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(Background: Myofibroblast differentiation plays a critical role in fibrosis.
Results: Microtubule polymerization state inversely controls myofibroblast differentiation via Rho/SRF signaling. Dynamic
localization of mDia2 to actin stress fibers is critical for myofibroblast differentiation and is regulated by the microtubule

Conclusion: Microtubule polymerization state controls myofibroblast differentiation via regulation of mDia2 localization.
Significance: This is a novel mechanism of myofibroblast differentiation and a therapeutic target.

N

J

Myofibroblast differentiation plays a critical role in wound
healing and in the pathogenesis of fibrosis. We have previously
shown that myofibroblast differentiation is mediated by the
activity of serum response factor (SRF), which is tightly con-
trolled by the actin polymerization state. In this study, we inves-
tigated the role of the microtubule cytoskeleton in modulating
myofibroblast phenotype. Treatment of human lung fibroblasts
with the microtubule-destabilizing agent, colchicine, resulted in
a formation of numerous stress fibers and expression of myofi-
broblast differentiation marker proteins. These effects of col-
chicine were independent of Smad signaling but were mediated
by Rho signaling and SRF, as they were attenuated by the Rho
kinase inhibitor, Y27632, or by the SRF inhibitor, CCG-1423.
TGF-B-induced myofibroblast differentiation was not accom-
panied by gross changes in the microtubule polymerization
state. However, microtubule stabilization by paclitaxel attenu-
ated TGF-B-induced myofibroblast differentiation. Paclitaxel
had no effect on TGF-f-induced Smad activation and Smad-de-
pendent gene transcription but inhibited actin polymerization,
nuclear accumulation of megakaryoblastic leukemia-1 protein,
and SRF activation. The microtubule-associated formin, mDIA2,
localized to actin stress fibers upon treatment with TGF-, and
paclitaxel prevented this localization. Treatment with the
formin inhibitor, SMI formin homology 2 domain, inhibited
stress fiber formation and myofibroblast differentiation
induced by TGF-, without affecting Smad-phosphorylation or
microtubule polymerization. Together, these data suggest that
(@) TGE-B promotes association of mDia2 with actin stress
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fibers, which further drives stress fiber formation and myofibro-
blast differentiation, and (b) microtubule polymerization state
controls myofibroblast differentiation through the regulation of
mDia2 localization.

Myofibroblast differentiation plays an important role in
mediating the fibrotic response to tissue injury and is thought
to be a key pathologic step in the pathogenesis of disorders of
aberrant wound healing such as fibrosis. A highly organized
actin cytoskeleton is a key morphologic feature of fully differ-
entiated myofibroblasts, and actin dynamics participate in
mediating a myriad of fibroblast functions (1), including the
regulation of megakaryoblastic leukemia-1 (MKL1)?/SRF-de-
pendent gene expression (2). An additional component of the
cell cytoskeleton, the microtubule, has been implicated in a
variety of cell functions directly relevant to tissue remodeling.
Microtubule assembly is regulated by the application of sub-
strate strain (3), extracellular matrix protein density (4), and
matrix stiffness (5), whereas pharmacologic disruption of
microtubules has been shown to result in the induction of plas-
minogen activator inhibitor-1 and connective tissue growth
factor (CTGF) (6-8), induce increased contractility (9), and
promote incorporation of soluble fibronectin into the extracel-
lular matrix (10). Interestingly, the microtubule system can
interact with the actin cytoskeleton via mechanical coupling
(the tensegrity model) (11) or via direct biochemical coupling,
via the microtubule-associated nucleotide exchange factor,
p190RhoGEF (GEF-H1) (5, 12) or diaphanous proteins mDIA1
and mDIA2 (13-16). In light of this linkage with tissue remod-
eling and the actin cytoskeleton, we sought to examine whether
the microtubule cytoskeleton could participate in the regula-
tion of myofibroblast differentiation in human lung fibroblasts.

3The abbreviations used are: MKL1, megakaryoblastic leukemia-1; SRF,
serum response factor; HLF, human lung fibroblast(s); CTGF, connective
tissue growth factor; a-SMA, smooth muscle a-actin.
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EXPERIMENTAL PROCEDURES

Isolation and Primary Culture of Human Pulmonary Fibro-
blasts—Human lung fibroblasts were isolated as described pre-
viously (2, 17). Briefly, tissue samples from explanted lungs
from patients undergoing lung transplantation for pulmonary
fibrosis were obtained and placed in DMEM with 100 units/ml
streptomycin, 250 ng/ml amphotericin B, and 100 units/ml
penicillin. Alveolated lung tissue was minced, washed in PBS,
and plated onto 10-cm plates in growth media containing
DMEM supplemented with 10% FBS, 2 mm L-glutamine, and
antibiotics as above. Expanded populations of fibroblasts were
subsequently subcultured after 4 to 5 days, resulting in the
development of a homogenous fibroblast population. All pri-
mary cultures were used from passages 5-10 and maintained
on tissue culture plastic until the time of experiments.

For all experiments, cells were subcultured by plating on col-
lagen IV-coated tissue culture plastic at a density of 100,000/ml,
followed by culture in growth media (containing 10% FBS, as
above) for 24 h. Cells were then serum-starved 24 h in DMEM
supplemented with 0.1% BSA and 2 mM L-glutamine, followed
by treatment with the desired agonist (or vehicle) in 0.1% BSA
for the desired times. Studies using paclitaxel were performed
by a 30-min pretreatment with paclitaxel prior to subsequent
treatment with colchicine or TGF-f for the desired times. For
experiments using colchicine, cells were treated for 6 or 24 h
when assessing gene expression; for experiments assessing the
effect of colchicine on TGEF- effects, cells were pretreated with
colchicine 30 min prior to TGF-f stimulation.

DNA Transfection—In all experiments, subcultured cells
were grown on collagen IV-coated plates for 1 day in growth
media (as above) and were serum-deprived overnight in
DMEM containing 0.1% BSA and 2 mM L-glutamine prior to
stimulation with desired agonists. Transient DNA transfec-
tions were performed using GenJet reagent (SignaGen Labora-
tories, Gaithersburg, MD) following the standard manufactur-
er’s instructions.

Reagents—The firefly luciferase reporter driven by two cop-
ies of CArG elements (SRF-Luc) has been used previously (2,
17-20). The firefly luciferase reporter driven by four copies of
Smad-binding elements was provided by Dr. Bert Vogelstein
and has been used previously (2, 17). The thymidine kinase
promoter-driven Renilla luciferase was from Promega (Madi-
son, WI). Colchicine, TGF-B1, and Y27632 were from EMD
Biosciences (Gibbstown, NJ). CCG-1423 was from Cayman
Chemicals (Ann Arbor, MI). SMIFH2 and SB431542 were from
Sigma. Antibodies against a-tubulin, $-actin, and SM-a-actin
were from Sigma. CTGF, SRF, Smad4, and 14-3-3-€ antibodies
were from Santa Cruz Biotechnology (Santa Cruz, CA). Phos-
pho-Smad2, Smad2, and phospho-Smad3, Smad3, and «/B-tu-
bulin antibodies were from Cell Signaling (Danvers, MA).
MKUL-1 antibodies were from Bethyl Laboratories (Montgom-
ery, TX). Lamin A/C antibodies were from BD Transduction
Laboratories. mDIA2 antibodies were from Abcam (immuno-
fluorescent staining) or ECM Biosciences (Western blotting,
DP3491, ECM) (Versailles, KY).

Cell Lysis and Western Blotting— After stimulation of quies-
cent cells with desired agonists, cells were lysed in radioim-
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mune precipitation assay buffer containing 25 mm HEPES (pH
7.5), 150 mm NaCl, 1% Triton X-100, 0.1% SDS, 2 mm EDTA, 2
mMm EGTA, 10% glycerol, 1 mm NaF, 200 uM sodium orthovana-
date, and protease inhibitor mixture (Sigma). Cells were
scraped, sonicated for 5 s, and boiled in Laemmli buffer for 5
min. The samples were subjected to polyacrylamide gel electro-
phoresis followed by Western blotting with desired primary
antibodies and corresponding HRP-conjugated secondary anti-
bodies and developed by an ECL reaction (Pierce). The digital
chemiluminescent images were taken by a GE LAS4000 chemi-
luminescence imager. Densitometry of selected blots was per-
formed using Image] software.

In Vitro Isolation of Stress Fibers—Stress fibers were isolated
using the method we used previously (2, 21). All of the proce-
dures were performed on ice using the buffers containing pro-
tease inhibitor mixture (Sigma). After stimulation with desired
agonists, cells were washed with PBS and then extracted with a
buffer containing 2.5 mM triethanolamine (pH 8.2) for 30 min
with six buffer changes, followed by extraction with 0.05% Non-
idet P-40 (pH 7.2) for 5 min, and subsequent extraction with
0.5% Triton X-100 (pH 7.2) for additional 5 min. Cells were
then immediately washed with cold PBS, scraped, and sus-
pended in PBS, followed by centrifugation at 100,000 X g for
1 h. Supernatant was removed, and the pellet was sonicated in
0.5% Triton X-100, 50 mm NaCl, 20 mm Hepes (pH 7.0), 1 mm
EDTA. Laemmli buffer was added, and samples were boiled for
5 min prior to further Western blot analysis as described above.

In Vitro Isolation of Soluble and Insoluble Microtubule
Fractions—Soluble and insoluble fractions of microtubules
were isolated using a modified method described previously
(22). All procedures were performed at room temperature with
warmed buffers. After stimulation with the desired agonists,
cells were washed with warmed (37 °C) PBS and then extracted
twice at 8 min each with a buffer containing 2 m glycerol, 0.1 M
PIPES, 1 mm MgSO,, 2 mm EGTA, 0.1 mm EDTA, pH 6.75, to
remove soluble proteins. The extracted cells were then lysed for
5 min with a buffer containing 25 mm Na,HPO,, 0.4 m NaCl,
0.5% SDS, pH 7.2. Cells were scraped, boiled, and centrifuged at
2000 X gfor 10 min. The supernatant was then collected. Laem-
mli buffer was then added to both the collected extraction sam-
ples and the lysis samples, and samples were boiled for 5 min
prior to further Western blot analysis.

In Vitro Isolation of Nuclear and Cytoplasmic Fractions—
Preparation of nuclear and cytoplasmic fractions was per-
formed using the NE-PER nuclear and cytoplasmic reagents
(Thermo Scientific) following the manufacturer’s instructions.
Briefly, after stimulation with desired agonists, cells were
trypsinized and washed with PBS to remove trypsin by centri-
fugation at 300 X g for 3 min. Cell pellets were suspended in
cytoplasm extraction reagent for 10 min and pelleted again at
16,000 X g for 5 min, and the supernatant (cytoplasmic frac-
tion) was collected. The pellets were suspended in the nuclear
extraction reagent for 40 min, centrifuged at 16,000 X g for 10
min, and the supernatant (nuclear fraction) was collected.
Laemmli buffer was added, and samples were boiled for 5 min
prior to further Western blot analysis as described above.
Immunoblotting of nuclear lamin A/C and cytoplasmic 14-3-3€
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was performed to confirm the purity of the nuclear and cyto-
plasmic fractions, respectively.

Luciferase Reporter Assay—Cells grown on 24-well plates
were co-transfected with 500 ng of desired firefly luciferase
reporter plasmid and 20 ng of constitutively active thymidine
kinase promoter-Renilla luciferase reporter plasmid. Cells were
placed in growth media overnight and then serum-starved for
24 h, followed by stimulation with the desired agonists for the
desired time points as indicated in the figure legends. Cells were
then washed with PBS and lysed in protein extraction reagent
(Pierce). The lysates were assayed for firefly and Renilla luciferase
activity using the Dual-Luciferase assay kit (Promega). To account
for differences in transfection efficiency, firefly luciferase activity
of each sample was normalized to Renilla luciferase activity.

Reverse Transcription-Quantitative Real Time PCR—Total
RNA was harvested using RNA STAT-60 (Tell-Test, Inc.) fol-
lowing the manufacturer’s instructions. One microgram of
total RNA was used as a template for random-primed reverse
transcription using an iScript cDNA synthesis kit (Bio-Rad)
according to the manufacturer’s instructions. Real time PCR
analysis was performed using iTaq SYBR Green supermix
with ROX (Bio-Rad) in an ABI 7500 multi-color real time PCR
detection system (Applied Biosystems). PCR primers contained
the following sequences: human CTGF, CGACTGGAAGA-
CACGTTTGG (forward) and AGGCTTGGAGATTTTG-
GGAG (reverse); human SM-a-actin, AAAGACAGCTACGT-
GGGTGACGAA (forward) and TTCCATGTCGTCCCAGT-
TGGTGAT (reverse); and human SRF, TGAGTGCCACTGG-
CTTTGAAGAGA (forward) and AGAGGTGCTAGGTGCT-
GTTTGGAT (reverse). The 18 S transcript was used to norm-
alize the amount and quality of the extracted RNA, using the
following primer set: 18 S, GATTAAGTCCCTGCCCTTTG
(forward) and GTTCACCTACGGAAACCTTG (reverse).

Indirect Immunofluorescence Microscopy—Cells were washed
twice with PBS and fixed either in 4% paraformaldehyde/
PBS for 15 min at room temperature followed by per-
meabilization with 0.2% Triton X-100/PBS for 5 min. Cells were
then incubated with 2% BSA in PBS for 1 h, followed by incu-
bation with desired primary antibodies at 4 °C overnight, five
washes with PBS within 15 min, incubation with corresponding
rhodamine- or FITC-conjugated secondary antibodies for 1 hat
room temperature, and five washes with PBS within 15 min.
The coverslips were mounted using Vectashield mounting
medium containing DAPI nuclear stain (Vector Laboratories,
Burlingame, CA). The immunofluorescence images were
obtained using an Olympus 1X71 fluorescent microscope.

Statistical Analysis—All of the data represent the results of at
least three independent experiments. Quantitative data were
analyzed by the Student ¢ test with Bonferroni’s correction for
multiple comparisons when appropriate. Values of p < 0.05
were considered as statistically significant.

RESULTS

Microtubule Disruption Promotes Myofibroblast Differentia-
tion in a Rho/SRF-dependent, Smad-independent Manner—To
examine whether microtubule polymerization state could
influence fibroblast morphology and differentiation, we first
utilized the direct pharmacologic inhibitor of microtubule
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FIGURE 1. Disruption of microtubules by colchicine promotes myofibro-
blast differentiation. HLF were stimulated with 1 um colchicine (Colch) for 6
or 24 h, with or without a 30-min pretreatment with 10 um paclitaxel, as
indicated. A, immunofluorescent staining of HLF with a-tubulin antibodies.
Scale bar, 200 wm. B, HLF were examined for actin stress fiber formation and
a-SMA expression by phalloidin staining and immunofluorescence with
a-SMA antibodies, respectively. Scale bar, 200 wm. C, levels of SRF, a-SMA, and
CTGF mRNA were examined by real time PCR. D, total protein lysates from HLF
were analyzed by Western blot with antibodies against a-SMA or B-actin.

Control

polymerization, colchicine, which has been shown to fully
depolymerize microtubules after 60 min (23). Treatment of
human lung fibroblasts (HLF) with colchicine for 24 h resulted
in a significant decrease in microtubule staining (Fig. 1A4),
accompanied by morphologic change, with cell widening and
robust formation of actin stress fibers (Fig. 1B). Colchicine
treatment also induced the expression of smooth muscle a-ac-
tin (a-SMA), which was highly enriched in the stress fibers, as
assessed by phalloidin staining (Fig. 1B), suggestive of differen-
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FIGURE 2. Colchicine-induced myofibroblast differentiation is not medi-
ated by Smad activation. HLF were stimulated with 1 ng/ml of TGF-$1 or 1
um colchicine (Colch) in the presence or absence of 10 um SB431542 (added
30 min prior to stimulation) for the times indicated. Cells were examined for
the nuclear localization of Smad2/3/4 by in vitro fractionation (A), for activa-
tion of Smad-binding element-luciferase reporter (SBE-luc) (B), and for the
expression of a-SMA mRNA (C) or protein (D).

tiation to a myofibroblast-like phenotype. Nocodazole had sim-
ilar effects (data not shown). The mRNA levels of a-SMA, as
well as other genes associated with myofibroblast differentia-
tion such as CTGF and SRF were significantly up-regulated in
response to colchicine treatment (Fig. 1C), demonstrating a
role for microtubule dynamics in a control of gene expression.
Stabilization of microtubules by 30 min of pretreatment with
paclitaxel blocked colchicine-induced a-SMA expression (Fig.
1D), confirming that the effect of colchicine is mediated by
microtubule disruption.

Previous studies have suggested that microtubule dynamics
could regulate Smad-dependent signaling in CCL64 cells, car-
diac myocytes, and C2C12 myoblasts (24-26). However,
microtubular disruption by colchicine in human pulmonary
fibroblasts did not result in Smad nuclear translocation (Fig.
2A), or Smad-dependent gene transcription, as assessed by
using Smad binding elements luciferase reporter (Fig. 2B). Fur-
thermore, pharmacologic inhibition of TGF-B-receptor kinase
(ALK5) with SB431542, which has been shown to block TGF-
B-induced a-SMA expression (2), did not attenuate colchicine
induced a-SMA expression (Fig. 2, C and D), suggesting that
the effect of microtubule disruption was independent of TGF-
B/Smad signaling. Additionally, we did not observe any induc-
tion of ERK1/2 phosphorylation by cochicine in fibroblasts
(data not shown), as has been reported previously in vascular
smooth muscle cells (7, 27).

In contrast, colchicine stimulated phosphorylation of cofilin
(Fig. 3A), which is known to occur in a Rho kinase/LIM kinase-
dependent manner (28) and has been used as a marker for Rho
activation (2). Both colchicine-induced actin stress fiber forma-
tion and a-SMA expression were dependent on Rho signaling,
as the Rho kinase inhibitor, Y27632, fully blocked this induction
(Fig. 3B). Finally, colchicine-induced a-SMA expression was
attenuated by pharmacological inhibition of SRF (Fig. 3C), which
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FIGURE 3. Colchicine-induced myofibroblast differentiation is mediated
by ROCK and SRF activities. HLF were pretreated for 30 min with or without
10 um Y27632 or 10 um CCG-1423 as indicated, followed by stimulation with
1 uMm colchicine (Colch) for 24 h. A, colchicine stimulates phosphorylation of
cofilin, as assessed by Western blotting with phosphor-Ser-3-cofilin antibod-
ies. B, Rho kinase inhibition by Y27632 attenuates colchicine-induced actin
stress fiber formation and a-SMA protein expression. C, the SRF inhibitor,
CCG-1423, blocked colchicine-induced a-SMA protein expression. Densitom-
etry results are shown below the respective blots.

has been previously shown by us to be activated by TGF- 3 through
the Rho/stress fiber pathway (2) and play a critical role in TGF--
induced myofibroblast differentiation (17).

Stabilization of Microtubules Attenuates TGF-B-induced
Mpyofibroblast Differentiation through Inhibition of Actin/SRF
Signaling—Given the well established role of TGF-B1 in induc-
ing myofibroblast differentiation (29) and the observed induc-
tion of a myofibroblast phenotype by microtubule disruption,
we sought to examine whether (a) TGF-B1 affects microtubule
stability and (b) whether microtubule polymerization could
influence TGF-B1-induced myofibroblast differentiation. As
shown in Fig. 44, TGF-B1 treatment for 24 h did not result in
any appreciable alteration in microtubule configuration, as
assessed by immunofluorescent staining. Furthermore, subcel-
lular fractionation of insoluble (polymerized) and soluble
(depolymerized) tubulin also revealed that TGF-S1, applied
either for 1 or 24 h, does not affect global tubulin polymeriza-
tion. In contrast, treatment with paclitaxel (microtubule stabi-
lizer) or colchicine (microtubule disruptor) for either 90 min
(Fig. 4B) or 24 h (Fig. 4C) redistributed tubulin to the insoluble

JOURNAL OF BIOLOGICAL CHEMISTRY 15469



Microtubule Dynamics Modulate Myofibroblast Differentiation

Control

A

TGF-B1

a-tubulin o-tubulin

B o-tubulin:
Insoluble | === === -—
% of control: 100 115 263 18
Soluble | mm— — J—
% of control: 100 97 4 140
Paclitaxel (1.5 hr): - - + -
Colch (1.5 hr): - - - +

TGF-B1 (1 hr)

C

o-tubulin:

——

Insoluble — —

% of control: 289 0 100 128 321 0

Soluble| PURp— _.l
%ofcontrol: 4 123 100 95 3 125
Paclitaxel: + - - - 4+ —
Colch: - + - — — +

TGF-B1 (24 hr)

FIGURE 4. TGF-1 does not regulate gross microtubule polymerization
state. A, immunofluorescent staining of HLF with a-tubulin antibodies fol-
lowing 24-h stimulation with TGF-B1. Scale bar, 100 um. B and C, HLF were
pretreated with either vehicle, 10 um paclitaxel, or 1 um colchicine (Colch) for
30 min, followed by stimulation with 1 ng/mI TGF-31 for either 1 (B) or 24 h (C).
Microtubule and soluble tubulin fractions were isolated and examined by
Western blotting with a-tubulin antibodies. Densitometry results are shown
below the respective blots.

and soluble fractions, respectively, which is consistent with pre-
viously published observations (23). Despite the lack of effect
TGF-B on microtubule dynamics, stabilization of microtubules
by paclitaxel resulted in inhibition of TGF-B1-induced expres-
sion of myofibroblast-associated genes, including a-SMA,
CTGF, and SRF, both at mRNA and protein levels (Fig. 5), sug-
gesting that microtubule dynamics can potentially interact with
TGEF-B1-dependent signaling.

Given our recent observations establishing the role of stress
fiber formation and SRF activation in mediating TGF-B-in-
duced gene expression (2), we examined whether microtubule
stabilization by paclitaxel affected this axis of TGF-f3 signaling.
Treatment with paclitaxel resulted in the inhibition of TGF-B1-
induced actin stress fiber formation (Fig. 6, A and B). We have
previously shown that stress fiber formation leads to the
nuclear accumulation of the transcription co-activator, MKL1,
activating SRF-dependent gene transcription in response to
TGEF-B1 (2). Additionally, under treatment with TGF-£1,
MKL1 expression increases in an SRF-dependent manner (2).
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FIGURE 5. Polymerization of microtubules by paclitaxel attenuates TGF-
B1-induced myofibroblast differentiation. HLF were pretreated with indi-
cated concentration of paclitaxel for 0.5 h, followed by stimulation with 1
ng/ml TGF-B1 for 24 h. Cell extracts were examined for the expression of SRF,
CTGF, and a-SMA mRNA by real time quantitative PCR (A) or of protein levels
by Western blotting (B).

In the present study, we observed that paclitaxel attenuates
both TGF-B1-induced MKL1 expression and nuclear accumu-
lation (Fig. 6C), as well as SRF-dependent gene transcription
(Fig. 6D). We did not observe significant effects of paclitaxel on
TGF-B1-induced Smad2/3 phosphorylation, Smad nuclear
translocation, or Smad-dependent gene expression in HLF
(supplemental Fig. S1). Together, these data suggest that regu-
lation of TGF-Bl-induced myofibroblast differentiation by
paclitaxel occurs through inhibition of the stress fiber/MKL1/
SRF axis but not through immediate Smad signaling.

TGF-B1 Promotes Association of mDia2 with Actin Stress
Fibers, which Is Controlled by Microtubule Polymerization State—
Diaphanous-related formins belong to a family of multifunc-
tional proteins known to independently promote both micro-
tubule stabilization and actin polymerization (13-16, 30). In
vitro studies have shown that microtubules inhibit the ability of
the family member, mDia2 to promote actin polymerization
(14). We have observed that under basal conditions, mDia2
co-localized with microtubules in quiescent fibroblasts, as
assessed by immunofluorescent microscopy (Fig. 7, A and B),
which is consistent with others having shown association of
mDia2 with microtubules i vitro (13) and in NIH3T3 cells (31).
In vitro fractionation of stress fibers from HLF cells showed
little association of mDia with the stress fiber fraction under the
basal conditions. However, upon TGF-f1 or colchicine treat-
ment, the levels of mDia2 were significantly increased in the
stress fiber fraction (Fig. 7C). Furthermore, stabilization of
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FIGURE 6. Paclitaxel regulates TGF-B1-induced stress fiber formation,
MKL1 nuclear accumulation, and SRF activation. A, HLF were pretreated
with 10 um paclitaxel for 0.5 h, followed by stimulation with 1 ng/ml TGF-B1
for 24 h. Cells were analyzed for stress fiber formation by fluorescent phalloi-
din staining. Scale bar, 200 um. Under these treatment conditions, HLF were
also assessed for total a-SMA expression and stress fiber formation by in vitro
fractionation (B), for nuclear accumulation of MKL1 by in vitro fractionation
(Q), or for SRF-luciferase reporter activation (D).

microtubules with paclitaxel abrogated TGF-B1-induced accu-
mulation of mDIA2 in the stress fiber fraction (Fig. 7C).

Given the inverse relation between microtubule polymeriza-
tion state and localization of mDia2 to stress fibers, we then
examined the role of mDia in TGF-B1-induced stress fiber for-
mation and myofibroblast differentiation using the mDia inhib-
itor SMIFH2 (32). As shown in Fig. 84, pretreatment of fibro-
blasts with SMIFH2 attenuated TGF-Bl-induced «-SMA
expression at the doses previously shown to be effective in
mbDia inhibition (32, 33). Importantly, SMIFH2 attenuated
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FIGURE 7. TGF-B1-induced accumulation of mDia2 with stress fibers and
regulation by microtubule dynamics. Co-localization of mDia2 with micro-
tubules in quiescent fibroblasts, as assessed by immunofluorescent micros-
copy are shown (A and B). A, shown are the images of HLF stained with anti-
bodies against a-tubulin, mDia2, or merged (counter stained with DAPI) as
indicated, taken at 600 X magpnification. Scale bar, 50 um. B, the same fields as
in A were imaged at 1000X magpnification, and the selected areas (dashed
lines) were magnified using Adobe Photoshop. Scale bar, 10 wm. C, HLF were
pretreated with or without 10 um paclitaxel for 0.5 h, followed by stimulation
with 1 ng/mI TGF-B1 for 24 h, as indicated. mDia2 levels in stress fiber fraction
as well as total levels of mDia2 were examined by Western blotting with
mDia2 antibodies. Densitometry results are shown below the respective
blots. Colch, colchicine.

actin stress fiber formation in response to TGF-B1 (Fig. 8B).
Control experiments showed that SMIFH2 had no effect on
TGF-B1-induced Smad phosphorylation (Fig. 8C), as well as on
gross microtubule polymerization state, modulated by pacli-
taxel or colchicine (Fig. 8D). Taken together, these data suggest
that (@) TGF-B1 promotes association of mDia2 with actin
stress fibers, which further drives stress fiber formation and
myofibroblast differentiation, and (b) microtubule polymeriza-
tion inhibits myofibroblast differentiation through the regula-
tion of mDia2 localization and/or activity.

DISCUSSION

This study describes four major findings: (i) gross microtu-
bule polymerization state inversely affects myofibroblast differ-
entiation by controlling the actin stress fiber/MKL1/SRF sig-
naling, but not Smad-dependent gene transcription; (ii)
polymerization of microtubules prevents myofibroblast differ-
entiation in response to TGF-f1, again, through the regulation
of stress fiber/MKL1/SRF, but not Smad signaling; (iii) TGF-81
promotes accumulation of mDia2 in the actin stress fiber frac-
tion - a process controlled by microtubule polymerization state;
and (iv) mDia activity is critical for stress fiber formation and
myofibroblast differentiation in response to TGF-f1.
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FIGURE 8. mDIA activity is required for TGF-f1-induced actin stress fiber
formation and myofibroblast differentiation. A-D, HLF were pretreated
with indicated concentrations of SMFH2 for 30 min, followed by treatment
with 1 ng/mITGF-B1, 10 um paclitaxel, or T um colchicine (Colch) for the times
indicated. Cell extracts were examined by Western blotting for the expression
of a-SMA (A), stress fiber formation (B), phosphorylation of Smad2 (C), or
microtubule polymerization state (D). Densitometry results are shown below
the respective blots.

Our results indicate that microtubule depolymerization
alone is sufficient to induce myofibroblast-like morphologic
and, importantly, gene expression changes (Fig. 1). In contrast
to TGF-B1-induced myofibroblast differentiation, these effects
of microtubule disruption were independent of Smad signaling,
as colchicine had no effect on Smad phosphorylation, nuclear
localization or Smad-dependent gene transcription; and its
effects were not associated with activation of TGF-8 receptor
(Fig. 2). Previous studies performed in mink lung epithelial
cells, cardiac myocytes and C2C12 myoblasts have implicated
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microtubules in regulating Smad2/3 cytosolic localization via
binding to B-tubulin (24, 25). These reports demonstrated that
disruption of microtubules by nocodazole or colchicine for 18 h
resulted in the induction of both basal and TGF-B-induced
Smad-phosphorylation and Smad-dependent gene transcrip-
tion. The differences between their and our results may repre-
sent cell-specific regulation of Smads by microtubule dynamics
and suggest that at least in human lung fibroblasts, microtubule
disruptors have no effect on Smad-dependent gene transcrip-
tion, which is also consistent with the results of others obtained
on human renal fibroblasts (8). Furthermore, these previous
reports showed that microtubule stabilization by paclitaxel had
no effect on TGF-B-induced Smad2 phosphorylation or Smad
reporter activity in C2C12, Mv1Lu, RI14, and HepG2 cells (24,
26), which is consistent with our results obtained with human
lung fibroblasts (supplemental Fig. S1).

Our data show that microtubule disruption results in Rho
activation and stress fiber formation (Fig. 3), consistent with
previous findings in fibroblasts (8, 10). However, to our knowl-
edge, this is the first report linking microtubule disruption to
the expression of the myofibroblast marker gene, a-SMA,
through this mechanism. Furthermore, we show for the first
time that even though TGF-1 does not affect overall microtu-
bule polymerization state (Fig. 4), its ability to induce myofibro-
blast differentiation is dramatically reduced by the microtu-
bule-polymerizing agent paclitaxel (Fig. 5). Importantly,
paclitaxel elicits its effect through the regulation of the stress
fiber/MKL1/SRF axis (Fig. 6) without affecting TGF-B1-in-
duced Smad signaling (supplemental Fig. S1). This suggests that
myofibroblast differentiation could be targeted independently
of TGF-f proximal signaling, via pharmacologic modification
of the microtubule polymerization state. This intriguing possi-
bility for treating the fibrotic response has begun to be
explored, with reports demonstrating that treatment with
paclitaxel attenuates the fibrotic response in several models of
experimental fibrosis (34 —37). The therapeutic potential of this
strategy for treatment of pulmonary fibrosis is an area of cur-
rent investigation in our laboratory.

The other novel basic finding of this study relates to a
dynamic localization of mDia2 to stress fibers and its role in
TGF-B1-induced myofibroblast differentiation. Diaphanous
proteins are evolutionarily conserved multi-domain proteins
that are able to interact with the actin cytoskeleton, via its
formin homology 2 (FH2) domain, promoting actin polymeri-
zation (15, 16). The mammalian diaphanous family member,
mDia2 also has the ability to interact and stabilize microtubules
(13). Our results show that (2) mDIA2 is recruited to the actin
stress fibers in response to TGF-1 or colchicine treatment, (b)
this recruitment can be regulated by microtubule polymeriza-
tion (Fig. 7C), and (c) pharmacological inhibition of mDia
attenuates stress fiber formation and a-SMA expression (Fig.
8). This suggests a model wherein the initial recruitment of
mbDia?2 to stress fibers further promotes actin polymerization to
drive myofibroblast differentiation.

Mechanistically, the fact that paclitaxel inhibited TGF-B1-
induced accumulation of mDia?2 at stress fibers (Fig. 7C), sug-
gests that microtubules may sequester mDia2 from stress
fibers. However, this does not explain TGF-B1-induced mDia
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translocation to stress fibers, which is not accompanied by dis-
ruption of microtubules (Fig. 4). However, TGF-B1 induces
Rho signaling in fibroblasts (2) and Rho kinase has been shown
to phosphorylate mDia2 and increase its actin-polymerizing
activity (38). Thus, it is possible that mDia translocation to
stress fibers in response to TGEp is also mediated through this
mechanism, which will be investigated in the future.
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