










force-induced SMA promoter activity. In cells pretreated with
siRNA to knockdown gelsolin, ROCK, ormDia, forced-induced
SMA-promoter activitywas reduced by 60, 68, and 80%, respec-
tively compared with force-loaded cells with irrelevant siRNAs
(Fig. 5A). The combined siRNAknockdown of gelsolin and Rho
kinase produced an additional (75%) reduction of SMA pro-
moter activity after double siRNA knockdown.
Because tensile force-mediated nuclear translocation of

MRTF-A is required for activation of SMA promoter, we
compared the effect of gelsolin, ROCK, and mDia on force-
induced MRTF-A nuclear translocation. Quantification of
fixed cells immunostained for endogenous MRTF-A showed
that force-induced MRTF-A nuclear translocation was inhib-
ited by gelsolin, ROCK and mDia siRNA knockdown (Fig. 5B).

However, there was no significant
difference in the amount of reduc-
tion of MRTF-A nuclear transloca-
tion between the three treatment
groups (p � 0.2).

mDia Is Required for Myofibro-
blast Differentiation—MRTF-A nu-
clear translocation contributes to
the up-regulation of SMA, which,
along with ED-A fibronectin, is a
marker for myofibroblast differen-
tiation (1). To determine the im-
pact of mDia on force-induced
myofibroblast differentiation, we
examined the expression of SMA
and ED-A fibronectin in NIH 3T3
cells subjected to tensile force.
Cells incubated with collagen-
coated magnetite beads in low
serum (0.2%) were exposed to ten-
sile forces (0.6 pN/�m2) by mag-
netic forces perpendicular to the
dorsal surface of the cells for 3 days
andwere evaluated by immunofluo-
rescence. Immunostaining for SMA
and ED-A fibronectin was very low
in cells not exposed to force (Fig.
6A) but there was abundant SMA
and ED-A staining in force-loaded
cells. In contrast, force-loaded cells
in the presence of mDia siRNA
showed no increase of SMA and
ED-A fibronectin staining. Immu-
noblots of SMA and ED-A fibronec-
tin showed increased SMA and
ED-A expression in force-treated
cells that was reduced in force-
treated cells in which mDia siRNA
was knocked down (Fig. 6B). Immu-
noblots for GAPDH were used as
loading controls.
In addition to the expression of

ED-A fibronectin and SMA, in-
creased tractional remodelling of

the extracellular matrix is a hallmark of myofibroblast differen-
tiation (1). Accordingly we examined the role of mDia in the
contraction of stress-relaxed collagen gels. Cells treated with
siRNA for mDia or irrelevant GFP siRNA were incubated in
collagen gels plated on rigid tissue culture plastic for 3 days. On
day 3, the collagen gels were released from the dish (stress-
relaxed gels), and gel diameter wasmeasured over time. Knock-
down of mDia compared with an irrelevant siRNA control,
reduced by 2-fold the contraction of stress-relaxed collagen gels
(Fig. 7A; p � 0.001 at all sampling times). Similarly, transfection
of DN-MRTF-A inhibited the contraction of stress-relaxed col-
lagen gels. Immunoblots of GAPDH from cells extracted from
the collagen gels showed that equivalent numbers of cells were
present in the gels (Fig. 7B).

FIGURE 6. Force-induced myofibroblasts differentiation is dependent on mDia. A, fluorescence images of
NIH3T3 cells incubated with collagen-coated magnetite beads, and with (F) or without (NF) exposure to tensile
force applied by a ceramic permanent magnet. Cells were immunostained for SMA (green) and ED-A fibronec-
tin (red). Nuclei were stained with DAPI (blue). The presence of SMA and ED-A fibronectin indicates myofibro-
blastic phenotype. Middle panels show force-loaded cells after treatment with mDia siRNA. B, immunoblots
show protein expression of SMA and ED-A fibronectin from experiments conducted in the same conditions as
A. GAPDH is shown as loading controls.
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DISCUSSION

Cultured fibroblasts respond to appliedmechanical forces by
undergoing alterations of shape and structure that include actin
cytoskeletal remodelling and the formation of stress fibers,
which lead to the development of the myofibroblast phenotype
(8, 10, 28). Our principal finding is that mDia promotes actin
assembly, which facilitates transfer of mechanical signals into
downstreamprocesses that promote SMAexpression andmyo-
fibroblast differentiation. Overexpression or depletion of the
actin-nucleating properties of mDia can disrupt this process by
interfering with actin assembly. We have identified mDia as a
crucialmolecule in regulating the force-induced function of the
transcriptional co-activators, MRTF-A and SRF. Further, we
have shown that the impact of mDia on force-induced activa-
tion of SMA is comparable in magnitude to the actin assembly
pathways regulated by gelsolin and ROCK (10). These data pro-

vide evidence for a mechanotransduction system involving
mDia in the regulation of actin assembly and SMA expression
in myofibroblast differentiation (Fig. 8) and are consistent with
earlier suggestions that formins such asmDiamay be important
in force-driven actin assembly and could be a key element cel-
lular mechanosensation (15).
Actin cytoskeletal remodelling has been suggested as a

mechanosensory process that can translatemolecular signals in
response to appliedmechanical force (32, 33).mDia,which is an
important actin-nucleating protein (34) and a critical mediator
of actin nucleation, has been extensively studied in the mainte-
nance of cell polarity, vesicular trafficking, signaling to the
nucleus, and embryonic development (12). Recent studies have
indicated that mDia is required in stress fiber formation in
response to mechanical stretch (35) and is involved in sphingo-
sine-1-phosphate signaling to stress fiber formation in fibro-
blasts (36).Mechanical tension triggers the localization ofmDia
to focal adhesions (9) and may mediate force-induced actin
assembly involving formins such asmDia (15).Whenwe exam-
ined collagen bead-associated proteins of cells that had been
subjected to tensile force, we found an enrichment of �-actin
filaments that was dependent on the expression of mDia. Pre-
vious data showed that shear stress-induced actin reorganiza-
tion is dependent on Rho (37) and Rho activation has been
invoked in tensile-force-induced SMA expression in myofibro-
blast differentiation (10). Because Rho binding to mDia has
been reported to increase actin remodeling (38) and the activa-
tion of Rho causes MRTF-A nuclear translocation, which cor-
relates with SMA expression (10), we examined how mDia is
involved in SMA regulation. We found that increased nuclear
translocation of MRTF-A by force was dependent on mDia.
MRTF-A normally binds by its RPEL motif to actin monomers
but dissociation of MRTF-A from actin monomers occurs
when the cytoplasmic pool of actin monomers is diminished
because of increased actin filament formation (39). Subse-
quently, MRTF-A is enriched in nuclei where it becomes
available as a transcriptional co-activator for binding of tran-
scription factors to the promoter region of genes with a
force-responsive region, such as the CArG boxes of the core
sequences in the serum response element of the SMA pro-
moter (28).
The SRE is a binding site for many transcription factors and

the serum response factor (SRF) is a primary transcriptional
co-activator of the SRE that is responsible for controlling a
number of genes that encode actin cytoskeletal and contractile
proteins (40). Previous studies showed that serum- and LIMK-
induced SRF expression is linked to the activity of mDia (16).
We found that maximal transcriptional expression of SRF
occurs 2 h after force application to cells. This response was
dependent on the relative abundance of mDia because down-
regulation of mDia by siRNA or transfection with a dominant
negativemDia construct inhibited force-induced up-regulation
of SRF. However, any observed force-induced up-regulation of
SRF was likely not detectable in cells transfected with constitu-
tively activemDia because of the very high level of expression of
SRF.
Because mDia regulates the transcriptional modifying activ-

ities of SRF (16) and MRTF-A (18), which in turn control the

FIGURE 7. Gel contraction by fibroblasts requires MRTF-A and mDia.
A, contraction of stress-relaxed collagen gels in cells treated with DN-MRTF-A
or siRNA for mDia or vehicle controls. The data are means � S.E. for gel diam-
eter over time after release of the gel from the dish. B, immunoblots of GAPDH
from cell lysates isolated from collagen gels indicate equivalent number of
cells were analyzed in each collagen gel sample.
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expression of mechano-sensitive genes like SMA (10, 28), we
investigated the requirement of mDia in the pathway leading to
force-induced up-regulation of the SMA promoter. In cells
transfected with a SMA-luciferase promoter construct, we
found that mDia was required for force-induced up-regulation
of the SMA promoter. The co-localization of mDia and SMA
was also found at magnetite bead sites, which indicate that
force-induced signaling to mDia may be through a specialized
cell membrane domain containing the lipid raft marker, gangli-
oside GM1 (41). Further, we assessed the relative importance of
mDia with other known actin assembly pathways (gelsolin (8)
and ROCK (10)) that regulate force-induced SMA expression.
The incomplete suppression of force-induced SMA-promoter
activity after siRNA knockdown of gelsolin, ROCK or mDia
may indicate that each of these actin assembly pathways con-
tributes separately but incompletely to SMA activation. How-
ever, in our current study, sincewe did not achieve 100%knock-
down of any of these proteins, we cannot estimate precisely
their relative importance to regulation of force-induced SMA
expression.
We studied the effect of mDia on myofibroblast differentia-

tion by exposing fibroblasts for 3 days to chronic tensile forces
and then examined SMA and ED-A fibronectin, markers of
myofibroblast differentiation. Whereas it is likely that the

attached collagen beads were internalized within 24 h of incu-
bation and therefore were not applying tensile forces to cell-
surface integrins after 24 h, nonetheless we found that 3-day
force exposure enhanced the expression of SMA and ED-A
fibronectin, which was suppressed by siRNA knockdown of
mDia. Further, knockdown ofmDia or transfection of cells with
dominant negative MRTF-A, markedly reduced the ability of
cells to contract collagen gels. Taken together, these data sug-
gest a mechanism for force-induced myofibroblast differentia-
tion by which force induces the actin nucleating activity of
mDia (9, 15) that leads subsequently to MRTF-A translocation
and SMA expression.
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