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Background:Myofibroblasts are responsible for excessive collagen expression during scarring and fibrosis.
Results:Myocardin-related transcription factor-A (MRTF-A) potentiates collagen overproduction through transcription com-
plexes containing Sp1 and SRF on noncanonical DNA elements.
Conclusion: MRTF-A promotes myofibroblast differentiation and collagen production through diverse molecular
mechanisms.
Significance:MRTF-A may be a molecular target in developing strategies to impede fibrosis.

Pulmonary fibrosis is characterized by the excessive deposi-
tion of a collagen-rich extracellularmatrix. The accumulationof
collagen within the lung interstitium leads to impaired respira-
tory function. Furthermore, smoothmuscle actin-positivemyo-
fibroblasts within the fibrotic lung contribute to disease pro-
gression. Because collagen and smooth muscle cell �-actin are
coordinately expressed in the setting of fibrosis, the hypothesis
was tested that specific transcriptional regulators of themyocar-
din family might also regulate collagen gene expression inmyo-
fibroblasts. Myocardin-related transcription factors (MRTFs),
through their interaction with the serum-response factor (SRF)
onCArGbox regulatory elements (CC(A/T)6GG), are important
regulators of myofibroblast differentiation. MRTF-A transacti-
vated type I collagen gene reporters as much as 100-fold in lung
myofibroblasts. Loss of functionalMRTF-A using either a dom-
inant negative MRTF-A isoform, shRNA targeting MRTF-A, or
genetic deletion ofMRTF-A in lung fibroblasts significantly dis-
rupted type I collagen synthesis relative to controls. Analysis of
the COL1A2 proximal promoter revealed a noncanonical CArG
box (CCAAACTTGG), flanked by several Sp1 sites important
for MRTF-A activation. Chromatin immunoprecipitation
experiments confirmed the co-localization of MRTF-A, SRF,
and Sp1 bound to the same region of the COL1A2 promoter.
Mutagenesis of either the noncanonical CArG box or the Sp1
sites significantly disrupted MRTF-A activation of COL1A2.
Together, our findings show that MRTF-A is an important reg-
ulator of collagen synthesis in lung fibroblasts and exhibits a
dependence on both SRF and Sp1 function to enhance collagen
expression.

The interstitial lung disease, idiopathic pulmonary fibrosis, is
characterized by progressive and irreversible scarring of lung
tissue (1, 2). The pathological hallmarks in fibrotic lung tissue
include excessive extracellularmatrix (ECM)6 deposition, nota-
bly fibrillar collagen, and myofibroblast expansion generating
fibroblastic foci (3, 4). Resident in these foci aremyofibroblasts,
which express smooth muscle cell �-actin (SMA), vimentin,
and desmin but not smooth muscle myosin heavy chain (3–5).
Through expression of collagen and contractile proteins, myo-
fibroblasts contribute significantly to fibrotic disease progres-
sion (3).
The triple helical type I collagen molecule is the most abun-

dant up-regulated protein in fibrosis (6). Collagen type I con-
sists of two chains of �1(I) and one chain of �2(I) encoded by
separate genes (COL1A1 and COL1A2). The transcriptional
regulation of the COL1A2 gene provides an informative model
of combinatorial interactions among promoter-bound proteins
at specific DNA sites (7). Previous work has identified several
key positive and negative regulators of collagen transcription in
the setting of fibrotic disease. The Sp1 family of proteins acti-
vates collagen transcription through G/C-rich sites (8, 9),
whereas the Ets domain family of proteins both activates and
represses collagen gene expression in fibroblasts (10, 11). These
transcriptional regulators respond to pro- and anti-fibrotic
growth factors and cytokines, including transforming growth
factor � (TGF�), endothelin-1, and interferon-� (IFN�) (5, 12,
13). For example, transforming growth factor� (TGF�) acts via
SMAD proteins that bind to the COL1A2 proximal promoter
regions (14). TGF� acts on the COL1A1 distal promoter (15),
and IFN�-dependent repressive mechanisms modulate colla-
gen type I expression via CIITA and RFX complexes at the
proximal promoter near the transcription start site (16–18).
Although collagen production is one characteristic of the

myofibroblastic phenotype, these cells also express the con-
tractile isoform of actin, SMA. In fibroblasts and vascular
smooth muscle cells, SMA is regulated at the transcriptional

* This work was supported, in whole or in part, by National Institutes of Health
Grants HL68094 (to B. D. S.) and HL078869 (to M. D. L.).

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Tables 1 and 2.

1 Supported by National Institutes of Health Grant T32 HL007969.
2 Present address: The Johns Hopkins School of Medicine, Baltimore, MD

21205.
3 Both authors contributed equally to this work.
4 To whom correspondence may be addressed: 72 E. Concord St., K420, Bos-

ton, MA 02118. E-mail: bdsmith@bu.edu.
5 To whom correspondence may be addressed: 72 E. Concord St., K203, Bos-

ton, MA 02118. E-mail: mlayne@bu.edu.

6 The abbreviations used are: ECM, extracellular matrix; SMA, �-smooth mus-
cle actin; MRTF-A, myocardin related transcription factor; SRF, serum
response factor; DN, dominant negative; hn, heterogeneous; SBE, SMAD
element.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 286, NO. 51, pp. 44116 –44125, December 23, 2011
© 2011 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

44116 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 51 • DECEMBER 23, 2011

http://www.jbc.org/cgi/content/full/M111.276931/DC1


level by the serum-response factor (SRF), and co-activators of
the myocardin family are essential regulators of SMA (19, 20).
Myocardin, a potent nuclear transcriptional co-activator
expressed specifically in the cardiac and smooth muscle line-
age, is required for expression of smooth muscle-specific gene
expression (16, 21). The myocardin-related transcription fac-
tors MRTF-A (also called MKL1/MAL/BSAC) and MRTF-B
(also called MKL2) are ubiquitously expressed proteins that
respond to changes in actin dynamics leading to nuclear accu-
mulation (22). Once in the nucleus, MRTF-A drives transcrip-
tion of cytoskeleton genes, including SMA (23). Myocardin
family members interact with SRF as homo- or heterodimers
and stimulate transcription via conserved CArG box DNA ele-
ments (24–26). Signals of stress, mechanical force, and migra-
tion converge on the activation of Rho GTPases resulting in
polymerization of the actin cytoskeleton into stress fibers
thereby permitting nuclear translocation of MRTFs, which
links actin dynamics with gene transcription (27–32).
Because collagen and SMA are coordinately expressed in the

setting of fibrosis, the hypothesis that specific transcriptional
regulators of themyocardin family might also regulate collagen
gene expression in myofibroblasts was tested. While our study
was in progress, it was recently demonstrated that MRTF-A
regulates collagen synthesis in the context of cardiomyocytes
(33). The results from our current study provide a significant
mechanistic advance demonstrating that MRTF-A regulates
collagen expression in fibroblasts through several regulatory
sites. Building on these findings, we determined that the
MRTF-A transcription factor complexes recruited to the colla-
gen gene include a novel MRTF-A interaction with Sp1 that
enhances collagen expression. This collagen regulatory com-
plex differs from the MRTF-A complexes on the SMA pro-
moter. These studies identified a novel mechanism where
MRTF-A can coordinate collagen gene expression in SRF-inde-
pendent and -dependent mechanisms in lung fibroblasts.

EXPERIMENTAL PROCEDURES

Cell Culture—Rat lung fibroblasts (RFL6) and IMR90 fetal
human fibroblasts (population doublings between 10 and 40)
were grown in Dulbecco’s modified Eagle’s media (DMEM)
supplemented with 10% fetal bovine serum (Atlanta Biologicals
and Hyclone) and 1% penicillin/streptomycin and incubated in
5% CO2 at 37 °C. For mithramycin A experiments, cells were
plated at 2 � 104 cells/cm2 overnight and treated for 24 h with
50 nM mithramycin A (Sigma) dissolved in DMSO.
Primary Mouse Lung Fibroblast Isolation and Culture—

Mice, 3–6weeks old, were euthanized byCO2 asphyxiation and
perfused with 10 ml of PBS. Dissected lungs were minced into
�1-mm pieces and suspended in 10 ml of digestion buffer (1�
PBS with calcium and magnesium, 500 units/ml dispase (BD
Biosciences), 10 �g/ml collagenase A (Sigma), 10 �g/ml DNase
I (Qiagen)) at 37 °C for 1 h and established in culture as
described previously (34). Cells were cultured in DMEM with
10% FBS and used between passages 2 and 6. The Boston Uni-
versity School of Medicine Institutional Animal Care and Use
Committee approved the animal experiments.
Plasmids and Cloning—The �351 COL1A2, �224 COL1A2,

and �311 COL1A1 luciferase reporter vectors are described

previously (16, 17). Site-directed mutants and deletion con-
structs were generated by PCR using Pfu polymerase followed
by DpnI digestion. Specific mutants generated include the
following: CArG1a, CCAAACTTGG3AAGGCCTTGG;
CArG1b, TTCCAAACTTGG3CCGGGCTTGG; CArG2,
CCAATTTAAG3CGGATCCAAG; Sp1a, CCCTCCCCC3
CCCTCAAAC; Sp1b, CCTCCC3GAATCCC. Expression
vectors for MRTF-A, MRTF-B, and myocardin are as
described previously (35). The plasmids pcDNA3-SRF and
pcDNA3-DN-SRF were used as described previously (36). Site-
directed mutagenesis was used to mutate SRF amino acids
RVKI in the DNA binding domain to LVAG, shown to elimi-
nate SRFbinding toCArGbox elements as described previously
(37).
Gene Reporter Assays—IMR90 and RFL6 fibroblasts were

transfected using Lipofectamine 2000 (Invitrogen) or FuGENE
6 (Roche Applied Science), and reporter activity was measured
as described previously (17). Drosophila D.Mel-2 cells
(D.Mel-2) were cultured and transfected with Cellfectin (Invit-
rogen) as described previously (36).
SDS-PAGE and Western Blotting—Equal amounts of total

protein (7–10�g)were diluted in SDS-PAGE sample buffer and
boiled. Protein samples were run on 4–12% Novex SDS-poly-
acrylamide gels (Invitrogen) and prepared for Western blot
according to standard procedures. Antibodies used include
type I collagen (Southern Biotech, 1:300), collagen�1(I), (Rock-
land, 1:1000), GAPDH (SantaCruzBiotechnology, 1:200), SMA
(Sigma, 1:5000), MRTF-A (Santa Cruz Biotechnology, 1:250),
Sp1 (Millipore, 1:5000), �-tubulin (Sigma, 1:500), SRF (Santa
Cruz Biotechnology, 1:200), and FLAG (Sigma, 1:500). Blots
were imaged and quantified using a Kodak 440 one-dimen-
sional instant imager.
Collagen Secretion, Western Blot Assays—For detection of

collagen secreted into the media, cultures were washed twice
with PBS and incubated in 0.4% FBS media supplemented with
250 �M sodium ascorbate for the indicated time. Media were
removed and treated with 2 mM EDTA, and proteins were pre-
cipitated with chloroform/methanol protein precipitation and
dissolved in 2� sample buffer (38). The cell layer was lysed for
total protein quantification. To normalize for cell density,
media samples were loaded proportionally to whole cell lysate
concentration and run on 7.5% SDS-polyacrylamide gels.
Sircol Assay for Total Secreted Collagen—For quantification

of total collagen in themedia, cell cultureswere grown to equiv-
alent densities (�50%) in the presence of 250 �M ascorbate.
Cells were then washed with PBS and cultured in media con-
taining 0.4% FBS and 250 �M ascorbate for 24 h. Media were
removed, and cell layerswere harvested for total protein. Equiv-
alent amounts of media (200 �l) were incubated with 5� vol-
ume of Sircol Assay buffer (Biocolour, UK) for 30 min followed
by centrifugation at 15,000� g for 10min to pellet precipitated
collagen. Supernatant was discarded, and pellets were dissolved
in 300 �l of 0.2 M KOH for 10 min. Sircol dye was quantified by
reading the absorbance (A520), and absolute values were calcu-
lated using the linear regression of absorbance values derived
from a standard curve of rat tail collagen and expressed as
micrograms of total collagen per �g of total protein from the
cell layer.
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Inducible Adenovirus Expression System—Doxycycline-con-
trolled adenoviral constructs for MRTF-A and dominant neg-
ative (DN)MRTF-Awere generated by cloning the appropriate
C-terminal FLAG-tagged cDNAs in the TRE-Shuttle2 vector
(Clontech). After ligating the linearized vectors to theAdeno-X
DNA, the ligation product was transformed into bacteria, and
correct clones were transfected into AD293 cells (Stratagene).
Recombinant adenovirus was expanded and purified with the
Vivapure AdenoPack 100 (Vivascience) or Fast-Trap adenovi-
rus purification kits (Millipore) according to the manufactur-
er’s instructions. Concentrated adenovirus titer was calculated
using optical particle units/ml.
Quantitative Real Time PCR—RNA was isolated from cells

usingTRIzol reagent (Invitrogen) according to themanufactur-
er’s instructions. Generation of cDNA was achieved using 500
ng of total mRNA and Superscript III reverse transcriptase kit
(Invitrogen). Quantification of mRNA was carried out on an
ABI 7300 instrument using TaqMan and SYBR probes as
described previously (16, 34). To detect mRNA transcripts that
were not spliced, hnRNA TaqMan probes were designed to
amplify the 1st exon/intron border of the COL1A1 and
COL1A2 genes (see supplemental Table 1). This has been
shown to quantify newly transcribed RNA with similar results
to the nuclear run-on assay (39). Samples were treated with
1500 Kunitz units of DNase I to digest genomic DNA contam-
ination. Controlswere performedwithout reverse transcriptase
to measure any residual DNA contamination.
shRNA Lentivirus—Lentivirus preparation and infection

were carried out as described previously (16). Lentiviral Mis-
sion shRNA constructs (Sigma) targeting MRTF-A were used.
Lentivirus genomic RNA was purified from virus stocks and
quantified by quantitative PCR detection of the LV2 amplicon
using the linear regression of a standard curve from lentivirus
plasmid (40). Two thousand (2 � 103) particles/cell were used
for all lentivirus infections.
Chromatin Immunoprecipitation (ChIP) Assays—ChIP

experiments were carried out using the ChIP-IT Express kit
(Active Motif) according to the manufacturer’s instructions
and as described previously (41). Antibodies used in ChIP
assays include SRF, Sp1, andMRTF-A (Santa Cruz Biotechnol-
ogy). Precipitated DNA was measured using quantitative PCR
(primers in supplemental Table 2) and quantified using linear
regression of serial dilutions of IMR90 genomic DNA, and
quantifiable IgG detection was subtracted from sample values.
Statistical Analysis—Statistical tests for significance of mean

values were performed using analysis of variance employing
Scheffe’s post hoc procedure with SPSS 11.0 statistical software
(p � 0.05 was considered statistically significant).

RESULTS

Myocardin-related Transcription Factors Activate Type I
Collagen Promoter—Myofibroblasts coordinately express ECM
genes, including collagen and the contractile gene SMA (42).
Because of the importance of SRF and its co-activators in reg-
ulating the contractile genes, the hypothesis that these factors
could also regulate collagen expression was tested. The
COL1A2 promoter has numerous positive transcription factor-
binding sites, including Ets sites, Sp1 sites, and potential non-

canonical CArG sequences (Fig. 1A). To study the effect of the
MRTFs on collagen gene expression, rat lung fibroblasts (RFL6)
were cultured to �50% confluence and transfected with equiv-
alent amounts of MRTF-A, MRTF-B, or myocardin expression
constructs in the presence of luciferase reporter plasmid con-
taining�351/�55 of theCOL1A2 proximal promoter. Relative
to empty vector control, MRTF-A expression stimulated colla-
gen promoter activity �100-fold (Fig. 1B). Although consider-
ably less active than MRTF-A, MRTF-B stimulated the �351
gene reporter �10-fold, and myocardin did not stimulate col-
lagen promoter activity (Fig. 1B). Collagen gene reporter activ-
itywas observed to significantly increasewith as little as 10 ng of
transfected MRTF-A plasmid (Fig. 1C, COL1A2, and Fig. 1D,
COL1A1) and showed a dose-dependent response to increasing
amounts of MRTF-A. In these assays, MRTF-A activated
COL1A2more than COL1A1.

FIGURE 1. Myocardin-related transcription factors potently activate type
I collagen promoters. A, type I collagen proximal promoter contains several
evolutionarily conserved regulatory elements, including Sp1 (gray rectan-
gles), Ets (white circles), and SMAD (SBE) (black oval). In addition, two potential
SRF-binding CArG-like sequences were identified at �326 (CCAAACTTGG)
and �193 (CCAATTTAAG) (black squares). B, rat lung fibroblasts (RFL6) were
co-transfected with �351 COL1A2 promoter (100 ng/well) with the myocar-
din family expression constructs MRTF-A, MRTF-B, and myocardin (100
ng/well) with CMV-� to normalize for transfection efficiency. Normalized
luciferase activity is expressed as fold of empty vector control. C, RFL6 cells
were transfected as in A with increasing amounts of MRTF-A. D, RFL6 cells
transfected with the �311 COL1A1 promoter and increasing concentrations
of MRTF-A. E, RFL6 fibroblasts were transiently transfected with (100 ng)
MRTF-A and a deletion set of COL1A2 luciferase reporter constructs. The activ-
ity of the various truncations was assessed relative to the wild type construct
(�351/�55 bp). Results are representative of three independent experi-
ments each performed in triplicate.
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To identify the collagen promoter region mediating
MRTF-A transactivation, 5� truncation constructs of the �351
construct were generated that eliminated multiple Sp1 sites
(�260) or both the Sp1 and SMAD elements (SBE) (�253).
MRTF-A activation was decreased to about 30-fold of empty
vector control in both the �260 and �253 deletion constructs
(Fig. 1E) and was similar in magnitude to the COL1A1 pro-
moter. These results indicate that potent MRTF-A-responsive
elements exist both within the �351 to �260 enhancer-like
region and in the proximal promoter region.
Knockdown of MRTF-A Decreases Collagen Synthesis—To

determine whether MRTF-A is required for collagen mRNA
expression and protein production, IMR90 myofibroblasts
were infectedwith lentiviral shRNA for 48 h to reduceMRTF-A
expression. Cells infected with shMRTF-A showed a �80%
decrease in MRTF-A mRNA levels compared with control,
confirming an efficient knockdown (Fig. 2A). Because type I
collagens have long half-lives (43), we measured levels of newly
synthesized hnCOL1A2 by quantitative PCR. Importantly,
COL1A2 hnRNA was decreased significantly following the
reduction of MRTF-A (�50%) compared with nontargeting
control-treated cells (Fig. 2A). At this time point, steady-state
COL1A2 mRNA was decreased by �20%. Furthermore, SMA
transcript was decreased �80% in shMRTF-A-infected cells
relative to controls. These results indicate that loss of MRTF-A
can reduce both collagen and SMA mRNA levels.
Consistent with the mRNA findings, cell extracts treated

with shMRTF-A showed efficient knockdown ofMRTF-A pro-
tein compared with shNTC samples (Fig. 2B). As anticipated,
knockdown ofMRTF-A resulted in a reduction in SMAprotein
levels. An antibody (Southern Biotech) was used to detect both
type I collagen chains (Fig. 2B, top panel). To determine
whether the �1(I) chain was increased, an antibody (Rockland)
that specifically recognizes the pro-�1(I) chain, the mature
�1(I) chain, and the heterotrimer of type I collagen was used
(Fig. 2B, 2nd panel) (44). This antibody does not recognize the
�2(I) chain and does not cross-react with other collagens.
Importantly, compared with controls, knockdown of MRTF-A
significantly reduced collagen protein levels 52% (p � 0.05)
based on theWestern blot quantification from three independ-
ent experiments.
Gain- and Loss-of-FunctionMRTF-AAlters Collagen Expres-

sion in Lung Fibroblasts—To investigate the effect of functional
MRTF-A on collagen synthesis, the full-lengthMRTF-A cDNA
and a C-terminally truncated cDNA lacking the transcriptional
activation domain, which acts as a dominant negative isoform
(DN-MRTF-A) (45), were cloned into a Tet-Off tetracycline-
inducible adenovirus expression system. Both MRTF-A con-
structs were designed to contain a C-terminal FLAG tag.
IMR90 cells were infected with Ad-DN-MRTF-A or
Ad-MRTF-A constructs alongwith the rtTA adenovirus (Clon-
tech) and were treated with or without 250 nM doxycycline to
regulate MRTF-A expression. Immunostaining of cells for
FLAG epitope showed nuclear localization in �75% of cells
infected with MRTF-A and �90% of cells infected for
DN-MRTF-A without doxycycline (data not shown). These
experiments confirmed the efficacy of this infection procedure.
Cells were analyzed for protein expression after 48 h.

DN-MRTF-A expression (Fig. 2C) resulted in a 35% (p � 0.05,
n � 3) decrease in collagen protein levels similar to the shRNA
experiment.MRTF-Awas overexpressed in cells in the absence
of doxycycline compared with cells with doxycycline treatment
as determined by anti-FLAG and total MRTF-AWestern blot-

FIGURE 2. MRTF-A regulates synthesis of type I collagen in human lung
fibroblasts. A, IMR90 lung fibroblasts transiently infected for 48 h with lenti-
virus encoding control shRNA (shNTC, white bars) or shRNA targeting MRTF-A
(shMRTF-A, black bars). Message levels for MRTF-A, hnCOL1A2, COL1A2, and
SMA were measured by qRT-PCR and normalized to those measured in
shNTC-infected cells. B, Western blot analysis was performed on total cell
lysates prepared from IMR90 cells infected with lentivirus. Lysates were ana-
lyzed for collagen type I (Southern Biotech), collagen �1(I) (Rockland),
MRTF-A, and SMA and normalized to GAPDH. C, IMR90 cells were infected
with doxycycline (Dox) controlled adenoviral vectors for dominant negative
MRTF-A (Ad-DN-MRTF-A) as described under “Experimental Procedures” for
48 h. Cells were treated with (�) or without doxycycline (�) to control DN-
MRTF-A expression and subjected to Western blot analysis for collagen type I
(Southern Biotech), SMA, FLAG, and normalized to GAPDH. D, IMR90 cells
were infected with doxycycline controlled adenoviral vectors for MRTF-A (Ad-
MRTF-A) as described under “Experimental Procedures” for 48 h. Cells were
treated with (�) or without doxycycline (�) to control MRTF-A expression and
subjected to Western blot analysis for collagen �1(I) (Rockland), SMA, FLAG,
MRTF-A, and normalized to tubulin. Results are representative of three inde-
pendent experiments.
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ting (Fig. 2D). Collagen was increased as a result of ectopic
MRTF-A expression (Fig. 2D) and resulted in enhanced SMA
expression (Fig. 2D). Quantification of three separate experi-
ments indicated that collagen expression increased an average
of 40% with MRTF-A expression (p � 0.05). Taken together,
these results indicate that MRTF-A regulates collagen expres-
sion in fibroblasts.
Sp1 Sites Are Involved in MRTF-A Transactivation of

Collagen—Because our studies indicated a role for both proxi-
mal and distal elements inMRTF-A-mediated collagen expres-
sion (Fig. 1), we next examined the function of Sp1 and SMAD
binding sites using a series of �351 collagen promoter point
mutation constructs (Fig. 1A, designated Sp1c, Sp1d, Sp1e, and
SBE). Mutation of the Sp1c site alone, the SBE site alone, or in
combination was ineffective at blunting the MRTF-A activity
(Fig. 3A). Interestingly, mutation of all three Sp1 sites (Fig. 1A,
mSp1c, -d, and -e) resulted in �60% decrease in activation by
MRTF-A, whereas deletion of all these sites in the �253 region
also resulted in a loss of much of the MRTF-A-stimulated col-
lagen promoter activity (Fig. 3A).
To evaluate the importance of the proximal promoter Sp1

sites, two additionalmutants were generated. Although trunca-
tion of the promoter to �224 region resulted in reduction of
MRTF-A activity compared with the full-length construct,
MRTF-A was able to stimulate this promoter significantly rel-
ative to empty vector control (�30-fold). Mutation of the two
Sp1 sites (Sp1a and Sp1b, Fig. 1A) significantly impaired

MRTF-A-dependent collagen promoter activity (Fig. 3B).
Taken together, these data indicate that MRTF-A transactiva-
tion relies on functional Sp1-binding sites.
Collagen Promoter MRTF-A Transcription Factors Com-

plexes—Although MRTF-A has not been shown to directly
bind to DNA, several studies have demonstrated that it associ-
ates with SRF via CArG regulatory elements (45, 46). Our
results above demonstrate that Sp1 is an importantmediator of
MRTF-A activation of collagen. While our work was in pro-
gress, a study by Small et al. (33) demonstrated that SRF can
bind to the type I collagen promoter via a single CArG-like
sequence (CArG1) at �326, which is adjacent to Sp1 sites (c, d,
and e) (Fig. 1A, CArG1) (33), and contains a previously identi-
fied Ets site (11). Our sequence analysis identified a second
CArG-like sequence (CArG2) within the COL1A2 promoter
(CCAATTTAAG) at bp �193 (Fig. 1A). To test the potential
function of these sequences, we mutated CArG1 to AAGGC-
CTTGG (CArG1a) or CCGGGCTTGG (CArG1b) and CArG2
to CGGATCCAAG in the context of the �351 COL1A2 pro-
moter. Both of these mutations are predicted to abrogate SRF
binding (47). However, the CArG1 mutation was predicted to
also abrogate Ets binding as well as SRF. To rule out a contri-
bution toMRTF-A activity from the Ets1 box element, CArG1b
was generated and predicted to only disrupt SRF binding.
Transfection results indicated that a substantial portion of the
MRTF-A-dependent activation was lost with mutation of the
CArG1 but not the CArG2 site (Fig. 4A). We observed that
mutation of CArG1 inhibited MRTF-A-dependent gene
reporter activation.
Based on the above results, ChIP was used to define the rel-

ative occupancy of Sp1, SRF, andMRTF-A transcription factors
on the collagen promoters in IMR90 cells. Probes were
designed to amplify regions centered directly on the CArG1
element and adjacent Sp1 sites of the COL1A2 and COL1A1,

FIGURE 3. Sp1 sites contribute to MRTF-A transactivation of collagen. A,
IMR90 fibroblasts (30,000/well) were transfected with MRTF-A (40 ng/well)
and a series of COL1A2 promoter mutation and deletion constructs (100
ng/well) (described under “Experimental Procedures” and in Fig. 1A) (*, p �
0.05; **, p � 0.01). B, IMR90 cells were transiently transfected as in A with
�224 COL1A2 wild type and Sp1 mutant constructs (described under “Exper-
imental Procedures” and in Fig. 1A). Normalized luciferase activity is
expressed as percent of the wild type �224/�55 reporter (*, p � 0.05). Results
are averages of three independent experiments.

FIGURE 4. MRTF-A occupies the collagen promoter with Sp1 and SRF. A,
IMR90 cells were transiently transfected with MRTF-A (40 ng) together with
100 ng of �351 COL1A2 promoter constructs containing mutations of the
CArG-like sequences (described under “Experimental Procedures”). Normal-
ized luciferase activity is expressed relative to the �351 COL1A2 construct. B,
IMR90 cells were seeded at a density of 2 � 104/cm2 and cultured for 16 h
before cross-linking and chromatin isolation. Aliquots of 7 �g of total chro-
matin were used for each immunoprecipitation reaction. ChIP samples (n � 3)
were detected by quantitative RT-PCR and quantified using the linear regres-
sion of a genomic DNA standard curve for each primer set. IgG amplification
was subtracted from ChIP values and normalized relative to COL1A2. Results
are averages of three independent experiments.
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and as a positive control for binding, the canonical CArG ele-
ment of the SMA promoter was examined. Antibody specificity
was validated by amplification of a probe within COL1A2 exon
1, which was predicted to have no transcription factor-binding
sites. Transcription factor occupancy on the probe sites was
quantified and expressed as picograms of immunoprecipitated
DNAper input and subtracted for nonspecific immunoprecipi-
tation using IgG controls. Immunoprecipitation of MRTF-A
revealed occupancy on both collagen and SMA gene promoters
(Fig. 4B). Sp1 binding to the COL1A2 probe region was signif-
icantly higher compared with controls. Interestingly, ChIP of
the SRF protein revealed an �3-fold greater occupancy on the
SMA promoter comparedwith either of the collagen promoters
(p� 0.01). These results reveal that Sp1,MRTF-A, and SRF can
be detected at the collagen promoters.
Sp1 Is Important for MRTF-A Activation of Collagen—Based

on the above ChIP results, we next wanted to determine the
relative contribution of Sp1 to the transactivation potential of
MRTF-A. To define the contributions of Sp1 to MRTF-A-de-
pendent collagen expression, cells were treated with the antibi-
otic mithramycin A, which has been previously shown to
inhibit collagen expression by selectively blocking Sp1 family
binding to GC-rich regions (8, 48, 49). After IMR90 cells were
treated with 50 nM mithramycin A for 24 h, total RNA was
isolated, and the corresponding cDNAwas quantified by quan-
titative PCR. Relative to vehicle (DMSO), mithramycin treat-
ment resulted in a decrease in newly synthesized, heterogene-
ous, and steady-state COL1A2 mRNA levels (Fig. 5A).
Importantly, SMA mRNA was unaffected by mithramycin A
treatment. Similarly, protein analysis revealed that cells
exposed to vehicle showed abundant production of type I col-
lagen and SMAproteins (Fig. 5B). Treatmentwithmithramycin
A strongly inhibited collagen protein expression but had no
effect on SMA (Fig. 5B). To determine whether MRTF-A can
activate collagen gene expression without Sp1 activity, cells
were infected with MRTF-A adenovirus followed by treatment
with mithramycin A. As expected, overexpression of MRTF-A
increased collagen protein levels significantly compared with
control (Fig. 5C). Mithramycin significantly decreased collagen
protein expression, whereas ectopic MRTF-A was unable to
rescue collagen synthesis in cells with inhibited Sp1 binding
activity. Interestingly, SMA production was not altered by
mithramycin A treatment. These data indicate an important
mechanistic difference inMRTF-A activation of collagen versus
SMA expression.
Our studies indicate thatMRTF-A regulates collagen expres-

sion through both Sp1- and SRF-dependent mechanisms. We
next investigated the potential synergy between MRTF-A and
Sp1 or SRF. Because of the high levels of endogenous Sp1 in
mammalian cells, reporter gene assays were performed in Dro-
sophilamelanogaster cells (D-Mel.2) (36, 50, 51). In this system,
the transcriptional activation byMRTF-A in the absence of Sp1
proteins could be explored. Reporter constructs of the collagen
type I promoters were analyzed for activity in the presence of
equivalent amounts of MRTF-A and Sp1 or SRF expression
constructs. Sp1, but not SRF, alone was able to induce collagen
reporter activity significantly relative to MRTF-A activation
(set at 100%, Fig. 6A). Co-transfection of MRTF-A and SRF

leads to an increase in reporter activity (�4-fold), whereas
MRTF-A and Sp1 co-expression displayed a stronger synergis-
tic activation (�10-fold) of both collagen reporter constructs
(Fig. 6A). Taken together, these results show that Sp1 is impor-
tant to potentiate maximum MRTF-A stimulation of collagen
gene expression.
Effect of Dominant Negative SRF on Collagen Promoter

Activity—Because we observed SRF occupancy on the collagen
promoter in ChIP assays (Fig. 4B) and a reduction of MRTF-A-
dependent collagen in CArG site mutants (Fig. 4A), we sought
to test whether dominant negative forms of SRF could alter
collagen expression. To do this, two loss-of-function expres-
sion constructs of SRFwere generated as follows: 1) SRF	TAD,
which bears a truncation of the transcriptional activation
domain (36), and 2) SRF	DBD, which substitutes the residues
RVKI to LVAG in the DNA binding domain and renders it
incapable of binding to CArG elements (37). Neither of these
constructs altered basal collagen promoter activity (Fig. 6B).
Relative to MRTF-A activation of collagen promoter alone, co-
transfection of SRF	TAD did not alter reporter activity. How-
ever, co-transfection ofMRTF-Awith the SRF	DBD construct
showed a decrease in gene reporter activation of both collagen
promoter activities. These results indicate that collagen tran-

FIGURE 5. Contribution of Sp1 sites to MRTF-A-dependent collagen
expression. A, IMR90 cells were treated for 24 h with DMSO (control, white
bars) or with 50 nM mithramycin A (Mith, black bars), which inhibits transcrip-
tion factor binding to GC-rich DNA elements. Expression levels of hnCOL1A2,
COL1A2, and SMA were measured by quantitative RT-PCR (n � 3). Results are
expressed relative to control. B, Western blots were performed on cells
treated as in A for collagen type I (Southern Biotech), MRTF-A, and SMA. Blots
were normalized to GAPDH. C, IMR90 cells were infected with a doxycycline-
controlled adenoviral MRTF-A vector and treated in the presence (�) or
absence (�) of doxycycline (Dox) to control MRTF-A expression or mithramy-
cin A to regulate transcription factor binding. Western blots were analyzed for
collagen I, SMA, FLAG, and normalized to GAPDH. Data are representative of
three independent experiments.
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scription is independent of the SRF transactivation domain but
may require SRF binding for MRTF-A recruitment.
MRTF-A KO Lung Fibroblasts Have Aberrant Collagen and

SMA Synthesis—Two groups have disrupted theMRTF-A gene
in mice and have observed changes in mammary gland myoep-
ithelial cells (16, 52). However, nothing is currently known
about the effect ofMRTF-A loss in lung fibroblasts. To begin to
address this question, we isolated lung cells from 3- to 5-week-
old MRTF-A WT and MRTF-A KO littermates by standard
techniques (34). Comparison of the myofibroblast phenotype
between WT and KO lung cells by confocal immunofluores-
cence microscopy revealed high intracellular collagen staining
and SMA stress fiber formation in control cells, whereas KO
lung cells showed little collagen expression and low disorga-
nized SMA expression (data not shown). In low passage lung
fibroblasts, compared with MRTF-A WT controls, KO fibro-
blasts exhibited reduced levels of collagen expression and SMA
expression (Fig. 7A). The Western analysis of cell lysates, per-
formed three times in triplicate, demonstrate a 54% decrease
(p � 0.05) of type I collagen. The reduced levels of intracellular
collagen type I in theMRTF-AKOcells correlatedwith a reduc-
tion in all secreted collagen types (Fig. 7B).
Ectopic Expression of MRTF-A Rescues Defective Myofibro-

blast Differentiation in KO Cells—To determine whether the
defective myofibroblast phenotype in the MRTF-A KO cells
could be restored,MRTF-AKO cells were infected with adeno-
viral MRTF-A as in Fig. 5C. Ectopic MRTF-A expression was
regulated in KO cultures bymodulation of doxycycline concen-

trations (Fig. 7C). Ectopic MRTF-A expression enhanced SMA
expression in lung fibroblasts and served as a positive control
for MRTF-A activity. Importantly, in two independent experi-
ments, MRTF-A overexpression in the absence of doxycycline
rescued both intracellular and secreted collagen protein
expression in these cells. Loss of MRTF-A in lung cells results
in decreased collagen and SMA expression. Taken together,
these data indicate that knock-out of MRTF-A in lung fibro-
blasts decreases collagen synthesis and disrupts myofibroblast
differentiation.

DISCUSSION

This study demonstrates an important role for the myocar-
din family activator, MRTF-A, in regulating collagen expres-
sion in myofibroblasts. We discovered that MRTF-A functions
through both SRF and Sp1 complexes to regulate collagen pro-
moter activity and production. Together with the known role
forMRTF-A in SMA gene expression (19, 20, 45, 53), our results
indicate thatMRTF-Amay serve to coordinate both contractile
and ECM gene expression in the setting of fibrosis.
The pathological deposition of the collagen-rich ECM in

fibrosis is mediated by the hyper-proliferative and synthetic
properties of several cell types, includingmyofibroblasts within
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FIGURE 6. MRTF-A-dependent collagen promoter activity is regulated by
both SRF and Sp1. A, DMel.2 cells, which do not express Sp1 homologues,
were transiently transfected with collagen COL1A2 and COL1A1 luciferase
reporters in the presence of equivalent amounts of MRTF-A, Sp1, and SRF.
Luciferase values are normalized to percent of MRTF-A activation. B, IMR90
cells were transfected with the �351 COL1A2 and MRTF-A along with two
different SRF dominant negative expression vectors (SRF	TAD and
SRTF	DBD). Luciferase activity is expressed as % of MRTF-A activation.
Results are averages of three independent experiments.

FIGURE 7. MRTF-A KO lung fibroblasts exhibit reduced collagen expres-
sion. A, low passage MRTF-A WT and MRTF-KO mouse lung fibroblasts (n � 3)
were plated for 24 h and subjected to Western blot analysis for collagen type
I (Southern Biotech), MRTF-A, and SMA. Blots were normalized to GAPDH. B,
mouse lung fibroblasts plated at equal densities in media supplemented with
250 �M ascorbate for 48 h. Secreted collagen levels were determined by the
Sircol assay and normalized to total protein levels in cell lysates. C, MRTF-A KO
lung fibroblasts were infected with MRTF-A adenoviral vectors and treated
with various doses of doxycycline to control MRTF-A expression along with
250 �M ascorbate for 48 h. Total cell layer proteins and secreted proteins were
analyzed by Western blot for collagen I, MRTF-A, SMA. Blots were normalized
to GAPDH. Results are representative of two independent experiments.
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the fibrotic lesion. Critical to the progression of fibrosis is the
activation of several signaling cascades (54). For example, acti-
vation of the Rho GTPase signaling node has long been impli-
cated in the regulation of focal adhesion assembly and stress
fiber formation (55), which coincideswithmyofibroblast differ-
entiation. Rho-mediated activation ofMRTF-A has emerged as
an important transcriptional regulator of actin cytoskeleton
remodeling, myogenic programming, and cardiac hypertrophy
(53, 56, 57). MRTF-A, in particular, is a critical mediator in
response to mechanical stress (30, 53), and previous studies
have shown that collagen production responds to mechanical
stress (58).
MRTF-A activated collagen transcription significantly

greater than other members of the myocardin family (Fig. 1B).
The COL1A2 basal promoter (�224 bp) was activated by
MRTF-A to approximately the same amount as the COL1A1
promoter (�311 bp) (Fig. 1). However, the COL1A2 promoter
contains an enhancer-like region (�221 to�345 bp) with over-
lapping binding sites for several transcription factors. This
region confers additional activation potential to the COL1A2
promoter. Regulation of constitutive transcription occurs
through four clusters of cis-acting elements that bind positive
and negative trans-acting factors (7). The first region occurs
around the methylation-sensitive CpG at �7 where repressor
complexes of RFX/CIITA proteins down-regulate collagen
transcription when the site is methylated or during IFN� treat-
ment (16–18). There is a canonical CCAATmotif around �80
where CBF-NFY complex activates transcription (59). There
are twoTCC-enriched regions that interactwith Sp1 family and
cKrox proteins located between�160 and�125 that both acti-
vate and repress depending on cell type (9, 59–61). Finally, the
region around �300 contains multiple binding sites for Sp1
proteins and Ets family proteins as well as other transcription
factors, including Ap1, SMAD, and C/EBP (9–11, 62, 63).
MRTF-A is sequestered in the cytoplasm through G-actin

binding to its RPEL domain that blocks residues necessary for
nuclear localization (64). Signaling events that promote actin
polymerization, such as Rho GTPase activation, deplete G-ac-
tin pools and permit MRTF-A translocation into the nucleus
(19). In addition, Rac1 induces SMA expression during epithe-
lial tomesenchymal transition, and expression of DN-MRTF-A
inhibited these changes (65). Future studies will investigate the
signaling events that regulateMRTF-Anuclear localization and
collagen gene activation.
In this study, we demonstrate that MRTF-A overexpression

in human lung fibroblasts increases collagen and SMA protein
levels, whereas overexpression of a dominant negative
MRTF-A reduces collagen protein levels (Fig. 2C). Interest-
ingly, knockdown of MRTF-A reduces both protein synthesis
and heterogeneous nuclear levels of collagenRNA (Fig. 2,A and
B). Because collagen and ECM gene products are regulated by
many post-transcriptional mechanisms, including miRNA,
post-transcriptional storage, and mRNA translatability, this
observationmay suggest thatMRTF-A plays additional roles in
collagen regulation downstream of transcription (66, 67). Fur-
ther investigation of this finding is necessary to explore this
possibility.

Because MRTF-A is a co-activator that interacts with DNA-
binding proteins, detailed mutational analysis was performed
on the COL1A2 promoter (Fig. 3). The loss of known Sp1 sites
reducedMRTF-A activation of the collagen promoter, whereas
the mutation of CCAAT region did not (data not shown). Col-
lagen expression is activated by TGF� through cooperation of
Sp1 and SMAD through the Sp1c and SMAD sites (68).
MRTF-A family members also interact with SMAD proteins
(69, 70), although deletion or mutation of the SMAD-binding
site did not reduce MRTF-A activation of the collagen pro-
moter suggesting that the MRTF-A/SMAD interaction is not
functional under these culture conditions. However, future
studieswithTGF� stimulationmay indicate additional roles for
MRTF-A in myofibroblasts.
We also demonstrate that Sp1 functions synergistically with

MRTF-A to activate collagen transcription (Fig. 6A). Mithra-
mycin A is a potent inhibitor of Sp1 function (48). This effect is
achieved by mithramycin intercalation into GC-rich DNA
sequences, such as Sp1-binding sites. The inhibition of collagen
expression using mithramycin has been well documented and
attributed to Sp1 disruption (8). The observation that adenovi-
ral expression of MRTF-A was unable to rescue mithramycin-
induced inhibition of collagen synthesis (Fig. 5C) strongly sug-
gests that MRTF-A relies on Sp1 to stimulate collagen
expression.
Close examination of the COL1A2 promoter suggests that a

noncanonical CArG box does exist that harbors a cytosine sub-
stitution within the A/T-rich core of the CArG box consensus
sequence (33). Similar mutations to the SMA promoter have
been shown to significantly diminish the binding capacity of the
SRF-myocardin complex (71). Furthermore, noncanonical (i.e.
degenerate) CArG boxes can dampen SMA expression by
smoothmuscle cells in response to injury (24). During injury to
smooth muscle cells, there is an interaction of canonical CArG
and GC-rich regions to repress smooth muscle-specific genes
that is due to reduced myocardin/SRF binding (24). It has been
postulated that such injury can promote the redifferentiation of
SMCs into synthetic myofibroblasts that highly express colla-
gen (72). Our data suggest that both noncanonical CArG (Fig.
4) and GC-rich regions (Fig. 3) are important for up-regulation
of collagen through MRTF-A and Sp1 proteins. Although
mutation of these CArG boxes reduced MRTF-A activation to
20–25% of control (Fig. 4A), truncated collagen promoter con-
structs that completely lack these elements (Fig. 1D) still exhib-
ited significantMRTF-Aactivation of reporter gene expression.
Together, these findings support amodel whereMRTF-A stim-
ulates transcription via both CArG and GC-rich sites and may
serve to coordinate expression within the overall myofibroblast
program.
The occupancy of transcription factors complexed with

MRTF-A on the collagen promoter was probed using quantita-
tive ChIP assays. Quantitative detection ofDNAbound to these
transcription factors was measured using quantitative PCR
(Fig. 4B). Positive binding was calculated by subtracting detect-
able levels of signal from IgG samples (i.e. nonspecific binding),
thus providing a scale of transcription factor binding with zero
representing no specific binding. Specificity of the immunopre-
cipitation reaction was verified by probe amplification within
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intron 1 of the COL1A2 promoter. In each immunoprecipita-
tion sample, no amplification of this control region was
detected. The chromatin immunoprecipitation data in this
paper indicate that MRTF-A, SRF, and Sp1 are present at the
collagen promoters in human lung fibroblasts in culture (Fig.
4B). These results indicate that binding of SRF on the collagen
promoter is reduced relative to the SMA promoter. Two differ-
ent mutations of the noncanonical CArG box with and without
preservation of a neighboring Ets1-binding site (10, 11) signif-
icantly blunted, but did not eliminate, MRTF-A activation of
collagen gene reporters (Fig. 4A). This implies that SRF binding
to this noncanonical CArG site contributes to MRTF-A
recruitment. To delineate its function, SRFwasmutagenized to
inactivate either its DNA binding or transactivation domain.
Mutation of SRFDNAbinding significantly disruptedMRTF-A
transactivation and potentially indicates that the binding
capacity of SRF, regardless of CArG box sequence homology,
contributes to MRTF-A transactivation of collagen (Fig. 6B).
Interestingly, however, truncation of the transcription activa-
tion domain of SRFhad no effect onMRTF-A transactivation of
the collagen promoter. C-terminal truncation of SRF decreases
gene reporter activity by transgelin promoter (also called
SM22) (36), which is a cytoskeletal gene that has been demon-
strated to rely on myocardin/SRF activation via a conserved
CArG box (21). Together, these studies identified functional
differences of SRF between the collagen promoter and other
MRTF/SRF-regulated genes.
Mice with a loss-of-function MRTF-A mutation lack mam-

marymyoepithelial cells (52) and are resistant to cardiac hyper-
trophy (33, 53, 57). It is clear from this study that loss-of-func-
tion MRTF-A lung fibroblasts have decreased collagen protein
synthesis as well as decreased cytoskeletal protein expression
(Fig. 7). Sircol assays for total collagen also indicated that
MRTF-A KO cells secreted less collagen, although the results
were modest. This result likely reflects the fact that Sircol mea-
sures all secreted collagen types and not type I collagen specif-
ically. Most importantly, expression of MRTF-A restored
expression of collagen and SMA levels similar to those seen in
wild type controls, thereby rescuing the phenotype. While our
study was in progress, it was recently demonstrated that
MRTF-A regulates collagen synthesis in cardiomyocytes (33).
Our study builds on that finding by identifying important
CArG-dependent and CArG-independent mechanisms of col-
lagen expression in lung fibroblasts. First, we show that
MRTF-A associateswith Sp1 and SRF in the region of theCArG
box elements on both the collagen and SMA promoter in lung
fibroblasts. Second, we describe a novel mechanism by which
Sp1 interacts with MRTF-A to transactivate the collagen pro-
moter, where disruption of Sp1 family binding to DNA with
mithramycin A strongly inhibits collagen while not altering
SMA expression. Finally, mutation of the transcriptional acti-
vation domain within SRF is deleterious for transcriptional
activation of SMA, although no effect was observed on collagen
promoter activity. These results suggest a differential function
for SRF and Sp1 in mediating activation of the two genes.
Our working model is that MRTF-A activates collagen tran-

scription through Sp1 family and SRF through noncanonical
CArG sites within the proximal promoter of COL1A2. This

mechanism appears to differ relative to other SRF-dependent
genes such as SMA, which are dependent on myocardin as well
as MRTF interaction with full-length SRF to achieve efficient
activation. The Sp1 family member KLF4 has been demon-
strated to inhibit MRTF-A activation of SMA, suggesting that
additional transcription factor components may be necessary
to fine-tune the specificity of these two transcriptional activa-
tion complexes (73).
In conclusion, we show thatMRTF-A is an important activa-

tor of collagen synthesis. These results show active collagen
transcription and protein synthesis correlate positively with
increased MRTF-A activity. Loss of MRTF-A in knockdown
and knock-out models shows an inhibition of collagen and
SMA expression, suggesting a disruption of myofibroblast
function. Our findings that lung fibroblasts fromMRTF-A null
mice have reduced collagen production indicate that MRTF-A
may have an essential regulatory function in fibrotic diseases.
Future studies will address the hypothesis that MRTF-A coor-
dinates ECM and myofibroblast gene expression in the fibrotic
lung.
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