 in myofibroblast differ-
entiation and pulmonary fibrosis was suggested.

Material and Methods

Animals and Cell Culture

All animal care was in accordance with the National In-
stitutes of Health ethics, procedures, and regulations.
Pathogen-free female Fisher 344 rats (7 to 8 weeks old)
were purchased from Charles River Breeding Laborato-
ries, Inc. (Wilmington, MA). The MeCP2 deficient mice
and their wild-type littermates were purchased from the
Jackson Laboratory (Bar Harbor, ME).32 Fibroblasts were
isolated from mouse and rat lungs by enzymatic diges-
tion and then maintained in Dulbecco’s modified Eagle’s
medium, supplemented with 10% plasma-derived serum

(Cocalico Biologicals, Inc., Reamstown, PA), antibiotics;
1% insulin, transferrin, and selenium (Sigma Chemicals,
St. Louis, MO); 5 ng/mL platelet-derived growth factor
(R&D Systems, Minneapolis, MN); and 10 ng/mL EGF
(R&D Systems) as before.8 The adherent cells were then
trypsinized and passaged for at least three times before
use.

Bleomycin-induced pulmonary fibrosis was induced as
previously described.11 The control group received the
same volume of sterile phosphate-buffered saline only
(saline treated). At 7 or 21 days after bleomycin injection,
the mice were sacrificed and the lungs of some of the
mice were removed and extracted for total mRNA and
total protein, while the remainder of lungs was formalin-
fixed and stained for routine histopathology.

Plasmid, Constructs, and Enzymes

The human MeCP2 expression cDNA construct was pur-
chased from B-Bridge International, Inc. (Mt. View, CA).
The lentivirus-based siRNA construct specific for rat
MeCP2 and the corresponding negative control siRNA
construct were purchased from Thermo Scientific (Hunts-
ville, AL). The �2880 to �2803 (numbered from tran-
scription start site, including promoter and first intron) rat
�-SMA gene promoter was previously amplified by PCR
and cloned into promoterless pGL3-basic vector to form
�-SMApro-intron-Luc construct,19 wherein the luciferase
reporter gene expression was driven by this promoter.
Escherichia coli CpG methyltransferase (M. SssI) was pur-
chased from New England Biolabs, Inc. (Ipswich, MA).

Electrophoretic Mobility Shift Assay

Electrophoretic mobility shift assay was done as previ-
ously described.8 Briefly, methylated and unmethylated
double-stranded oligonucleotide DNA probe corre-
sponding to the CpG islands in the indicated �-SMA
promoter and intronic regions were synthesized and la-
beled with 32P by T4 polynucleotide kinase. These probes
corresponded to the following regions: i) �735 to �646
(numbered from the transcriptional start site) with methyl-
ated sequence 5=-AAAAGAmCGGTCCTTAAGCATGATAT-
CAAGGGTCAGmCGATAAACCAACAACATGCAmCGTGG-
ACTGTACCTAAGGGTTAAmCGCAGTTACAGT-3=, ii) site 1
in the first intronic region from �191 to �280 of the �-SMA
promoter with methylated sequence 5=-ATGATTTmCGTAT-
CTAAAmCGGGACTAAAAATGAATmCGTGGTTTACTGGC-
AAAGGAGATGGAGAGGAAATTAAAGTTTGTTCATGm-
CGTGGCA-3=, and iii) site 2 in the first intronic region from
�444 to �533 of the �-SMA promoter with methylated se-
quence5=-ACmCGAGTACAGCmCGGGTTAACTGGAAGT-
GGATGTCAGGAGTGAACTGGmCGmCGGTTGCCTGmC-
GCTCTGGTTTTGGCTGAGTGGACTGmCGTT-3=. They
were individually incubated with MeCP2 (Abnova, Walnut,
CA) at the indicated concentrations, 100 ng of Poly dI-dC
and 0.1 �g poly-L-lysine in a final volume of 25 �l in Dig-
nam’s Buffer C (20 mmol/L HEPES, pH 7.9, 0.42 M NaCl, 1
mmol/L EDTA, 0.1 mmol/L EGTA, 1.0 mmol/L DTT, 100
�mol/L sodium orthovanadate and protease inhibitors).
Samples were then analyzed by electrophoresis on 4%

nondenaturing polyacrylamide gels at 150 V in 1 � Tris-
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borate-EDTA buffer (90 mM Tris, 90 mM boric acid, 2 mM
EDTA, pH. 8.0) for about 2 hours. Following electrophoresis,
the gels were dried and exposed to X-ray film for 24 to 48
hours.

ChIP Assay

Chromatin immunoprecipitation (ChIP) assay was per-
formed using a kit from Millipore Co. (Billerica, MA) fol-
lowing the manufacturer’s protocol as previously de-
scribed.9 Lung fibroblasts were treated with TGF� or
buffer only for 24 hours, fixed with 1% formaldehyde in
Dulbecco’s modified Eagle’s medium, washed twice with
PBS, and then lysed in SDS lysis buffer. After sonication
to shear the DNA to an average of 1000 bp, the lysate
was centrifuged and the supernatant was collected. After
preclearing with protein A agarose, each sample was
aliquoted (20 �l) separately for use as “input DNA” in
PCR analysis. The remainder of each sample was then
divided equally into three aliquots for incubation with: i)
anti-MeCP2 antibody (anti-MeCP2 bound DNA fraction),
ii) nonimmune rabbit IgG (nonspecific antibody back-
ground DNA fraction), or iii) PBS-buffer (no antibody
background fraction). Any immune complexes formed
were affinity-adsorbed with protein A agarose and col-
lected by centrifugation. The bound DNA was washed
extensively and eluted from the protein A agarose with
freshly made elution buffer (1% SDS, 0.1 M NaHCO3).
The eluates and the original “input DNA” sample were
incubated at 65°C for 4 hours to reverse the crosslink and
then used as templates for PCR analysis along with the
oligonucleotide primer pairs A (5=-CGTTGACTGTCCATT-
GAAGC-3=) and B (5=-TGTAGTCTGGAGTCTGTGTG-3=), C
(5=-CAGTCGCCATCAGGGTAAGT-3=) and D (5=-CAACAC-
CTAAGTAGAAACAA-3=), and E (5=-TTGTTTCTACTTAG-
GTGTTG-3=) and F (5=-CATAGGTTTGAATCGTAAGG-3=).
These primers were designed to amplify the CpG islands in
the �-SMA promoter region from �917 to �531, site 1 in first
intronic region from �17 to �390 and site 2 in first intronic
region from �371 to �600 of the rat �-SMA gene, respec-
tively. The PCR products were then analyzed by gel elec-
trophoresis in 1.3% agarose along with 100 bp DNA ladder
from New England Biolabs, Inc.

Transfection and Reporter Gene Assay

All transient transfections were performed using the Fu-
GENE6 reagent (Roche Applied Science, Indianapolis, IN)
according to the manufacturer’s instructions as before.8

Supercoiled DNA was isolated with an endotoxin-free Qia-
gen column kit (Qiagen Inc., Valencia, CA). Unless other-
wise indicated, cells were seeded in six-well plates at a
density of 105 per well in Dulbecco’s modified Eagle’s me-
dium containing 10% plasma-derived serum, and incu-
bated at 37°C overnight. In all, 2 �g DNA of interest were
transfected per culture in Dulbecco’s modified Eagle’s me-
dium containing 0.5% plasma-derived serum with or without
4 ng/mL TGF� for the indicated time. To test the effect of
MeCP2 on �-SMA promoter activity, 2 �g pLenti6-MeCP2 or
the control empty vector pLenti6-v5 were co-transfected

with the rat �-SMA promoter luciferase construct, �-SMA
pro-intron-Luc, or plasmid pRL-TK control vector (used for
normalization), respectively. After 48 hours, the cells were
harvested and the activity of firefly or Renilla luciferase was
measured using the dual luciferase assay system from Pro-
mega Co. (Madison, WI). The relative luciferase activity was
calculated by normalizing firefly luciferase activity to that of
Renilla luciferase to correct for transfection efficiency. Ex-
periments with each construct were repeated 2 to 4 times,
and the relative light units were 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 (Applied
Biosystems, Foster City, CA) as before.8–11 All required
primers and probes were purchased from Applied Biosys-
tems and the results were expressed as 2���CT using 18S
rRNA as the reference. The specific calibrator for each
assay was indicated in the figure legends.

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
transferred onto Hybond-P membranes for Western blot-
ting as previously described.8 After each specific blot,
the membranes were stripped and re-blotted with anti-
GAPDH antibody as a loading control.

Histopathology

Morphological evaluation was performed on formalin-
fixed, paraffin-embedded lung tissue sections and
stained with H&E, as previously described.11

Hydroxyproline Assay

As a measure of fibrosis, total lung hydroxyproline con-
tent was determined by colorimetric assay after acid hy-
drolysis, as previously described.11

Statistical Analysis

This was undertaken as before using analysis of vari-
ance, and 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.8–11

Results

MeCP2 Binding to �-SMA Gene

MeCP2 is known to bind preferentially to methylated DNA
regions serving as either a transcriptional repressor or
activator, depending on the context.27 Since methylated

DNA residues are present in the �-SMA gene19 the pos-
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sibility of MeCP2 binding to these �-SMA gene se-
quences was initially investigated by incubation of re-
combinant MeCP2 with methylated and unmethylated
DNA probes containing the sequences corresponding to
the 3 CpG islands present in the �-SMA gene. They were
then analyzed on nondenaturing polyacrylamide gels in an
electrophoretic mobility shift assay. The resulting X-ray
showed that at least two shifted bands could be discerned,
representing MeCP2 bound complexes in both methylated
and unmethylated probe samples (Figure 1A). The intensity
of the complexes was higher in methylated than in unmethy-
lated probe samples, suggesting increased binding when
the CpG islands were methylated. There appeared to be
more binding to the promoter and intron 1 site 2 probes
relative to the intron1 site 1 probe. The binding specificity
was confirmed by the virtual loss of retarded bands on
incubation with 100 � cold unlabeled probe. Thus MeCP2
could bind the corresponding CpG island containing se-
quences in the �-SMA gene.

To confirm binding of MeCP2 to the �-SMA gene in

Figure 1. Binding of MeCP2 to �-SMA gene. A: Methylated and unmethy-
lated oligo DNA primers spanning the CpG islands of the promoter region,
intron 1 site 1 and intron 1 site 2 (corresponding locations in the �-SMA gene
shown in upper panel cartoon, with numbering from the transcription start
site) of the �-SMA gene were synthesized and labeled with 32P for use in an
electrophoretic mobility shift assay. After incubation with the indicated doses
of MeCP2 the samples were then analyzed by gel electrophoresis. Where
indicated, 100-fold excess cold probe was added to the reaction mixture. The
specific DNA-protein complexes were indicated by solid arrows. B: Cells
were treated as indicated and then analyzed for binding of MeCP2 to the
�-SMA gene promoter using a ChIP assay in conjunction with anti-MeCP2
antibodies. After incubation with the antibodies (“MeC”) or control IgG
(“IgG”), the precipitated DNA, as well as unfractionated DNA (input or
“Inp”), were analyzed by PCR using primers spanning the �-SMA gene
promoter region. The PCR products were then separated in a 1.3% agarose
gel.
intact cells, anti-MeCP2 antibody was used in a ChIP
assay of samples from untreated or TGF�-treated cells.
As shown in Figure 1B, a DNA fragment (�380 bp) was
amplified by PCR using anti-MeCP2 antibody precipi-
tated DNA as a template together with primers spanning
the �-SMA gene promoter region. In this region more
than 70% of CpG islands were methylated in rat lung
fibroblasts.19 Samples from cells treated with TGF�
showed the presence of a similar band, although with
lower intensity. No band was detected when control
IgG was used indicating specific precipitation by the
anti-MeCP2 antibody. Moreover, no band was de-
tected when primers spanning the intronic region were
used for PCR amplification (data not shown). This in-
tronic region was previously shown to be less than 8%
methylated in lung fibroblasts.19 Thus, consistent with
the gel shift data, MeCP2 was bound to the �-SMA promoter
in intact cells, while the binding to intronic regions revealed
by gel shift assays was undetectable in intact cells.

MeCP2 Activation of �-SMA Gene Expression

Given the observation of binding interactions between
MeCP2 and the �-SMA gene promoter, the effect of the
former on �-SMA expression was examined. This was
undertaken by examining the effects of induced over-
and under-expression of MeCP2 on �-SMA expression.
First, the effect of over-expression using MeCP2 expres-
sion plasmid and corresponding negative control was
analyzed by Western blotting and real-time PCR analysis
for �-SMA protein and mRNA, respectively. The results
showed an incremental increase in MeCP2 protein ex-
pression by the plasmid above the pre-existing levels,
which were already quite significant (Figure 2A, upper
panel). However, greater effect on suppression of MeCP2
protein expression was noted with the MeCP2 siRNA
(Figure 2B, upper panel). The over-expression of MeCP2
caused modest but significant stimulation of �-SMA pro-
tein expression in both untreated, as well as TGF�-
treated cells (Figure 2A). TGF� treatment alone caused
the expected increase in �-SMA expression, which was
further enhanced by transfection with the MeCP2 plas-
mid. In contrast, when the cells were transfected with
MeCP2 siRNA to suppress endogenous MeCP2 expres-
sion, �-SMA expression was inhibited in both untreated
and TGF�-treated cells, although the inhibition was less
and not statistically significant in the latter (Figure 2B).
However, the ability of TGF� to induce �-SMA expression
appeared to be unimpaired. Similar findings were noted
when effects on �-SMA mRNA levels were analyzed, al-
though the effects of MeCP2 over-expression (Figure 2C) or
under-expression (Figure 2D) were noticeably greater at the
mRNA level compared to those at the protein level. More-
over, MeCP2 siRNA was able to significantly suppress
�-SMA mRNA levels, even in TGF�-treated cells (Figure
2D). These findings suggested an activator role for MeCP2
in regulation of �-SMA gene expression in fibroblasts, which
might enhance or be an additive to activation by TGF�. In
addition, TGF� induced �-SMA expression appeared to be

unaffected by MeCP2 deficiency.
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Methylation of �-SMA Promoter Inhibited the
Stimulatory Effect of MeCP2

Since MeCP2 preferentially binds to methylated DNA, the
effect of DNA methylation on the MeCP2 activation of
�-SMA gene expression was analyzed using an �-SMA
gene promoter construct. This construct contained the
promoter and the first intronic regions (from �2880 to
�2803), which was previously cloned and fused with a
luciferase reporter gene, wherein the expression of lucif-

Figure 2. Effect of MeCP2 on �-SMA expression. Lung fibroblasts were trans
C), or MeCP2 (“MeCP2”) or random control (“Control”) siRNA (B and D). Th
were then analyzed for �-SMA protein by western blotting with GAPDH use
and B), and the blots from three separate experiments were then scanned, qu
GAPDH band (lower panels, A and B). C and D: Total RNA was extracted
then analyzed for �-SMA mRNA levels by real time PCR with 18S rRNA as re
graphs showed means � SE, with N � 3. Statistically significant difference o
effect of TGF� treatment was statistically significant in all of the shown exp
erase was driven by �-SMA gene promoter.19 A sample
of this construct was also methylated in vitro by CpG
methyltransferase (M. SssI), which methylates all cyto-
sine residue (C5) within the double stranded dinucleotide
with recognition sequence 5=-CG-3=. The methylated and
unmethylated �-SMA promoter constructs were then co-
transfected with constitutively expressed MeCP2 con-
struct or the expression vector only into rat lung fibro-
blasts. After 48 hours, the �-SMA gene promoter activity
was determined in terms of luciferase activity. The results
confirmed the activator role of MeCP2 on �-SMA gene

ith MeCP2 expression (“MeCP2”) or control empty (“Vector”) vector (A and
ere then treated with buffer only (“Buffer”) or with TGF� (4 ng/mL). They

ding control (A and B). Representative blots are shown (upper panels in A
digitally, and expressed as fold change after normalization to the respective
use lung fibroblasts treated and transfected as in A and B, respectively, and
and the buffer treated control as calibrator for calculation of 2���CT. All bar
.05 in comparison to the corresponding vector or siRNA control values. The
s (ie, TGF�-treated versus respective buffer controls).
fected w
e cells w
d as loa
antified

from mo
ference
expression, and further revealed that this activation oc-
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curred at the transcriptional level (Figure 3). However,
when the promoter construct was methylated, promoter
activity was significantly and markedly suppressed. This
suppression could not be reversed by induced over-
expression of MeCP2 using the expression plasmid.

MeCP2-Deficient Mice Showed Reduced
Fibrotic Response on Bleomycin Treatment

Bleomycin is an anti-tumor antibiotic35 that has been used
to induce an animal model of lung injury and fibrosis char-
acterized by de novo induction of myofibroblast differentia-
tion.11 Since myofibroblasts play a key role in the pathogen-
esis of pulmonary fibrosis,1–6 and MeCP2 could activate
myofibroblast differentiation (Figures 2 and 3), the impor-
tance of MeCP2 on the development of pulmonary fibrosis
was investigated. Mice deficient in MeCP2 and their wild-
type littermates were endotracheally injected with bleomy-
cin and analyzed for development of fibrosis.

At day 21 after treatment, morphologically there was
no significant abnormality in lungs of control saline-
treated MeCP2 null mice as shown by H&E staining, with
no discernable difference when compared to wild-type
control, lung tissue sections (Figure 4, panels A and C).
Bleomycin-treated, wild-type murine lung sections
showed the expected extensive dense lung fibrosis char-
acterized by increased interstitial wall thickness, inflam-
matory cell infiltration, hypercellularity, and interstitial col-
lagen deposition (Figure 4, panel B). In contrast, although
scattered, more focal fibrotic lesions were observed, the
fibrotic changes were markedly decreased in extent and
severity in lung tissue sections from similarly treated
MeCP2 null mice (Figure 4, panel D). The fibrotic lesions

Figure 3. Effects of DNA methylation and MeCP2 on �-SMA promoter
activity. Methylated or unmethylated �-SMA gene promoter construct
�-SMApro-intron-Luc was co-transfected with MeCP2 expression plasmid
(“MeCP2”) or control vector (“Vector”) into rat lung fibroblasts and then ana-
lyzed for luciferase activity 48 hours after transfection. The luciferase activity was
normalized to its respective Renilla luciferase control activity and the results were
expressed as relative light units shown as means � SE of triplicates. The MeCP2
vector caused significant stimulation (*P � 0.05) stimulation of promoter activity
over control vector, only in the unmethylated promoter.
were less widespread and more narrowly confined to the
peribronchial and perivascular areas. These results sug-
gested that MeCP2 deficiency was associated with a
reduction in bleomycin-induced pulmonary fibrosis.

To confirm that MeCP2 deficiency impaired bleomycin-
induced fibrosis, whole lung hydroxyproline content was
determined by analyzing the hydroxyproline content of
lungs from these wild-type and knockout mice at day 21
after saline or bleomycin injection. The results showed that
while bleomycin treatment caused a 65% increase (over
respective saline-treated controls) in the lung hydroxypro-
line content of wild-type mice, this bleomycin-induced in-
crease was significantly less (33% increase greater than
respective saline-treated controls) in MeCP2-deficient mice
(Figure 5A). This reduction in lung hydroxyproline was also
reflected in the analysis of lung type I collagen expression
by Western blotting or real time PCR. Thus Western blot
analysis of day 21 lung homogenate protein extracts re-
vealed reduction in lung type I collagen in MeCP2 null mice
relative to their wild-type littermates (Figure 5B). Similar re-
duction in type I collagen mRNA was also discernable in the
lungs of MeCP2 knockout mice, with only a minor response
to bleomycin treatment (Figure 5C). Thus, a role for MeCP2
in the development of fibrosis in this animal model was
identified.

To determine whether the reduced fibrotic response in
MeCP2-deficient mice was related to suppression of
myofibroblast differentiation, lung �-SMA expression was
analyzed by Western blot and real time PCR analyses. As
shown in Figure 6A, the reduced lung fibrosis in MeCP2
deficient mice correlated with a reduction in lung �-SMA
protein expression, which was only weakly stimulated by
bleomycin treatment in contrast to the robust response in
wild type mice. This difference in lung �-SMA protein was
also reflected at the mRNA level, with virtually no detect-
able induction by bleomycin treatment in knockout mice
in contrast to the expected significant induction in wild-
type mice (Figure 6B). Similar differences were noted in
both �-SMA protein and mRNA in lung fibroblasts iso-
lated from these mice (Figures 6C and 6D, respectively).

Figure 4. Effects of MeCP2 deficiency on lung histopathology of bleomycin-
treated mice. Representative H&E stained lung tissue sections from saline or
bleomycin-treated, wild-type (A and B, respectively) and MeCP2 null (C and D,

respectively) mice were shown. Five mice of each group were evaluated and rep-
resentative photographs were shown. All photographs represent �20 magnification.
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These results suggested that the reduced fibrotic re-
sponse of knockout mice to bleomycin injury might be
due, at least in part, to inhibition of myofibroblast differ-

Figure 5. Effects of MeCP2 deficiency on pulmonary fibrosis indices. The
indicated murine strains were treated with saline or bleomycin. The lungs
were harvested and analyzed for hydroxyproline content (A), type I collagen
protein by Western blot (B) and mRNA by real time PCR (C). A: The results
were expressed as a percentage of the respective saline control values and
shown as mean � SE (N � 5). The reduction in lung hydroxyproline in the
MeCP2-deficient strain was statistically significant (asterisk indicated P �
0.05). B: Each lane represented sample from a single animal. GAPDH was
used as a loading control after strippng the membrane. C: �1(I) procollagen
mRNA was detected by real-time PCR and results expressed as 2���CT, with
18S rRNA used as the reference and the level in saline-treated, wild-type mice
used as calibrator. Data were shown as mean � SE from triplicate samples.
Statistically significant difference compared to respective saline control (*P �
0.05).
entiation, as a result of MeCP2 deficiency.
Although TGF� could induce �-SMA, despite sup-
pressed MeCP2 expression (Figures 2B and 2D), it is
unclear if this were the case in the total absence of

Figure 6. Effects of MeCP2 deficiency on myofibroblast differentiation in
pulmonary fibrosis. MeCP2 null (“ko”) mice (MeCP2�/�) and its wild-type
(“wt”) littermates (MeCP2�/�) were treated with bleomycin or saline as
indicated. After harvesting the lungs were analyzed for �-SMA protein by
Western blotting (A) and mRNA by real time PCR (B). A: GAPDH was used
as a loading control. B: The results were expressed as 2���CT, with 18S rRNA
used as the reference and the level in saline-treated wild type mice used as
calibrator. C and D: Similar analyses of �-SMA protein and mRNA, respec-
tively, were undertaken for lung fibroblasts isolated from lungs of mice
treated as in A and B. Data were shown as mean � SE from triplicate
samples. Statistically significant difference from respective saline-treated
controls (*P � 0.05).
MeCP2. To address this issue, lung fibroblasts from wild
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type and MeCP2 knockout mice were analyzed for �-SMA
expression in response to TGF�. The results showed that
TGF� was able to induce �-SMA expression at both protein
and mRNA levels in the total absence of MeCP2 (Figure 7A
and B, respectively). The fold induction was comparable in
both wild-type and MeCP2-deficient cells, thus indicating
that TGF� induced �-SMA did not depend on or was not
mediated by MeCP2 and that the reduced fibrosis in
MeCP2 knockout mice was not due to impairment of TGF�-
induced myofibroblast differentiation.

Discussion

DNA methylation is a key epigenetic regulatory mecha-
nism that plays an essential role in mammalian develop-
ment.36,37 Previously, three CpG islands in the �-SMA
gene are shown to play a critical role in the regulation of
myofibroblast differentiation, which is related to their
methylation status.19 In this study, preferential binding of
MeCP2 to the methylated DNA fragment in the �-SMA
gene could be demonstrated using two approaches.
First, using electrophoretic mobility shift assay, the inten-
sity of a shifted band in samples with methylated probe
was higher than that in samples with unmethylated

Figure 7. Effect of MeCP2 deficiency on TGF� response. Mouse lung fibro-
blasts were isolated from MeCP2 null mice (MeCP2�/�) and its wild-type
littermates (MeCP2�/�). They were either treated with TGF� at 4 ng/mL or
buffer only for 48 hours (A) or 6 hours (B), respectively. The total protein and
total RNA were then analyzed for �-SMA gene expression by Western blot
(A) and real time PCR analysis (B). Mean � SE was shown for the bar graph
with N � 3. Statistically significant difference from respective wild-type
control (*P � 0.05). The effect of TGF� treatment was statistically significant
in both wild-type and MeCP2-deficient cells.
probes. Second, consistent with the previous finding that
only the promoter region of �-SMA is highly methylated in
rat lung fibroblasts,19 a ChIP assay using anti-MeCP2
antibody successfully pulled down a complex containing
the CpG islands of the �-SMA gene promoter region.
However, it failed to pull down a DNA fragment corre-
sponding to the first intronic region, which was previously
shown to be poorly methylated.19 Thus, these two meth-
ods confirmed that methylated DNA fragments had a
greater affinity for MeCP2 relative to unmethylated se-
quences. The gel shift assay also suggested that MeCP2
binding to the methylated promoter sequences might be
important in regulation of �-SMA gene expression in in-
tact cells.

MeCP2 is best known for its role in the development of
the nervous system and mutations in the MeCP2 gene are
associated with Rett syndrome and other forms of X-
linked mental retardation.32,33 Male MeCP2 mutant mice
exhibit tremors, progressive motor dysfunction, oily di-
sheveled fur, hypoactivity, myoclonic seizures, and ky-
phosis. Approximately 10% of male mutants die between
10 and 12 months of age. Heterozygous female mice
exhibit a milder phenotype. All mutant male mice and
62% of female heterozygotes exhibit a repetitive clasping
movement of their forelimbs and exhibit tremors.32 Al-
though MeCP2 was found in all cells in the body,33 its role
outside of nervous system is less clear. Initially, MeCP2 is
considered to be a repressor of gene expression through
binding to the methylated CpG islands present in the
target gene sequence.25 However, subsequent studies
reveal that only 6% of the MeCP2 binding sites are in
CpG islands, and that 63% of MeCP2-bound promoters
belong to actively expressed genes, of which only 6% are
highly methylated.26,27 In contrast to the earlier findings,
these latter results indicate that the main function of
MeCP2 is something other than silencing methylated pro-
moters. The results of the current study favor the latter
interpretation based on the following: i) Ectopically en-
hanced MeCP2 gene expression stimulated �-SMA gene
expression, which appears to be additive to induction by
TGF�; ii) suppression of MeCP2 gene expression by
siRNA or its deficiency in cells from MeCP2 knockout
mice led to a reduced �-SMA gene expression, but did
not affect TGF� inducibility; and iii) MeCP2-deficient mice
had much less pulmonary fibrosis, as assessed by lung
histopathology, hydroxyproline content, collagen I ex-
pression, as well as by impaired de novo myofibroblast
differentiation assessed by �-SMA expression. The total-
ity of these results suggested a significant modulatory
role of MeCP2 in fibroblast �-SMA expression and myo-
fibroblast differentiation. It was not essential for inducibil-
ity by TGF�, but augmented its effect on �-SMA gene
expression. The effects of MeCP2 deficiency in the bleo-
mycin model indicated that this MeCP2-mediated aug-
mentation might be essential for pulmonary fibrosis. How-
ever, MeCP2 regulation of �-SMA gene expression
appears not to be exclusively via direct binding to and
regulation of the �-SMA gene. A recent study using he-
patic stellate cells describes an indirect mechanism by
which diminished miRNA targeting of MeCP2 results in
elevated cellular levels of this protein, resulting in sup-

pression of PPAR� (a known repressor of �-SMA expres-
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sion) expression and thus heightened �-SMA expres-
sion.23 In this case, however, MeCP2 is shown to be
acting as a repressor with PPAR� as the target gene.
Thus, MeCP2, while preferentially binding to methylated
DNA, has the potential of acting in a complex fashion,
both as a repressor and activator of gene expression,
although the mechanistic basis for this dichotomy is un-
clear. Previous investigations on the MeCP2-DNA inter-
action discovered that MeCP2 might assemble novel
secondary chromatin structures independent of DNA
modification.24 However, it is unclear if this dichotomy
depends on binding to methylated versus unmethylated
sequences, despite abundant studies showing that
MeCP2 preferentially binds to methylated DNA.31 Never-
theless, the findings in this study favored the interpreta-
tion of a direct activator role for MeCP2 vis-à-vis the
�-SMA gene in lung fibroblasts, which might be of impor-
tance in pathogenesis of pulmonary fibrosis.
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