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Abstract

Myofibroblasts are pathogenic in pulmonary fibrotic disease due to their exuberant production of
matrix rich in collagen that interferes with gas exchange and the ability of these cells to contract and
distort the alveolar space. Transforming growth factor-g1 (TGF-B1) is a well-known inducer of
myofibroblast differentiation. TGF-B1-induced transformation of fibroblasts to apoptosis-resistant
myofibroblasts is adhesion-dependent and focal adhesion kinase (FAK)-mediated. Prostaglandin
E, (PGE)) inhibits this differentiation via E prostanoid receptor 2 (EP2) signaling and CAMP
elevation, but whether PGE, does so by interfering with TGF-B1 signaling is unknown. Thus we
examined the effects of PGE; in the presence and absence of TGF-B1 stimulation on candidate
signaling pathways in human lung fibroblasts. We now demonstrate that PGE; does not interfere
with TGF-B1-induced Smad phosphorylation or its translocation to the nucleus. Rather, PGE, has
dramatic effects on cell shape and cytoskeletal architecture and disrupts the formation of appropriate
focal adhesions. PGE, treatment diminishes TGF-B1-induced phosphorylation of paxillin, STAT-3,
and FAK and, in turn, limits activation of the protein kinase B (PKB/Akt) pathway. These alterations
do not, however, result in increased apoptosis within the first 24 h of treatment. Interestingly, the
effects of PGE, stimulation alone do not always mirror the effects of PGE, in the presence of TGF-
B1, indicating that the context for EP2 signaling is different in the presence of TGF-B1. Taken
together, our results demonstrate that PGE, has the potential to limit TGF-B1-induced myofibroblast
differentiation via adhesion-dependent, but Smad-independent, pathways.
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Smooth Muscle Actin-a (a-SMA) expression (39), stress fiber formation (25), and robust
collagen secretion are the distinguishing features of myofibroblasts. The multifunctional
cytokine, transforming growth factor-p1 (TGF-B1), is a well-characterized profibrotic mediator
(2,3) that induces transformation of fibroblasts to myofibroblasts both in vitro (7) and in vivo
(36). Myofibroblasts display contractile properties intermediate between smooth muscle cells
and fibroblasts and appear transiently in the granulation phase of normal wound healing to
provide the contractile force required for wound closure (6,38). Eventual apoptosis of
fibroblasts/myofibroblasts is essential for normal repair and resolution of tissue scarring.
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Myofibroblast differentiation and activation by TGF-B1 is a critical event in the pathogenesis
of human fibrotic diseases, since TGF-B1 not only causes the differentiation of fibroblasts to
myofibroblasts, but also renders myofibroblasts resistant to apoptosis by activating
phosphatidylinositol 3-kinase (P13K)/Akt signaling (15). In turn, activated Akt induces the
prosurvival NF-kB pathway (33,44). Prolonged persistence of myofibroblasts at the site of
injury leads to fibrosis and progressive organ dysfunction of lung, kidney, and other tissues.
TGF-B1-induced differentiation of fibroblasts to myofibroblasts is dependent on cell adhesion
and integrin signaling involving focal adhesion kinase (FAK) (41). We (21) previously showed
that this TGF-B1-mediated differentiation process is inhibited by prostaglandin E, (PGE,) via
E prostanoid receptor 2 (EP2) signaling and cyclic adenosine monophosphate (CAMP)
elevation. PGE; could potentially block any of the well-known signal transduction events that
occur as a result of TGF-B1 stimulation in fibroblasts. The best known pathway for TGF-p1
signaling in fibroblasts includes Smad phosphorylation and translocation to the nucleus
followed by binding of nuclear Smad complexes to the Smad-binding elements (SBEs) of target
genes. The ability of Smads to regulate gene transcription further depends on the presence of
transcriptional coactivators such as p300 (1).

TGF-pB1 also acts through Smad-independent but adhesion-dependent pathways. FAK is a
cytoplasmic nonreceptor protein tyrosine kinase found in focal adhesions of cells with
extracellular matrix, and its activity is regulated by ligand binding to cell surface receptors
including the integrins (27). The focal adhesion complex is involved in the regulation of cell
shape, function, survival, migration, and signaling. The effects of PGE; on fibroblast cell
morphology, adhesion, FAK phosphorylation, and Akt activation remain obscure.

The research presented in this manuscript identifies potential mechanisms whereby PGE,
counteracts TGF-B1 signaling in human lung fibroblasts. Our results indicate for the first time
that PGE, effects are independent of Smad and that PGE, disrupts the normal formation of
TGF-B1-induced focal adhesions and also identify several potential signaling targets for
PGE, downstream from TGF-f1.

MATERIALS AND METHODS

Cell culture and reagents

This study was approved by the University of Michigan Institutional Review Board. All
experiments were performed on early passage normal human lung fibroblasts (IMR-90;
Institute for Medical Research, Camden, NJ) or primary fibroblasts grown from histologically
normal-appearing lung from patients undergoing resection for pulmonary nodules. Adult
fibroblasts were the kind gift of Dr. Cory Hogaboam at our institution. IMR-90 cells were
maintained in a medium consisting of Dulbecco’s modified Eagle’s medium (BioWhittaker,
Walkersville, MD) supplemented with 10% fetal calf serum (Sigma, St. Louis, MO), 100 U/
ml penicillin/streptomycin, and Fungizone (GIBCO, Grand Island, NY). Adult lung fibroblasts
were maintained in medium containing 15% serum. Medium was changed every 3 days, and
cells were expanded and plated onto 35- and 100-mm dishes. At 85% confluency, cells were
growth-arrested by reducing the concentration of fetal calf serum in the medium to 0.01% for
48 h before stimulation with porcine platelet-derived TGF-f1 (2 ng/ml; R&D Systems,
Minneapolis, MN) and/or PGE; (generally at 10 nM unless otherwise indicated; Cayman
Chemicals, Ann Arbor, MI). The concentration of PGE; used in the adult lung fibroblasts was
generally 100 nM based on our previous dose response studies (21). Forskolin, a direct activator
of adenylyl cyclase used at 100 uM, was from Sigma. Butaprost, an EP2 receptor agonist, was
obtained from Cayman Chemicals and used at 5 M.
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Western blotting

Cells grown on tissue culture plates were washed with phosphate-buffered saline (PBS) and
lysed in 0.5 ml of ice-cold RIPA lysis buffer (1% sodium deoxycholate, 0.1% SDS, 0.15 M
NaCl, 0.01 M NaH,POy4, 2 mM EDTA, 0.5 mM NaF) containing 2 mM sodium orthovanadate
and 1:100 dilution of protease inhibitor mixture I11 (Calbiochem). Protein concentrations were
determined using the DC protein assay reagents from Bio-Rad (Hercules, CA). SDS-PAGE
and Western blot analyses were performed as described previously (14,21).

Subcellular fractionation

Antibodies

IMR-90 cells treated with or without PGE, and/or TGF-B1 for 5 min, 30 min, or 24 h were
washed with cold PBS and harvested by mechanical detachment with a rubber policeman in a
buffer containing 10 mM Tris -HCI, pH 7.5, 0.32 M sucrose, 3 mM CaCl,, 2 mM magnesium
acetate, 0.1 mM EDTA, 1 mM dithiothreitol (DTT), and 0.5% Nonidet P-40. Cell suspensions
were then homogenized with a Tissue-Tearor (Biospec Products) and centrifuged at 5,000 g
for 10 min at 4°C. To isolate nuclei, the pellets were layered over sucrose gradient buffer
containing 1.7 M sucrose, 5 mM magnesium acetate, 0.1 mM EDTA, and 10 mM Tris -HCI,
pH 8.0, followed by centrifugation at 30,000 g for 45 min at 4°C. The 5,000 g postnuclear
supernatant was centrifuged at 105,000 g for 1 h. The pellet was collected as membrane fraction
and the supernatant as cytosol. Pellets of nuclei and membrane were suspended in RIPA buffer.
Nuclear, membrane, and cytosol fractions were boiled with 6xSDS electrophoresis sample
buffer (0.35 M Tris -HCI, pH 6.8, 30% glycerol, 10% SDS, 0.6 M DTT, 0.2% bromophenol
blue).

Sources for the antibodies used in this study were as follows. From Cell Signaling (Danvers,
MA\): phosphorylated Akt (p-Akt; S-473), Akt rabbit polyclonal, p-paxillin (Y-118) rabbit
polyclonal, p-Smad?2 (S-465/467), p38 MAP kinase rabbit polyclonal, p-p38 MAP kinase
(T-180/Y182) mouse antibody, p-p44/42 MAP kinase rabbit polyclonal, p44/42 rabbit
polyclonal, p-JNK rabbit polyclonal, p-p38 MAP kinase rabbit polyclonal, INK rabbit
monoclonal, p38 MAP kinase rabbit polyclonal, p-Y705-STAT-3 rabbit polyclonal, STAT-3
rabbit polyclonal. From Santa Cruz (Santa Cruz, CA): Smad4 mouse monoclonal. From
BioSource (Carlsbad, CA): p-FAK (Y-397) rabbit polyclonal, FAK (H-1) mouse monoclonal,
lamin A/C mouse monoclonal. From CedarLane (Burlington, NC): rabbit anti-human type |
collagen polyclonal. From Sigma: B-actin mouse MADb, paxillin MAb. From Zymed (Carlsbad,
CA): Smad3 and Smad2 rabbit polyclonals. From DakoCytomation: a-SMA clone 1A4 mouse
monoclonal. From BioSource International (Camarillo, CA): pY397-FAK rabbit polyclonal.
From Pierce Biotechnology (Rockford, IL): goat anti-mouse IgG peroxidase conjugate and
goat anti-rabbit IgG peroxidase conjugate. pSmad3 rabbit antiserum was a gift from Dr. Ed
Leof (Mayo Foundation, Rochester, MN).

Morphological analysis and immunofluorescent staining

IMR-90 cells or normal adult lung fibroblasts were plated onto 35-mm dishes, grown to 50%
confluence, growth-arrested for 48 h, and treated with or without TGF-B1 and/or PGE; or
butaprost from 5 min to 24 h. Cells were washed with ice-cold PBS, fixed in cold methanol
for 20 min, and blocked for 1 h in 3% BSA in PBS. Cells were incubated with anti-paxillin
MADb (1:50 in 1% BSA/PBS) for 1 h and washed three times with PBS. Indocarbocyanine
(Cy3)-conjugated secondary anti-mouse 1gG (1:100) and FITC-phalloidin were added to the
cells and incubated for 30 min. The cells were washed three times, and their nuclei were stained
with ProLong Gold mounting medium containing 4,6-diamidino-2-phenylindole (DAPI;
Invitrogen, Carlsbad, CA). Images were then captured using an Olympus F\VV500 laser-scanning
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confocal microscope with a X60 water immersion objective. Z-stack analysis confirmed the
colocalization of the FITC and Cy3 signals in focal adhesions.

Densitometry measurements

To determine the intensity of each band on Western blots, blots were scanned, and bands were
analyzed for pixel density using the Image-J program available for download at
http://rsb.info.nih.gov/ij/download.html.

Statistical analysis

When three or more groups were analyzed, the data were analyzed by ANOVA with a post
hoc Dunnet or Bonferroni examination; P values <0.05 were considered to be statistically
significant.

RESULTS

PGE, is able to limit TGF-B1-induced collagen and a-SMA expression

Our (15,21) previous results with IMR-90 cells have demonstrated that 2 ng/ml TGF-p1
induces robust fibroblast-to-myofibroblast transformation within 24 h. In addition, we (Ref.
21 and unpublished observations) have previously demonstrated that a dose response of
PGE; ranging from 10 nM to 100 puM is able to limit TGF-B1-induced expression of both
collagen 1 and a-SMA at 24 h. The ability of PGE, to limit collagen and a-SMA was similar
across all concentrations. Thus we chose the lowest effective dose of PGE, (10 nM) for future
experiments unless otherwise indicated. Interestingly, however, PGE; is able to activate CAMP
production in fibroblasts very rapidly (5-15 min; Ref. 21). To determine whether PGE, was
able to inhibit the TGF-B1-induced expression of either collagen 1 or a-SMA at an earlier time
point, we cultured IMR-90 human lung fibroblasts in the presence or absence of TGF-1 + 10
nM PGE, for 5 min, 30 min, or 24 h. Figure 1A demonstrates that collagen 1 levels were
decreased by PGE, (within 30 min), whereas the downregulation of a-SMA occurred later (24
h; Fig. 1, A and B). To determine whether PGE; alone had any effect on the basal expression
of a-SMA or collagen 1, we compared the expression of these proteins in IMR-90 cells that
had been stimulated with serum-free media alone, PGE; alone, TGF-f1 alone, or TGF-1 +
PGE; for 24 h (Fig. 1B). PGE, was able to inhibit both basal and TGF-B1-induced expression
of collagen and a-SMA, although the inhibition was more pronounced in the presence of TGF-

BL.

PGE, did not affect the TGF-Bl-stimulated phosphorylation of Smad2/3

TGF-B1 is known to induce the phosphorylation of the transcription factors Smad2 and Smad3
that are involved in collagen synthesis (10,29). Hence, we investigated the effect of PGE,
signaling on TGF-B1-induced Smad phosphorylation (Fig. 2A). TGF-B1 induced
phosphorylation of Smad2 and Smad3 in 30 min. PGE, (10 nM) did not have any effect on the
phosphorylation of either Smad2 or Smad3 at any time point tested (Fig. 2A). Even doses of
PGE; as high as 50 M showed no inhibition of Smad phosphorylation (Fig. 2B) despite the
fact that we (21) have previously shown these concentrations inhibit a-SMA expression. Thus
these data suggest that the inhibitory effects of PGE, are independent of Smad2/3
phosphorylation.

Translocation of Smad2/3/4 complex to the nucleus by TGF-B1 is not abrogated by PGE,
treatments

Phosphorylated Smads are known to form Smad2/3/4 heteromeric complexes, which
translocate to the nucleus to regulate the transcriptional machinery by binding to Smad-binding
enhancer elements (26). Therefore, we determined whether the TGF-f1-induced translocation
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of Smad complexes in myofibroblasts was blocked by PGE, treatment. We prepared nuclear
and cytosolic fractions from IMR-90 cells treated with TGF-p1 with or without PGE,. There
was no decrease in the proportion of Smad2/3/4 in the nucleus or increase in the fraction of
Smad2/3/4 found in the cytosol of cells treated with both TGF-f1 and PGE, compared with
cells treated with TGF-B1 only (Fig. 2C). Thus we conclude that PGE; treatment did not
interfere with the translocation of Smad2/3/4 complexes to the nucleus.

TGF-B1 and PGE, cause sudden and sustained morphological changes

Differential morphological changes were noted in cells stimulated with TGF-B1 and/or
PGE,. Both untreated (control) and TGF-f1-treated cells were flat and spindle-shaped (Fig.
3A). In contrast, addition of 10 nM PGE; induced a rapid change (within 5 min) in the
morphology of cultured lung fibroblasts (Fig. 3A). The spindle-shaped cells narrow and become
irregular, and the cells appear shrunken in size. The surface area of cell attachment with fibrillar
and focal adhesions also decreases. The vertical height of the cell appears to be increased in
the middle compared with the flattened control cells. These effects of PGE, on fibroblast cell
shape were concentration dependent, being even more pronounced at higher concentrations
(data not shown). PGE; in the presence of TGF-B1 induces a morphology that is intermediate
between that of cells treated with TGF-B1 alone and PGE, alone. The adenylyl cyclase
activator, forskolin, at 100 uM concentration, was able to mimic the rapid change in cell shape
induced by 10 nM PGE, (data not shown). The rapid morphological changes seen with
PGE, alone were also noted in the presence of TGF-1. Thus these data suggest that PGE,
stimulation of cAMP induces rapid changes in fibroblast cell shape both in the presence and
absence of TGF-p1.

PGE, alters cytoskeletal structure

To determine what effect PGE, stimulation would have over a longer period of time, growth-
arrested IMR-90 cells, treated with or without TGF-B1 and/or PGE, for 24 h, were methanol-
fixed and stained with phalloidin for the visualization of actin stress fibers.
Immunofluorescence of paxillin and phalloidin was used to visualize focal adhesions (Fig.
3B). Actin stress fibers (green) and focal adhesions (yellow/orange) were well-organized in
TGF-B1-treated IMR-90 lung fibroblasts. Note that in TGF-B1-treated cells, the focal adhesions
were dispersed along the stress fibers stretching toward opposite poles of the cell. In contrast,
actin stress fibers and focal contacts were disorganized with totally distorted cell structure in
cells treated with PGE; or both TGF-B1 and PGE, simultaneously. Although paxillin staining
was evident in the PGE,-treated samples, it was localized near the nucleus and was not found
in characteristically dispersed focal adhesions. The changes noted in the TGF-B1 + PGE,
treatment groups were intermediate between those of TGF-B1 alone or PGE, alone. Of note,
treatment of the cells with an EP2 receptor agonist, butaprost alone, or in combination with
TGF-B1 mimicked the effects of PGE; treatment. Thus PGE likely acting through EP2 limits
cytoskeletal changes normally associated with myofibroblast transformation by TGF-p1.

PGE; inhibits TGF-B1-induced paxillin phosphorylation

We next investigated whether the cell shape changes induced by PGE, stimulation correlated
with diminished phosphorylation of paxillin. Paxillin was phosphorylated on Y-118 at baseline
in untreated cells, but TGF-B1 significantly enhanced Y-118 phosphorylation of paxillin within
30 min, and this response was maximal at 24 h. PGE, was able to inhibit paxillin
phosphorylation in the presence of TGF-B1 at both the 30-min and 24-h time points (Fig. 4,
A and C). Interestingly, however, PGE, increased the paxillin phosphorylation at shorter time
periods when added alone (Fig. 4, B and D). Thus the rapid changes in cytoskeletal architecture
that are seen with PGE, stimulation alone are not due to changes in paxillin phosphorylation
per se, but rather diminished paxillin phosphorylation could contribute to the cell shape changes
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that take place in the presence of TGF-p1 + PGE,. As demonstrated by the
immunohistochemistry data in Fig. 3, the organization of paxillin into appropriately distributed
focal adhesions on stress fibers is also disrupted in the presence of PGE,.

PGE; limits TGF-B1l-induced phosphorylation of STAT-3

Because STAT-3 has been shown to associate with paxillin and FAK in focal adhesions (35),
we next tested the ability of PGE, cotreatment to limit STAT-3 phosphorylation. TGF-p1
treatment alone significantly induces STAT-3 phosphorylation within 5 min. However,
PGE, cotreatment was able to block tyrosine phosphorylation of STAT-3 by the 30-min time
point (Fig. 5, A and C). Thus diminished phosphorylation of both paxillin and STAT-3 likely
contributes to the disruption of cytoskeletal interactions with focal adhesion complexes in the
presence of both TGF-B1 and PGE,. Interestingly, when STAT-3 phosphorylation was
examined in response to PGE, alone, PGE, induced rapid phosphorylation of STAT-3 (5-30
min), but this was diminished by 24 h. These results suggest that the context for PGE; signaling
is different in the presence and absence of TGF-$1.

PGE; inhibits TGF-B1-stimulated Y-397 FAK autophosphorylation

We (41) previously demonstrated that the TGF-B1-induced differentiation of fibroblasts to
myofibroblasts is dependent on cell adhesion and integrin signaling involving FAK. Since the
focal adhesion-cytoskeletal architecture was distorted by PGE, treatment, we examined the
effects of PGE, on TGF-B1-mediated FAK autophosphorylation (Fig. 6). FAK exhibited basal
levels of autophosphorylation that were increased by 24 h with TGF-B1 treatment. PGE, was
able to inhibit FAK autophosphorylation in the presence of TGF-B1 at all time points. PGE,
also decreased the FAK autophosphorylation between 5-30 min when cultured alone and the
inhibition was sustained. These data mirror the results seen with paxillin and suggest that
signaling cascades induced by PGE, are different in the presence and absence of TGF-p1.
Given that we (41) have previously demonstrated that expression of a dominant negative FAK
construct can inhibit myofibroblast differentiation in IMR-90 cells, our current data link the
effects of PGE; to the inhibition of FAK activation. Thus these results suggest that PGE, may
disrupt myofibroblast transformation at least, in part, by limiting FAK signaling.

PGE; inhibits TGF-B1-stimulated PKB/Akt phosphorylation

We (15) previously showed that TGF-B1 stimulated activation of the prosurvival PI3K/Akt
pathway in human fibroblasts. Treatment of IMR-90 cells with TGF-B1 induced the S-473
phosphorylation of Akt in 5 min, and this phosphorylation increased with the duration of
treatment through 24 h (Fig. 7). PGE cotreatment inhibited the Akt phosphorylation at 30 min
and 24 h. Interestingly, PGE,, when added alone, could inhibit Akt phosphorylation at all time
points. Thus the inhibition of Akt signaling by PGE, is TGF-B1 independent. We next assessed
whether these alterations in Akt activation would result in differences in cell survival over the
24-h culture period by examining cell extracts for the presence of cleaved caspase-3 under all
conditions. Despite the alterations in Akt induced by PGE, administration, there were no
differences in the expression of cleaved caspase-3 (data not shown) under any conditions up
to 24 h.

PGE; signaling alters the kinetics of MAP kinase activation

Many signal transduction pathways involve phosphorylation and activation of one or more
MAP kinases (9). TGF-B1 stimulation of fibroblasts is known to induce phosphorylation of
p38 (12,15,20,40) and both ERK1/2 (12) and JNK (12,40). Thus we wanted to determine the
effect of PGE; treatment on the phosphorylation of MAP kinases. With respect to ERK1/2
activation, TGF-B1 alone induced phosphorylation of ERK1/2 within 5 min, and the effect was
increased at 30 min and sustained through 24 h (Fig. 8, A and B). TGF-B1-induced JNK
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activation was maximal at 30 min, and this was the time point for maximal inhibition by
PGE, as well (Fig. 8, A and C). The phosphorylation of p38 by TGF-B1 alone was slower,
taking 24 h (Fig. 8, A and D), and PGE; did not inhibit this response at any time point. In all
cases, PGE; coadministration with TGF-B1 altered the kinetics of MAP kinase activation. In
the presence of TGF-B1 + PGEy,, all three kinases were activated within 5 min to a level higher
than that seen with TGF-B1 alone. At later time points, PGE; inhibited the TGF-B1-induced
phosphorylation of ERK1/2 and JNK but not p38. The kinetics of MAP kinase activation in
the presence of PGE alone also showed rapid activation of all three kinases within 5 min (Fig.
9). The ability of PGE, alone to limit kinase activation at 24 h, however, was kinase specific.

PGE, and butaprost disrupt cell shape and focal adhesion formation in adult lung fibroblasts

To determine whether PGE, could alter the cellular morphology and formation of focal
adhesions in adult lung fibroblasts, we cultured fibroblasts from peripheral adult lung
demonstrated to be histologically normal. Adult fibroblasts were growth-arrested for 48 h,
treated with or without TGF-B1 and/or PGE or butaprost for 24 h, methanol-fixed, and stained
with phalloidin for the visualization of actin stress fibers and paxillin. Colocalized
immunofluorescence of paxillin and phalloidin was used to identify focal adhesions (Fig. 10).
Similar to the results with fetal fibroblasts, TGF-B1 strongly stimulated the formation of stress
fibers and dispersed focal adhesions. In contrast, treatment with PGE5 alone or in combination
with TGF-B1 distorted cell shape and limited the formation of focal adhesions. Butaprost
treatment showed similar changes as PGE,, although in the adult fibroblasts, the effects of
butaprost were not as dramatic as the results in fetal fibroblasts. Thus PGE; is able to limit
TGF-B1-induced cytoskeletal changes in both fetal and adult lung fibroblasts.

PGE; inhibits TGF-B1-induced Y-397 FAK autophosphorylation in adult lung fibroblasts

To determine whether the disruption of focal adhesion formation in adult fibroblasts correlated
with an inhibition of FAK autophosphorylation, adult lung fibroblasts were serum-starved and
cultured in the presence or absence of TGF-B1 and/or 100 nM PGE; for periods of 5 min, 30
min, or 24 h. TGF-B1 was able to stimulate FAK autophosphorylation within 30 min in normal
adult fibroblasts, and PGE, was able to significantly inhibit this activation at the 24-h time
point (Fig. 11). Thus PGE; is able to limit the formation of focal adhesions and the activation
of FAK in both fetal and adult fibroblasts.

DISCUSSION

Fibroblasts and myofibroblasts are essential and transient participants in wound closure and
repair, but persistence of myofibroblasts at the site of injury promotes dysregulated repair
processes leading to fibrosis. The multifunctional cytokine, TGF-f1, induces the
transformation of fibroblasts to apoptosis-resistant myofibroblasts with enhanced extracellular
matrix synthetic capacity. Since the signals leading to the disappearance of myofibroblasts by
massive apoptosis (8) in the final stages of wound healing are unknown, investigation of signals
involved in PGE; inhibition of TGF-B1-induced myofibroblast transformation may shed light
on these events and support new therapeutic strategies for prevention and treatment of fibrotic
diseases. This is particularly true for lung fibrosis, since lung fibroblast activation is
downregulated by PGE» (21,28,46) and since fibroblasts isolated from fibrotic lung show
deficits in PGE, synthesis (19,43,47) and reduced expression of cyclooxygenase-2 (42,47).
Animal models of fibrosis have also been shown to be modulated by PGE; levels. Fibrosis is
worse in situations characterized by underproduction of PGE; (5,13) or diminished PGE;
signaling (28). In contrast, situations resulting in enhanced PGE, production are often
protective for fibrosis (32). Thus therapeutic administration of PGE, or EP2 agonists may
improve fibrosis by limiting prosurvival signaling in myofibroblasts and/or by interfering with
myofibroblast contraction and extracellular matrix synthesis. We (15) previously demonstrated
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that adhesion/integrin-dependent autophosphorylation and activation of FAK (41) as well as
activation of Akt are required for the induction of myofibroblast differentiation by TGF-B1.
This differentiation to myofibroblasts is inhibited by PGE, via EP2 prostanoid receptor
signaling and cAMP elevation (21). Our current research explores the signaling mechanisms
that account for the ability of PGE; to limit myofibroblast transformation induced by TGF-
B1. We demonstrate that PGE, inhibition of myofibroblast transformation is Smad
independent. In contrast, PGE, appears to modulate the adhesion-dependent pathways
involved in TGF-B1-induced myofibroblast differentiation including paxillin, STAT-3, FAK,
and Akt. These data link the inhibition of myofibroblast differentiation by PGE, to the
inhibition of FAK and corroborate our (41) earlier work demonstrating that interruption of
FAK signaling can limit myofibroblast differentiation. Importantly, the current work
demonstrates these relationships in both fetal and adult lung fibroblasts.

TGF-B1 signaling in fibroblasts is known to involve phosphorylation of Smad2 and Smad3
followed by association with Smad4. The trimeric Smad2/3/4 complex then translocates to the
nucleus to induce transcription via binding to SBE elements in the promoters of target genes.
In the case of myofibroblasts, it is interesting to note that PGE; inhibition of TGF-B1-induced
collagen secretion appears to occur earlier than PGE; inhibition of a-SMA expression. This
may reflect the fact that different, but perhaps overlapping, signaling pathways are involved
in the regulation of these two genes. Smad2/3/4 does not generally initiate transcription alone
but requires transcriptional coactivators such as CBP/p300. These cofactors may induce
acetylation of the Smad complex to activate DNA binding (37). The ability of TGF-B1 to
activate Smad signaling is adhesion independent (41). Because most TGF-B1-responsive genes
are regulated in a Smad-dependent manner, we were surprised to discover that PGE; inhibition
of myofibroblast differentiation was Smad independent. Cotreatment of IMR-90 cells with
both TGF-p1 and PGE; had no effect on the phosphorylation of Smad2 and Smad3 and had
no effect on the translocation of Smad2/3/4 to the nucleus compared with treatment with TGF-
B1 alone. This was true even at very high concentrations of PGE,. Thus PGE, did not appear
to limit Smad phosphorylation or nuclear translocation. We did not, however, examine the
acetylation status of the Smad complexes in our studies. We do not yet know whether PGE,
treatment induces the expression of a transcriptional repressor or sequestration of CBP/p300
or whether PGE; functions merely by disrupting normal TGF-B1 signaling pathways.

Myofibroblast differentiation by TGF-B1 and the inhibition of that differentiation by PGE,
were accompanied by changes in cell shape, cell adhesion to the matrix (fibrillar and focal
adhesions), and cytoskeletal organization. Paxillin is a cytoskeletal protein found
predominantly at focal adhesions and in the cytosol. Immunofluorescent staining of paxillin
and actin stress fibers demonstrated dramatic alterations in focal adhesion, cytoskeletal
structure, and cell shape induced by PGE> signaling in human fibroblasts. When added
simultaneously, PGE, diminished TGF-B1-mediated Y-118 phosphorylation of paxillin and
tyrosine-phosphorylation of STAT-3 at 30 min and 24 h. This was associated with dramatic
loss and/or redistributions of focal adhesions within the treated cells. Cell shape changes
associated with alterations in cytoskeletal structures and cell adhesions have been reported in
human macrophages (34), murine Y1 adrenal cells (11), and rat vascular smooth muscle cells
(31) by elevation in cAMP and in human aortic smooth muscle cells by prostacyclin analogs
and PGE; (4). Microinjection of the catalytic subunit of PKA into living fibroblasts or the
treatment of these cells with dibutyryl cAMP caused reversible alterations in cell morphology
and complete loss of actin microfilament bundles (23). We (21) previously demonstrated that
PGE; stimulation induces rapid cAMP elevations in IMR-90 cells. We have confirmed that
PGE, stimulation alone activates the cAMP-responsive transcription factor CREB within 5
min in both IMR-90 cells and primary adult fibroblasts (data not shown and Ref. 16). PGE,
decreases the Y-397 autophosphorylation of FAK when added in the absence of TGF-p1
between 5-30 min in IMR-90 cells, and this inhibition is sustained. FAK inhibition in adult
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lung fibroblasts treated with PGE; in the presence or absence of TGF-B1 occurs by 24 h. Thus
CAMP elevations are not sufficient to induce FAK activation in lung fibroblasts. Interestingly,
PGE; is able to rapidly phosphorylate STAT-3 and paxillin when added alone. In contrast,
PGE; signaling inhibits STAT-3 and paxillin activation in the presence of TGF-B1. These
results clearly demonstrate that PGE; signaling differs in the presence and absence of TGF-
B1. Although we do not yet fully understand why the context for PGE; signaling is different
in the presence and absence of TGF-B1, it may, in part, reflect differential cell-cell signaling
related to adherens junctions. Our unpublished observations suggest that TGF-B1 treatment
diminishes expression of the adherens junction protein, zonula occludens (ZO)-1a, whereas
PGE; has no influence on this protein when added alone or in combination with TGF-f1. Thus
differences such as this may contribute to the differential cellular context for PGE, signaling
in the presence and absence of TGF-B1. Itis also possible that the distribution of transcriptional
coactivators may also be different in the presence and absence of PGE,. For instance, PGE,-
mediated signaling phosphorylates CREB and activates MAP kinases much faster than TGF-
B1-mediated signaling can activate Smads. As such, it is likely that in the presence of PGE,,
available transcription factors may be preferentially sequestered for CREB-mediated or
activator protein-1-dependent transcription as opposed to Smad-mediated transcription.
Similarly, the later inhibition of MAP kinase signaling by PGE, may prevent Smad-mediated
transcription at the 24-h time point. Additionally, Rho/Rac/Cdc42-dependent signaling
pathways need to be investigated. These questions will be the focus of our future work.

Adhesion-generated signaling and Y-397 phosphorylation of FAK is a prerequisite for TGF-
B1-induced fibroblast to myofibroblast transformation (41). The present investigations
demonstrate that inhibition of Y-397 phosphorylation of FAK by PGE; in the presence of TGF-
B1 is associated with decreased myofibroblast differentiation and changes in focal adhesion
distribution, cytoskeletal changes, and fibroblast shape in both fetal and adult fibroblasts.
Hypophosphorylation of FAK and disassembly of actin stress fibers and focal adhesions by
prostacyclin analogs and PGE; has been reported recently in human aortic smooth muscle cells
(4). Thus PGE; signaling is likely dictated by both cell type and the nature of the costimulation.
Our data support the concept that FAK regulates cytoskeletal fluidity, focal adhesions, and cell
movement (27). These data are consistent with arole for adhesion signaling in survival, growth,
and apoptosis of myofibroblasts (18,22,24,45) and the fact that FAK promotes the organization
of fibronectin matrix and fibrillar adhesions (17). These data are further supported by the
observation that the stellate morphology induced by cAMP in rat vascular smooth muscle cells
is associated with loss of actin stress fibers and focal adhesions (31). We have previously shown
the fibronectin accumulation and the increased expression of as-, as-, and B1-integrins are
associated with TGF-B1-induced myofibroblast differentiation (41). The effects of PGE, on
these and other matrix components remain to be investigated.

Myofibroblast differentiation is associated with Akt phosphorylation events. TGF-B1 induced
S-473 Akt phosphorylation in human lung fibroblasts at all time points tested. However, this
phosphorylation was inhibited by PGE, within 30 min. This could occur via inhibition of PI3K,
activation of PTEN (46), or both. These data suggest that PGE; is able to limit the prosurvival
pathways that are normally active in myofibroblasts. This would imply that PGE, treatment
would render myofibroblasts susceptible to apoptosis as would be expected in normal wound
resolution. Certainly, the cytoskeletal changes noted in the presence of PGE, suggest that the
cells may be susceptible to anoikis. However, when we tested IMR-90 cells cultured with TGF-
B1 in the presence or absence of PGE; for 24 h for evidence of alterations in apoptosis, Western
blot analysis did not reveal any increase in cleaved caspase-3 expression in the presence of
PGE, during the first 24 h of culture. Thus, if it occurs, induction of apoptosis by PGE, may
require longer exposure times. In fact, our previous studies (15) have suggested inhibition of
the Akt pathway induces apoptosis in TGF-B1-treated IMR-90 cells only after 5 days. Another
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possibility is that PGE, may serve to limit myofibroblast differentiation and function without
diminishing cell survival.

As mentioned earlier, the cellular context for PGE, signaling is likely different in the presence
and absence of TGF-B1. Itis likely that cAMP signaling is compartmentalized within the cell.
Thus changes in cell shape may serve to alter the proximity of effectors and targets at the
subcellular level. Since many of the effects brought about by PGE, occur within minutes (rapid
activation of MAP kinases or STAT-3), the fibroblast context, its interactions with the
environment, and its metabolic state are altered dramatically. Thus the conditions required for
TGF-B1 to bring about the differentiation of fibroblasts to myofibroblasts no longer exist in
the presence of PGE,. The temporal onset of phosphorylation of MAP kinases by PGE; or
TGF-B1 is strikingly different. PGE; is able to phosphorylate all members of the MAP kinase
family within 5 min, whereas the effect of TGF-p1 is delayed. It is possible that the MAP
kinases activated by PGE, may influence pathways that are distinct from pathways stimulated
by the activation of MAP kinases with TGF-B1. These investigations point to the importance
of stimulus-specific dynamic activation of MAP kinases with respect to time of onset and
subcellular localization (30).

Our research has determined that PGE; signaling inhibits adhesion-dependent signaling
(paxillin, STAT-3, FAK, and Akt) necessary for fibroblast-to-myofibroblast transformation to
occur. PGE; signaling does not prevent the TGF-B1-induced activation or translocation of
Smad?2/3/4 to the nucleus. Additionally, PGE, coadministration alters the kinetics of MAP
kinase activation. Although the inhibitory effects of PGE, may be mediated by any or all of
these actions on TGF-B1 signaling, we think it likely that inhibition of FAK activation is critical.
We (41) have previously shown that FAK inhibition can limit TGF-p1-induced differentiation
of fetal fibroblasts to myofibroblasts. Our current data link the actions of PGE, to inhibition
of FAK in both fetal and adult lung fibroblasts. Further characterizations of the inhibitory
signaling pathways induced by PGE, may identify potential new targets for therapeutic
manipulation.
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PGE, suppresses the expression of collagen and smooth muscle actin-a (a-SMA). A: quiescent
human lung fibroblasts (IMR-90) were treated with TGF-B1 (2 ng/ml), or TGF-B1 (2 ng/ml)
and PGE» (10 nM), under serum-free conditions for indicated times, and cell lysates were
prepared. Cell lysates were subjected to SDS-PAGE followed by immunoblotting with
antibodies against collagen 1, a-SMA, and B-actin. B: IMR-90 cells were treated with TGF-
B1 alone, PGE, alone (10 nM), or TGF-B1 + PGE,, and cell lysates were analyzed as above
after 24 h. Data are representative of 3 independent experiments.
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Fig. 2.

PGE, did not affect the TGF-p1-stimulated phosphorylation (p) of Smad2/3. A: quiescent
human lung fibroblasts (IMR-90) were treated with TGF-B1 (2 ng/ml), or TGF-B1 (2 ng/ml)
and PGE; (10 nM), under serum-free conditions, and cell lysates were prepared at the times
indicated. Cell lysates were subjected to SDS-PAGE followed by immunoblotting with
antibodies against pS465/467 Smad2 and pS422/424 Smad3, Smad2, and Smad3. Blots were
probed first with phospho-specific Smad antibodies, stripped, and reblotted with antibodies
for respective nonphosphorylated Smad proteins or B-actin. B: IMR-90 cells were treated as
above with TGF-B1 in the presence or absence of increasing concentrations of PGE, ranging
from 0.01 to 100 uM, and phosphorylation of Smad2 and Smad3 was assessed as in A. C:
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PGE, did not abrogate the translocation of Smad2/3/4 complex to the nucleus in human lung
fibroblasts. Quiescent human lung fibroblasts (IMR-90) were treated with TGF-p1 (2 ng/ml),
or TGF-B1 (2 ng/ml) and PGE, (10 nM), under serum-free conditions for 30 min. Cells were
lysed, and nuclei and cytosol were fractionated. Reduced nuclear and cytosolic fractions were
used for Western blot analysis with antibodies against Smad2, Smad3, and Smad4. GAPDH
and lamin A/C were used as markers for cytosol and nuclear fractions, respectively. Data are
representative of 3 independent experiments.
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PGE; induces sudden and sustained morphological changes. A: IMR-90 cells were growth-
arrested at 85% confluency for 48 h. Medium was replaced with serum-free media or that
containing TGF-B1 (2 ng/ml) or PGE, (10 nM) or both TGF-B1 and PGE,. Cells were
photographed after 5 min of treatment. Control (Con) cells show characteristic flattened spindle
shape. TGF-B1-treated cells show spindle shape with a more 3-dimensional appearance.
PGE,-treated cells are no longer spindle shaped and appear shrunken longitudinally with
decrease in area of surface fibrillar and focal adhesion. The appearance of the cells treated with
both TGF-p1 and PGE; is intermediate between those treated with TGF-B1 alone and those
treated with PGE> alone. B: PGE; alters cytoskeletal structure and focal adhesions in human
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lung fibroblasts. Shown are FITC-phalloidin staining (green), immunocytochemistry with
paxillin (red), and 4,6-diamidino-2-phenylindole (DAPI) staining of nuclei (blue). IMR-90
cells were serum-deprived for 48 h. Medium was replaced with serum-free media or that
containing TGF-B1, PGE,, butaprost (But), or combinations of both TGF-$1 and PGE; or
butaprost. After 24 h, cells were washed, fixed, and stained. Cells were then analyzed using
laser-scanning confocal microscopy with appropriate wavelengths using a x60 water
immersion objective. Merged images are shown, and focal adhesions appear as yellow/orange.
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PGE; inhibits the TGF-B1-stimulated phosphorylation of paxillin. A: quiescent human lung
fibroblasts (IMR-90) were treated with TGF-B1 (2 ng/ml), or TGF-B1 (2 ng/ml) and PGE, (10
nM), under serum-free conditions, and cell lysates were prepared at the times indicated. B:
quiescent human lung fibroblasts (IMR-90) were treated with PGE, (10 nM) under serum-free
conditions, and cell lysates were prepared at the times indicated. Cell lysates were subjected
to SDS-PAGE followed by immunoblotting with antibodies against p-paxillin. Blots probed
with antibody against p-paxillin were stripped and blotted with antibodies against paxillin and
B-actin sequentially. C: densitometry data for n = 3 experiments as in A. #P < 0.05 for TGF-
B1-treated samples compared with untreated control; *P < 0.05 for TGF-B1 + PGE,-treated
samples compared with TGF-B1 treatment alone. D: densitometry data for n = 3 experiments
as in B. *P < 0.05 compared with untreated control.
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Fig. 5.

PGE; inhibits TGF-B1-stimulated phosphorylation of STAT-3 (Y705p-STAT-3). A: quiescent
human lung fibroblasts (IMR-90) were treated with TGF-B1 (2 ng/ml), or TGF-B1 (2 ng/ml)
and PGE; (10 nM), under serum-free conditions, and cell lysates were prepared at the times
indicated. B: quiescent human lung fibroblasts (IMR-90) were treated with PGE, (10 nM)
under serum-free conditions, and cell lysates were prepared at the times indicated. Cell lysates
were subjected to SDS-PAGE followed by immunoblotting with antibodies against Y705p-
STAT-3, which can detect both the alpha (o) and beta (B) splice forms. Blots probed with
antibody against Y705p-STAT-3 were stripped and blotted with antibodies against STAT-3
sequentially. C: densitometry data for n = 3 experiments as in A. D: densitometry data for n =
3 experiments as in B. Significance is indicated with # and * symbols as in Fig 4.
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Fig. 6.

PGE; inhibits the TGF-B1-stimulated Y-397 focal adhesion kinase (FAK) autophosphorylation
(Y397pFAK). A: quiescent human lung fibroblasts (IMR-90) were treated with TGF-B1 (2 ng/
ml), or TGF-B1 (2 ng/ml) and PGE; (10 nM), under serum-free conditions, and cell lysates
were prepared at the times indicated. B: quiescent human lung fibroblasts (IMR-90) were
treated with PGE, (10 nM) under serum-free conditions, and cell lysates were prepared at the
times indicated. Cell lysates were subjected to SDS-PAGE followed by immunoblotting with
antibodies against Y397pFAK. Blots probed with antibody against Y397pFAK were stripped
and blotted with antibodies against FAK sequentially. C: densitometry data forn =3
experiments as in A. D: densitometry data for n = 3 experiments as in B. Significance is
indicated with # and * symbols as in Fig 4.
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PGE; inhibits the TGF-B1-stimulated PKB/Akt phosphorylation. A: quiescent human lung
fibroblasts (IMR-90) were treated with TGF-B1 (2 ng/ml), or TGF-B1 (2 ng/ml) and PGE, (10
nM), under serum-free conditions, and cell lysates were prepared at the times indicated. B:
quiescent human lung fibroblasts (IMR-90) were treated with PGE, (10 nM) under serum-free
conditions, and cell lysates were prepared at the times indicated. Cell lysates were subjected
to SDS-PAGE followed by immunoblotting with antibodies against phosphorylated Akt
(S-473p-Akt). Blots probed with antibody against S-473p-Akt were stripped and blotted with
antibodies against Akt sequentially. C: densitometry data for n = 3 experiments as in A. D:
densitometry data for n = 3 experiments as in B. Significance is indicated with # and * symbols

as in Fig 4.
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Fig. 8.

PGE, alters the kinetics of TGF-p1-stimulated MAP kinase activation. A: quiescent human
lung fibroblasts (IMR-90) were treated with TGF-B1 (2 ng/ml), or TGF-B1 (2 ng/ml) and
PGE; (10 nM), under serum-free conditions, and cell lysates were prepared at the times
indicated. Cell lysates were subjected to SDS-PAGE followed by immunoblotting with
antibodies against pERK1/2, pJNK, or pp38. Blots were then stripped and blotted with
antibodies against ERK1/2, JINK, or p38 sequentially. B: densitometry data forn =3
experiments looking at ERK phosphorylation. C: densitometry data for n = 3 experiments
looking at JNK phosphorylation. D: densitometry data for n = 3 experiments looking at p38
phosphorylation. Significance is indicated with # and * symbols as in Fig 4.
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Fig. 9.

PGE; stimulates rapid transient MAP kinase activation but diminished late activation. A:
quiescent human lung fibroblasts (IMR-90) were treated with PGE5 (10 nM) under serum-free
conditions, and cell lysates were prepared at the times indicated. Cell lysates were subjected
to SDS-PAGE followed by immunoblotting with antibodies against pERK1/2, pJNK, or pp38.
Blots were then stripped and blotted with antibodies against ERK1/2, INK, or p38 sequentially.
B: densitometry data for n = 3 experiments looking at ERK phosphorylation. C: densitometry
data for n = 3 experiments looking at JNK phosphorylation. D: densitometry data for n = 3
experiments looking at p38 phosphorylation. *P < 0.05 compared with untreated controls.
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PGE; alters cell morphology and inhibits the formation of TGF-f1-induced focal adhesions in
adult lung fibroblasts. Normal adult lung fibroblasts were serum-starved for 48 h before culture
with serum-free media alone, TGF-B1 alone (2 ng/ml), PGE; alone (100 nM), butaprost alone
(5 uM), or TGF-B1 in combination with PGE; or butaprost. Cells were then fixed and stained
with FITC-phalloidin (green), paxillin (red), and DAPI staining of nuclei (blue). Cells were
then analyzed using laser-scanning confocal microscopy with appropriate wavelengths using
a x60 water immersion objective. Merged images are shown, and focal adhesions appear as
orange/yellow. Z-stack analysis confirmed the colocalization of the FITC and
indocarbocyanine (Cy3) staining.
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Fig. 11.

PGE; inhibits the TGF-B1-stimulated Y-397 FAK autophosphorylation in adult lung
fibroblasts. A: quiescent adult lung fibroblasts were treated with TGF-B1 (2 ng/ml), or TGF-
B1 (2 ng/ml) and PGE; (100 nM), under serum-free conditions, and cell lysates were prepared
at the times indicated. B: quiescent adult lung fibroblasts were treated with PGE, (100 nM)
under serum-free conditions, and cell lysates were prepared at the times indicated. Cell lysates
were subjected to SDS-PAGE followed by immunoblotting with antibodies against
Y397pFAK. Blots probed with antibody against Y397pFAK were stripped and blotted with
antibodies against total FAK sequentially. C: densitometry data for n = 3 experiments as in
A. D: densitometry data for n = 3 experiments as in B. Significance is indicated with # and *
symbols as in Fig 4.
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