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Abstract
Fibrosis of the lungs and other organs is characterized by the accumulation of myofibroblasts,
effectors of wound-repair that are responsible for the deposition and organization of new
extracellular matrix (ECM) in response to tissue injury. During the resolution phase of normal
wound repair, myofibroblast apoptosis limits the continued deposition of ECM. Mounting
evidence suggests that myofibroblasts from fibrotic wounds acquire resistance to apoptosis, but
the mechanisms regulating this resistance have not been fully elucidated. Endothelin-1 (ET-1), a
soluble peptide strongly associated with fibrogenesis, decreases myofibroblast susceptibility to
apoptosis through activation of phosphatidylinositol 3′-OH kinase (PI3K)/AKT. Focal adhesion
kinase (FAK) also promotes myofibroblast resistance to apoptosis through PI3K/AKT-dependent
and – independent mechanisms, although the role of FAK in ET-1 mediated resistance to
apoptosis has not been explored. The goal of this study was to investigate whether FAK
contributes to ET-1 mediated myofibroblast resistance to apoptosis and to examine potential
mechanisms downstream of FAK and PI3K/AKT by which ET-1 regulates myofibroblast survival.
Here, we show that ET-1 regulates myofibroblast survival by Rho/ROCK-dependent activation of
FAK. The anti-apoptotic actions of FAK are, in turn, dependent on activation of PI3K/AKT and
the subsequent increased expression of Survivin, a member of the inhibitor of apoptosis protein
(IAP) family. Collectively, these studies define a novel mechanism by which ET-1 promotes
myofibroblast resistance to apoptosis through upregulation of Survivin.
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1. INTRODUCTION
Fibroblasts are mesenchymal cells which, in response to tissue injury, differentiate into
alpha-smooth muscle actin expressing myofibroblasts. These myofibroblasts function as the
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effector cells in wound healing through their synthesis, secretion, organization and
contraction of new extracellular matrix (ECM) (Hinz and Gabbiani, 2010). Ultimately, the
normal resolution of the wound repair response following injury requires the elimination of
myofibroblasts by apoptosis. To date, the mechanistic triggers for myofibroblast apoptosis
upon the conclusion of successful repair remain undefined (Desmouliere et al., 1995,
Hernandez-Gea and Friedman, 2011, Thannickal and Horowitz, 2006). In contrast to normal
wound healing, tissue fibrosis is characterized by the accumulation of myofibroblasts and
the excessive deposition of ECM (Tomasek et al., 2002). The organization and remodeling
of this excessive ECM can result in the progressive destruction of tissue architecture and
lead to impaired organ function. Indeed, fibrosis of various organs is estimated to contribute
to 45% of deaths in the developed world (Wynn, 2008).

Idiopathic pulmonary fibrosis (IPF) is a fibrotic disease of the lung parenchyma with no
effective therapy and a mortality of approximately 50% within 2–3 years of the diagnosis
(Horowitz and Thannickal, 2006). Mortality in IPF correlates with the profusion of
fibroblastic foci, the active sites of fibrosis in IPF which are composed of accumulated
myofibroblasts in close proximity to an abnormal alveolar epithelium (King et al., 2001).
These foci represent an apoptosis paradox with evidence of robust apoptosis in the epithelial
compartment and a distinct absence of apoptosis in the adjacent myofibroblasts (Korfei et
al., 2008, Lepparanta et al., 2010, Maher et al., 2010, Thannickal and Horowitz, 2006).
Importantly, the absence of apoptosis in fibroblastic foci is associated with an increased
resistance to apoptosis in mesenchymal cells isolated from fibrotic lungs (Buhling et al.,
2005, Chang et al., 2010, Hinz and Gabbiani, 2010, Huang et al., 2009, Moodley et al.,
2004).

The mechanisms regulating resistance to apoptosis in fibrotic lung mesenchymal cells are
poorly understood. Studies have shown that normal lung fibroblasts have basal resistance to
Fas-mediated apoptosis that is overcome in the presence of cycloheximide (CHX), an
inhibitor of protein translation, or by exposure to the inflammatory cytokines tumor necrosis
factor-alpha (TNF alpha) and interferon-gamma (Buhling et al., 2005, Frankel et al., 2006,
Huang et al., 2009, Kulasekaran et al., 2009). Endothelin-1 (ET-1) and transforming growth
factor beta-1 (TGF-β1) are soluble mediators implicated in the pathogenesis of fibrosis, and
each of these has been shown to promote myofibroblast differentiation, cell contraction and
collagen synthesis. We have shown that ET-1 and TGF-β1 independently increase
myofibroblast resistance to apoptosis induced by the combination of Fas-activation and
CHX (Fas/CHX) through activation of phosphatidylinositol 3′OH Kinase/Protein Kinase B
(PI3K/AKT) (Kulasekaran et al., 2009). Additional studies show that focal adhesion kinase
(FAK), a non-receptor tyrosine kinase that mediates myofibroblast differentiation by TGF-
β1, also promotes myofibroblast resistance to apoptosis through PI3K/AKT-dependent and –
independent mechanisms (Ding et al., 2008, Horowitz et al., 2007, Thannickal et al., 2003,
Xia et al., 2004). Both FAK and AKT are activated in murine lungs following a fibrotic
injury and pharmacologic inhibition of these kinases attenuates lung fibrosis in-vivo (Vittal
et al., 2005). The downstream mechanisms by which FAK and AKT mediate myofibroblast
susceptibility to apoptosis have not been shown.

In this study we investigated the role of FAK and the relationship between FAK and PI3K/
AKT in the regulation of myofibroblast resistance to apoptosis by ET-1. Additionally, we
examined the downstream mechanism by which these pro-survival kinases regulate
susceptibility to apoptosis in myofibroblasts. Herein, we demonstrate that FAK is rapidly
activated by ET-1 through a mechanism that is dependent on Rho-associated coiled-coil
forming protein kinase (ROCK), that FAK phosphorylation is required for PI3K/AKT
activation by ET-1, and that this ET-1/ROCK/FAK/PI3K/AKT signaling cascade regulates
myofibroblast susceptibility to apoptosis. Additionally, we show that the expression of
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Survivin, a member of the inhibitor of apoptosis protein (IAP) family, is increased by ET-1
and that inhibition of Survivin reverses the anti-apoptotic effects of ET-1. Collectively, these
studies elucidate a novel mechanism by which ET-1 decreases myofibroblast susceptibility
to apoptosis.

2. MATERIALS AND METHODS
2.1. Cells and Cell Culture

Primary normal human fetal lung mesenchymal cells (IMR-90; Institute for Medical
Research, Camden, NJ) between passages 8 and 14 were cultured in 5% CO2 at 37° C in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 5% fetal bovine serum
(Sigma, St. Louis, MO), penicillin/streptomycin (100 U/ml, Sigma) and fungizone (250 mg/
ml, Invitrogen, Carlsbad CA). The growth medium was changed every two days. Unless
otherwise indicated, when cells reached approximately 60% confluence they were growth
arrested in serum-free DMEM for 24 hours. After 24 hours, cells were treated with/without
ET-1 (1 nM or 100 nM) in the presence or absence of the indicated inhibitors. In all cases,
pharmacologic inhibitors were added 30 minutes prior to treatment with ET-1 for the
indicated time points. Because pharmacologic inhibitors may have unanticipated off target
effects, key experiments were done using two different inhibitors of FAK (FAK14 or
PF573228; see “Reagents” section) or PI3K (LY294002 or Wortmannin; see “Reagents”
section). For apoptosis studies, cells were treated with/without the combination of Fas-
activating ligand and CHX (Fas/CHX) in the presence or absence of ET-1 with or without
the indicated inhibitor for 16 hours, a time point based on previous studies from our
laboratory and others (Buhling et al., 2005, Kulasekaran et al., 2009, Tanaka et al., 2002).

2.2. Reagents
Human Porcine ET-1 and CHX were from Sigma. The ET-A and -B receptor antagonists
(BQ123 and BQ788, respectively) and the ROCK inhibitor (Y27632) were from
Calbiochem (Gibbstown, NJ). The cell permeable C3 transferase (CT04) was from
Cytoskeleton, Inc. (Denver, CO). FAK14 (1,2,4,5-benzenetetraamine tetrahydrochloride),
which specifically inhibits FAK activation through blockade of Y397 phosphorylation
without impacting PI3K or Src (Golubovskaya et al., 2008), was from Tocris Bioscience
(Ellisville, MO). PF573228, which directly blocks FAK kinase activity (subsequently
blocking Y397 autophosphorylation) without significantly inhibiting PI3K or Rho-kinase
(ROCK) (Slack-Davis et al., 2007) and the PI3K inhibitor Wortmannin were also from
Tocris Bioscience (Ellisville, MO). LY294002, (a PI3K inhibitor) was from Cell Signaling
Technology (Beverly, MA). Mitogen activated protein kinase (MAPK) inhibitors (p38:
SB203580; MEK/ERK1/2: PD98059 and Jnk: SP600125) were from Calbiochem (La Jolla,
CA). Y27632, LY294002, Wortmannin, SB203580 and PD98059 have all been shown to
have high specificity for their target kinases (Davies et al., 2000).

The anti-Fas (activating) antibody (clone CH11) was from Millipore (Billerica, MA).
Antibodies to tyrosine-397 (Y397) phospho-FAK, total FAK, serine-473 (S473) phospho-
AKT, total AKT, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and poly-(ADP-
ribose) polymerase (PARP) were from Cell Signaling. The mouse monoclonal antibody to
Survivin was from Abnova. CAY10625, which inhibits Survivin function by disrupting the
interaction between Survivin and pro-apoptotic Smac/Diablo (second mitochondrial
activator of caspases/direct IAP binding protein with low isoelectric point), thereby allowing
Smac/Diablo to carry out its pro-apoptotic function, was from Cayman Chemical Company
(Ann Arbor, MI) (Oikawa et al., 2010). YM155, which inhibits Survivin by binding to
promoter and blocking transription (Ryan et al., 2009), was from Selleck Chemicals
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(Houston, TX). Horseradish peroxidase-conjugated secondary antibodies were from Pierce
(Rockford, IL).

2.3. Adenoviral infections
To knock down expression of FAK, we infected cells with adenoviral vectors expressing
green fluorescent protein (GFP) or FRNK (FAK-related non-kinase) as previously described
(Xia et al., 2004). Cells were cultured as described above and, when 50% confluent, infected
with either the GFP-expressing or FRNK-expressing adenovirus at a multiplicity of infection
(MOI) of 40 in DMEM containing 10% FBS. 24 hours after infection, the media was
changed to serum free DMEM for 24 hours prior to cell treatments.

2.4. Western Immunoblotting
At the time points indicated for each experiments, cells were washed with phosphate-
buffered saline and whole-cell lysates were collected in ice-cold RIPA buffer (1% nonidet
P-40, 1% sodium deoxycholate, 0.1% SDS, 0.15 M NaCl, 0.01 M NaH2PO4, 2 mM EDTA,
0.5 mM NaF) containing 2 mM sodium orthovanadate and 1:100 dilution of protease
inhibitor mixture III (Calbiochem, San Diego, CA). Protein estimation was done with the
Bio-Rad DC protein assay (Bio-Rad, Hercules, CA). For each experiment, RIPA buffer was
used to adjust the volume so that each sample had an equal protein concentration. Cell
lysates were reduced by mixing with a 1:5 vol/vol ratio of 6x electrophoresis sample buffer
(0.2 M EDTA, 40 mM dithiothreitol, 6% SDS, 0.06 mg/ml pyronin, pH 6.8) and boiling for
7 minutes. Next, equal volumes of the reduced lysates were subjected to SDS-PAGE
electrophoresis and Western blotting as previously described (Kulasekaran et al., 2009). All
Western blots were stripped and re-probed for a loading control (GAPDH, total AKT or total
FAK).

2.5. Apoptosis assessments
Apoptosis was assessed by Western blotting for cleaved PARP as the primary assay (Huang
et al., 2009) and by ELISA-based detection of histone-associated DNA fragments using the
Cell Death Detection ELISA Kit (Roche Applied Science, Indianapolis IN) according to the
manufacturer’s protocol. To assess cell morphology, cells were fixed with 10%
formaldehyde and phase-contrast images were obtained at 16 or 48 hours with a Nikon
Eclipse E400 microscope (Melville, NY). Images were captured with a Diagnostic
instruments Camera and SPOT Basic version 4.0.8 software.

2.6. Densitometry and Statistical Analyses
Densitometric analysis of Western blots was done using the public domain NIH ImageJ
program available at http://rsbweb.nih.gov/ij/. To allow for statistical comparisons, each
Western blot was stripped and probed for a loading control (GAPDH, Total FAK or Total
AKT). The band density of each target protein and the corresponding loading control was
measured and adjusted for the background density of the developed film. Next, the ratio of
each target protein to its corresponding loading control was determined. This ratio was then
normalized such that the untreated control condition was equal to 1 (for apoptosis
assessments by cleaved PARP, the ratio was normalized to Fas/CHX-treated cells).

Statistical analysis was completed using ANOVA with Newman-Keuls post-test (Graphpad
Prism software version 5.01 for Windows, GraphPad Software, San Diego CA) with a
minimum of three replicates of each experiment. A p < 0.05 was considered significant.
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3. RESULTS
3.1. ET-1 induces FAK activation in normal lung fibroblasts

FAK activation by phosphorylation at tyrosine-397 (Y397) is critical for TGF-β1 induced
myofibroblast differentiation and inhibition of apoptosis (Thannickal et al., 2003,
Golubovskaya et al., 2008, Slack-Davis et al., 2007, Horowitz et al., 2007, Xia et al., 2004).
To determine if ET-1 similarly induces FAK activation, normal lung fibroblasts were treated
with/without escalating concentrations of ET-1 for durations between 15 minutes and 24
hours (Figure 1). FAK phosphorylation increased significantly within 30 minutes of
exposure to ET-1 with concentrations as low as 1.0 nM (Figure 1A–D). The increased FAK
phosphorylation was maintained for up to 24 hours, although there was a decline in
phosphorylation between 6 and 16 hours (Figure 1C and D). FAK phosphorylation by ET-1
preceded the activation of PI3K/AKT, which we have observed to be maximal at 3 hours
following ET-1 treatment (Kulasekaran et al., 2009). These findings suggest that either ET-1
activation of FAK lies upstream of PI3K/AKT, or that these two pro-survival pathways are
independently regulated by ET-1.

ET-1 signals via two G- protein-coupled receptors, designated ET-A and -B (Fonseca et al.,
2011). These receptors are expressed on both fibroblasts and myofibroblasts and the pro-
fibrotic effects of ET-1, including activation of PI3K/AKT, have been primarily attributed to
the ET-A receptor (Hafizi et al., 2004, Shi-Wen et al., 2004, Simonson and Ismail-Beigi,
2011, Tostes et al., 2002, Wendel et al., 2004). Dual receptor blockade, however, is
necessary for inhibition of ET-1 induced collagen synthesis, suggesting that ET-B also
contributes to fibrogenesis (Shi-Wen et al., 2001). To determine which of these receptors
was necessary for FAK activation, we treated normal lung fibroblasts with ET-1 (1.0 nM) in
the presence/absence of inhibitors of ET-A (BQ123, 10 μM) and/or ET-B (BQ788, 10 μM).
As shown in Figure 2, blockade of either receptor was sufficient to inhibit FAK activation.
This finding suggests that simultaneous binding of the A and B receptors, as can occur with
heterodimerization, is required for FAK activation by ET-1 (Evans and Walker, 2008,
Fonseca et al., 2011, Gregan et al., 2004).

3.2. FAK activation by ET-1 is mediated by Rho/ROCK
Rho-GTPases and their downstream effector, ROCK, are necessary for FAK activation by
mechanical stimuli and by ET-1 (Koyama et al., 2004, Torsoni et al., 2005). Rho/ROCK
signaling also mediates the contraction and migration of hepatic and pancreatic stellate cells,
the proliferation of astrocytes and the survival of endothelial cells and cardiac myocytes
(Kawada et al., 1999, Masamune et al., 2005, Rankin et al., 1994, Wu et al., 2007, Del Re et
al., 2008). We found that inhibition of ROCK (with Y27632) or RhoA, RhoB, and RhoC
GTPases (with a cell permeable C3 transferase) abolished FAK activation by ET-1,
supporting a necessary role for Rho/ROCK signaling in ET-1 induced FAK activation
(Figure 3A–C). Next, we compared the effect of a ROCK inhibitor on FAK phosphorylation
with two different small molecule inhibitors of FAK (FAK14 and PF573228), finding that
each FAK inhibitor effectively blocked ET-1 mediated FAK phosphorylation (Figure 3D–G)
(Golubovskaya et al., 2008, Slack-Davis et al., 2007). Densitometric analysis confirmed that
there was no significant difference in the inhibition of Y397 FAK phosphorylation by ET-1
when cells were treated with Y27632, FAK14 or PF573228 (Figure 3H). In contrast to Rho/
ROCK inhibition, blockade of p38 MAPK, which mediates ET-1 activation of PI3K/AKT,
and other MAPKs (ERK1/2 and c-Jun N-terminal kinase), had no effect on ET-1 activation
of FAK (Figure 3I and data not shown) (Kulasekaran et al., 2009).
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3.3. FAK activation by ET-1 decreases myofibroblast susceptibility to apoptosis
Both ET-1 and TGF-β1 decrease myofibroblast susceptibility to apoptosis induced by the
combination of Fas/CHX (Kulasekaran et al., 2009). Because each of these soluble
mediators induces FAK activation and FAK activity regulates myofibroblast susceptibility
to apoptosis, we next sought to determine if the anti-apoptotic effects of ET-1 on
myofibroblasts required FAK activation (Horowitz et al., 2007, Xia et al., 2004). Normal
lung fibroblasts and ET-1 (1.0 nM) differentiated myofibroblasts were exposed to Fas/CHX
in the presence/absence of inhibitors of ROCK or FAK for 16 hours. Cell lysates were
assessed for biochemical evidence of apoptosis by immunoblotting for cleaved PARP,
which was then quantified by densitometry (Figure 4A and B). Compared to cells treated
with Fas/CHX alone, ET-1 treatment reduced cleaved PARP by 42% (mean ± SEM of 1.0
± .003 without ET-1 compared to 0.58 ± 0.064 with ET-1, p < 0.001). The reduction in
cleaved PARP seen in ET-1 treated cells was reversed by inhibition of ROCK (1.383 ±
0.285 for Fas/CHX with ET-1 and Y27632; p = 0.015 compared to Fas/CHX and ET-1).
Similarly, FAK inhibition reversed the ET-1 mediated reduction in apoptosis, (1.64 ± .708
for cells treated with Fas/CHX and ET-1 with FAK14;p < 0.05 compared to Fas/CHX and
ET-1). There was no statistically significant difference between the band density of cleaved
PARP in cells treated with Fas/CHX alone and those treated with Fas/CHX with ET-1 and
Y27632 or FAK14. In the absence of Fas/CHX, neither Y27632 nor FAK14 induced
apoptosis as assessed by cleaved PARP (data not shown).

The roles of Rho/ROCK and FAK signaling in ET-1 mediated resistance to apoptosis were
confirmed in similar experiments using an ELISA to detect histone-associated DNA
fragments as an indicator of apoptosis (Figure 4C). Consistent with the data from cleaved
PARP, ET-1 reduced apoptosis induced by Fas/CHX by 39% (mean ± SEM of 1.0 ± 0.001
for Fas/CHX compared to 0.61 ± .04 for Fas/CHX with ET-1, p < 0.001). The decreased
susceptibility to apoptosis conferred by treatment with ET-1 was lost in the presence of
ROCK inhibition with Y27632 (1.31 ± .1, p < 0.001 compared to Fas/CHX with ET-1) or
inhibition of FAK (0.942 ± .102, p < 0.05). Again, there was no significant difference
between apoptosis in the Fas/CHX group compared with the Fas/CHX with ET-1 and
Y27632 or FAK14 groups. Moreover, neither FAK nor ROCK inhibition was sufficient to
induce apoptosis in the absence of Fas/CHX.

We have shown that PI3K/AKT activation by either ET-1 or TGF-β1 mediates
myofibroblast resistance to apoptosis (Horowitz et al., 2004, Kulasekaran et al., 2009). In
the case of TGF-β1, PI3K/AKT activation and protection from apoptosis was independent of
FAK phosphorylation. To determine if ET-1 similarly reduced myofibroblast apoptosis
through independent activation of PI3K/AKT and FAK, we simultaneously blocked FAK
and PI3K prior to treatment with Fas/CHX (Figure 4C). This combination had no greater
effect than inhibition of FAK alone, suggesting that the anti-apoptotic effects of FAK
activation by ET-1 might be mediated by activation of PI3K/AKT.

The critical role of FAK in ET-1 mediated protection from apoptosis was then confirmed by
infecting normal lung fibroblasts with adenoviral vectors that overexpress either GFP (as a
control) or FRNK, which functions as a dominant-negative FAK (Figure 5). Using an MOI
of 40, we found robust expression of FRNK which effectively knocked down endogenous
basal and stimulated levels of phosphorylated FAK (Figure 5A). Next, the GFP and FRNK
infected cells were treated with Fas/CHX in the presence/absence of ET-1 and apoptosis was
assessed by Western blotting to detect cleaved PARP (Figure 5B) and by ELISA to detect
histone-associated DNA fragments (Figure 5C). Additionally, in some experiments (as
shown in Figure 5B), we also treated cells with Fas-activating ligand alone to determine if
CHX remained necessary to induce apoptosis in the FRNK-infected cells. Consistent with a
necessary role for FAK, ET-1 reduced apoptosis by 41% in the GFP-infected cells (mean ±
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SEM of 1.0 compared to 0.59 ± 0.099 in Fas/CHX with ET-1 treated GFP-infected cells; p <
0.01). However, ET-1 failed to reduce apoptosis in the FRNK infected cells (1.094 ± 0.11
vs. 0.91 ± 0.05).

In addition to the biochemical indicators of apoptosis, cell morphology was assessed by
phase-contrast microscopy at 16 and 48 hours following treatment with/without Fas-
activating ligand, CHX, or the combination of Fas/CHX with/without ET-1 in the presence/
absence of inhibitors of ROCK or FAK (Supplemental Figure 1A and B, respectively).
Neither Fas nor CHX alone had a significant impact on cell morphology at 16 hours, but
cells treated with the combination (Fas/CHX) showed marked morphologic changes
consistent with apoptosis including membrane blebs, cell rounding, and retractions of cell-
cell contacts. These morphologic changes were reduced in cells treated with ET-1, but cells
treated with ET-1 and ROCK or FAK inhibitors were qualitatively no different than cells
which had not received ET-1. At the 48 hour time-point, untreated cells and cells treated
with Fas or CHX alone appeared no different than the controls at 16 hours. Cells treated
with Fas/CHX, however, were non-viable. At this late time point, ET-1 conferred minimal
resistance to Fas/CHX-induced apoptosis, although qualitatively there were an increased
number of normal-appearing cells than were seen without ET-1. In the presence of ROCK or
FAK inhibitors, any decrease in cell death conferred by ET-1 was lost at the 48 hour time
point.

3.4. PI3K/AKT activation by ET-1 is mediated by FAK
Our time-course experiments showed that maximal FAK phosphorylation, which occurred
within 30 minutes of ET-1 treatment, precedes maximal AKT phosphorylation, which is
seen between 1 and 3 hours following ET-1 treatment (Figure 1 and (Kulasekaran et al.,
2009). This, together with the finding that the simultaneous inhibition of FAK and PI3K had
no greater impact on apoptosis induced by Fas/CHX than did inhibition of FAK alone,
suggested that PI3K/AKT activation by ET-1 might be mediated by FAK. To define the
relationship between FAK and AKT activation by ET-1, normal lung fibroblasts were
treated with/without ET-1 (1 or 100 nM) for 3 hours in the presence/absence of an inhibitor
of ROCK (Figure 6A) or an inhibitor of FAK (Figure 6B) and AKT activation was assessed
by immunoblotting. Consistent with our previous report, ET-1 induced AKT activation in a
dose-dependent manner (Figure 6C). Regardless of the ET-1 dose used, inhibition of ROCK
with Y27632 or FAK with PF573228 attenuated ET-1 induced AKT activation (Figure 6C),
demonstrating that that AKT activation requires Rho/ROCK and FAK activation.
Conversely, blockade of PI3K using two different inhibitors failed to reduce FAK
phosphorylation, confirming the position of PI3K/AKT downstream of ROCK and FAK
(Figure 6D).

3.5. ET-1 increases expression of Survivin
The downstream mechanisms by which FAK and AKT regulate myofibroblast susceptibility
to apoptosis have not been elucidated. We have recently shown that the anti-fibrotic lipid
mediator prostaglandin E2 (PGE2) sensitizes fibroblasts to Fas-mediated apoptosis while
reducing expression of Survivin, a member of the Inhibitor of Apoptosis (IAP) family of
proteins which is involved in the regulation of cell survival and proliferation (Altieri, 2010,
Huang et al., 2009). To determine if Survivin had a role in ET-1 mediated protection from
apoptosis, we first examined the effects of ET-1 on Survivin expression (Figure 7).
Treatment of normal lung fibroblasts with ET-1 (1.0 nM) led to an increase in Survivin
protein expression that was first appreciable at one hour, significant at four hours, and
maintained at increased levels through sixteen hours (Figure 7A and B). At 24 hours,
Survivin protein levels had returned to baseline. Supporting a role for increased Survivin
expression in ET-1 mediated regulation of myofibroblast survival, inhibition of ROCK,
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FAK, and PI3K significantly blocked the ability of ET-1 to induce increased Survivin
expression (Figure 7C, D and E). Consistently, FRNK overexpression completely blocked
Survivin upregulation by ET-1 (Figure 8).

3.6. Survivin regulates ET-1 protection from apoptosis
Having shown that ET-1 increases Survivin expression through a mechanism dependent on
Rho/ROCK, FAK and PI3K/AKT, and that each of these signaling intermediates is essential
for ET-1 mediated resistance to apoptosis, we next sought to determine the role of Survivin
in ET-1 mediated myofibroblast resistance to apoptosis. Normal lung fibroblasts were
exposed to Fas/CHX in the presence or absence of ET-1 with/without a small molecule
Survivin inhibitor (either YM155 or CAY10625; Figure 9) (Nakahara et al., 2007, Oikawa
et al., 2010, Ryan et al., 2009). Each of these inhibitors significantly blocked ET-1 mediated
protection from apoptosis. Neither of these Survivin inhibitors, when given alone, was
sufficient to induce fibroblast apoptosis (10C, D and data not shown). Collectively, these
studies support a mechanistic role for Survivin upregulation in ET-1 mediated myofibroblast
resistance to apoptosis.

4. DISCUSSION
Myofibroblasts are critical effectors of wound repair and their function must be temporally
and spatially regulated to facilitate the restoration of tissue architecture and function
following an injury. Myofibroblast apoptosis is an essential step in the normal resolution of
wound repair, and fibrotic repair is characterized the accumulation of myofibroblasts with an
apoptosis-resistant phenotype (Hinz et al., 2007). Because of the complex array of dynamic
interactions between resident cells, recruited cells, the ECM, and soluble mediators present
within the wound microenvironment, the mechanism(s) by which myofibroblasts acquire
resistance to apoptosis are likely to be multifactorial. Studies have shown that soluble
factors present in the wound microenvironment, such as TGF-β1 and plasminogen activator-
inhibitor-1 (PAI-1) render normal lung myofibroblasts resistant to apoptotic stimuli (Chang
et al., 2010, Horowitz et al., 2007, Horowitz et al., 2008). Additionally, we have previously
reported that ET-1 promotes myofibroblast resistance to apoptosis through mechanisms that
are independent of TGF-β1 (Kulasekaran et al., 2009). In this study, we enhance our insight
into the mechanisms regulating myofibroblast susceptibility to apoptosis, showing that ET-1
activation of PI3K/AKT requires the Rho/ROCK-dependent activation of FAK. Moreover,
we show that ROCK, FAK and PI3K/AKT are required for ET-1- induced resistance to
apoptosis. Finally, we show that increased myofibroblast resistance to apoptosis can be
induced by ET-1 mediated upregulation of Survivin (Figure 10).

ET-1 and TGF-β1 are strongly associated with fibrogenesis through stimulation of
myofibroblast differentiation, ECM synthesis, and resistance to apoptosis (Horowitz et al.,
2004, Horowitz et al., 2007, Kulasekaran et al., 2009, Thannickal et al., 2003, Shi-Wen et
al., 2004, Shi-wen et al., 2007a, Shi-Wen et al., 2007b, Shi-Wen et al., 2006). FAK is
activated by TGF-β1 and contributes to myofibroblast survival and differentiation (Ding et
al., 2008, Horowitz et al., 2007, Thannickal et al., 2003, Xia et al., 2004). In the current
study, we show that ET-1, like TGF-β1, induces FAK activation in lung myofibroblasts.
This finding is concordant with other studies linking ET-1 and FAK activation in
mesenchymal cells (Cazaubon et al., 1997, Heidkamp et al., 2002, Kennedy et al., 2008,
Rankin et al., 1994, Zachary et al., 1992). Indeed, one study found that FAK activation was
required for myofibroblast secretion of ET-1 and that, in turn, ET-1 induced FAK activation,
thereby establishing a profibrotic autocrine loop (Kennedy et al., 2008). The demonstration
of a critical role for Rho/ROCK in FAK activation by ET-1 is consistent with studies
implicating Rho family GTPases in FAK activation by both mechanical and soluble stimuli,
including ET-1 (Eble et al., 2000, Koyama et al., 2003, Torsoni et al., 2005).
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Although studies have linked ET-1 with FAK activation, there is little known about how this
signaling pathway regulates mesenchymal cell behavior. One study found that FAK
activation was required for ET-1 induced myocyte hypertrophy and another study reported
that FAK activation by ET-1 in astrocytes stimulated cell cycle progression (Clemente et al.,
2007, Koyama et al., 2004). In the current study we examined the role of FAK activation by
ET-1 in the regulation of myofibroblast susceptibility to apoptosis, finding that the anti-
apoptotic effects of ET-1 were reversed by inhibition of ROCK or FAK. Additionally, we
show that PI3K/AKT activation by ET-1 requires FAK phosphorylation, suggesting that
ET-1 mediated resistance to apoptosis requires PI3K/AKT activation downstream of FAK
(Kulasekaran et al., 2009). These findings are consistent with other studies showing that
FAK-mediated activation of AKT protects myofibroblasts from apoptosis (Huang et al.,
2007, Xia et al., 2004). In contrast to our current findings with ET-1, we previously reported
that TGF-β1 activation of PI3K/AKT, and the subsequent resistance to apoptosis, did not
require FAK phosphorylation (Horowitz et al., 2007). A recent study showed that FAK was
required as a scaffolding protein in TGF-β1 activation of PI3K/AKT, although
phosphorylation of FAK was not necessary (Hong et al., 2011). Collectively, these studies
indicate that PI3K/AKT and FAK interact to regulate myofibroblast apoptosis susceptibility,
although the mechanism of interaction is contextual and may vary with different stimuli.

Accumulating evidence from animal models supports the relevance of FAK and AKT
activation in the pathobiology of fibrosis, although the mechanisms involved are not clear.
Using the murine model of bleomycin-induced pulmonary fibrosis, we found that FAK and
AKT activation were markedly increased in fibrotic lungs and that lung fibrosis was
significantly reduced by pharmacologic inhibition of these kinases (Vittal et al., 2005).
Subsequent reports have shown that inhibition of the PI3K/AKT pathway blocks lung
fibrosis in murine models induced by bleomycin, TGF-β1 overexpression and TGF-α
overexpression (Kang et al., 2007, Korfhagen et al., 2009, Wei et al., 2010). Consistently,
studies show an association between decreased PTEN (phosphatase and tensin homolog, a
negative regulator of PI3K/AKT), increased myofibroblast resistance to apoptosis, and lung
fibrogenesis in murine models (Nho et al., 2006, White et al., 2006). Outside of the lung, a
recent study showed that FAK and AKT activation in myofibroblasts were essential for
hypertrophic scar formation in a murine skin wound model (Paterno et al., 2011). Similar
reports have associated mesenchymal cell activation of FAK and AKT with fibrosis in the
liver (Jiang et al., 2004, Parsons et al., 2007) and kidney (Hayashida et al., 2007, Kato et al.,
2009), with myocardial hypertrophy (Clemente et al., 2007), and with wound-healing after
myocardial infarction (Shimazaki et al., 2008). Taken together, these studies indicate that
FAK and AKT may function as convergence points of fibrogenesis, regardless of the organ
involved or the inciting stimulus.

The downstream mechanism by which ET-1 activation of AKT promotes myofibroblast
resistance to apoptosis has not been previously reported. Survivin is a member of IAP family
of cytoprotective proteins, which also includes cIAP1, cIAP2 and X-linked inhibitor of
apoptosis (XIAP). Expression of the IAP family proteins allows cells to circumvent
apoptosis through a variety of mechanisms including direct inhibition of caspase activation
(Altieri, 2010). While some studies show that Survivin can directly block caspase activation,
it has also been shown to promote cell survival indirectly by preventing Smac/Diablo from
inhibiting XIAP, facilitating direct inhibition of caspase activation by XIAP (Altieri, 2010,
Vucic and Fairbrother, 2007). In the current study, we found that ET-1 increases Survivin
expression in normal lung myofibroblasts through a mechanism mediated by ROCK, FAK,
and PI3K/AKT. Substantiating a role for Survivin in the regulation of myofibroblast
susceptibility to apoptosis, inhibition of Survivin completely restored susceptibility to
myofibroblasts treated with ET-1. Inhibition of Survivin in the absence of Fas/CHX was not,
however, sufficient to induce apoptosis, demonstrating that while increased Survivin
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expression can suppress apoptosis, Survivin expression is not required for cell survival in
the absence of an apoptotic stimulus.

The increased expression of Survivin following a single exposure to ET-1 was transient, and
Survivin expression returned to baseline levels at 24 hours. This finding may explain, in
part, the extensive cell death observed at 48 hours following exposure to Fas/CHX despite
treatment with ET-1. Moreover, this transient increase suggests that recurrent or continuous
exposure to ET-1 may be required to promote sustained increases in Survivin and continued
resistance to apoptosis. Conceptually, this finding is congruent with the hypothesis that IPF
results from a chronic or recurrent stimulus of lung injury.

As with other IAPs, Survivin has been best studied for its role in neoplastic disease (Altieri,
2010). It is now recognized that fibrosis shares many biologic features with neoplastic
processes, including aberrant cell accumulation due to evasion of apoptosis mediated by
AKT (Vancheri et al., 2010). Consistent with our findings, one recent study reported that
overexpression of active PI3K increased Survivin expression in mesenchymal cells (Zhao et
al., 2010). Moreover, we recently showed that PGE2-sensitized fibroblasts to apoptosis
while decreasing basal levels of Survivin expression (Huang et al., 2009). Supporting a
critical role for PI3K/AKT in the regulation of Survivin expression, PGE2 increases PTEN
activity and decreases PI3K/AKT activity in lung fibroblasts (Maher et al., 2010, White et
al., 2005).

The findings presented here, taken in context with prior reports from our laboratory and
others, indicate that Survivin may represent a common downstream mechanism by which
PI3K/AKT regulates myofibroblast survival and, therefore, fibrogenesis. In this study, we
demonstrate for the first time that ET-1 mediated upregulation of an IAP leads to
myofibroblast resistance to an apoptotic stimulus. In contrast, PGE2 was shown to sensitize
fibroblasts to apoptosis while decreasing basal expression of both Survivin and XIAP
(Huang et al., 2009, Maher et al., 2010). While each of these studies demonstrated the effect
of PGE2 on a different IAP, the findings are complementary, as Survivin functions to
stabilize XIAP through inhibition of Smac/Diablo (Altieri, 2010). Combined with our
current report, these studies strongly support a role for the PI3K/AKT-regulated induction or
suppression of IAPs in the modulation of mesenchymal cell susceptibility to apoptosis.

Although no reports have specifically examined the role of IAPs in fibrogenesis in-vivo, a
murine model of reversible liver fibrosis showed a significant increase in Survivin
expression which correlated with collagen synthesis during the fibrotic phase; moreover,
Survivin expression dramatically decreased during the resolution phase, which coincides
with stellate cell (myofibroblast) apoptosis (Marsillach et al., 2008). Other studies reported
that myofibroblasts from keloid scars had increased expression of cIAP-1 and that XIAP
expression was increased in a model of hypertension-induced cardiac fibrosis.(Messadi et
al., 2004, Ammarguellat et al., 2002). In the latter study, blockade of the ET-A receptor led
to the decreased XIAP expression, implicating ET-1 in the upregulation of XIAP in this
model (Ammarguellat et al., 2002).

Tissue fibrosis is implicated in up to 45% of chronic diseases in humans, but specific anti-
fibrotic interventions are lacking (Wynn, 2008). The mechanisms regulating myofibroblast
apoptosis in normal and fibrotic repair processes remain poorly understood, although it is
increasingly appreciated that enhancement of myofibroblast susceptibility to apoptosis holds
promise as a novel anti-fibrotic strategy (Hernandez-Gea and Friedman, 2011, Hinz and
Gabbiani, 2010). This study shows, for the first time, that ET-1 modulates myofibroblasts
susceptibility to apoptosis by increasing Survivin expression through activation of FAK and
PI3K/AKT. These findings suggest that Survivin, and other IAPs, may contribute to fibrosis
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by promoting myofibroblast survival and that IAPs may represent novel targets for
intervention in fibrotic disease.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. ET-1 induces FAK activation in normal lung fibroblasts
(A) Growth-arrested normal human lung fibroblasts (IMR-90) were treated with ET-1 at
doses ranging from 1 pM (0.001 nM) to 1 μM (103 nM). At 30 minutes, cell lysates were
assessed for FAK activation by Western blotting for phosphorylation at tyrosine-397 (Y397

p-FAK). The blot was stripped and probed for total FAK. (B) Densitometric analysis of (A)
normalized to untreated controls. * p < 0.01 compared to untreated controls; n = 3. (C)
IMR-90 fibroblasts were treated with ET-1 (1.0 nM) for the time periods indicated and
assessed for FAK activation by Western blotting for Y397 p-FAK. The blots were stripped
and probed for total FAK. (D) Densitometric analysis of (C) normalized to untreated
controls. * p < 0.01 compared to untreated controls; n = 3.
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Figure 2. ET-1 activation of FAK is inhibited by blockade of either ET-A or ET-B
Growth-arrested IMR-90 fibroblasts were treated with/without ET-1 (1.0 nM) for 1 hour in
the presence/absence of inhibitors of ET-A (BQ123, 10 μM) and/or ET-B (BQ788, 10 μM).
(A) Y397 p-FAK was assessed by Western blotting and blots were stripped and probed for
total FAK. (B) Densitometric analysis normalized to untreated controls. * p < 0.01 vs.
untreated control. # p < 0.01 vs. ET-1 treated cells. n = 4.
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Figure 3. ET-1 activation of FAK is mediated by Rho/ROCK
Growth-arrested IMR-90 fibroblasts were treated with/without ET-1 (1.0 nM) for one hour
in the presence/absence of the indicated inhibitors Y397p-FAK was assessed by Western
blotting. In each experiment, p-FAK blots were stripped and probed for total FAK, with
representative blots shown. (A) Cells were treated with/without ET-1 (1.0 nM) in the
presence of 0.2, 2.0 or 4.0 μM of cell permeable C3 transferase (C3 Trans), an inhibitor of
RhoA, RhoB and RhoC GTPases. (B) Cells were treated with ET-1 (1.0 nM) with/without
cell permeable C3 transferase (2.0 μM) or the ROCK inhibitor Y27632 (15 nM). (C)
Densitometric analysis of (B) normalized to untreated controls. * p < 0.01 vs. untreated
controls. # p < 0.01 vs. ET-1 treated cells; n = 3. (D) Cells were treated with/without ET-1
(1.0 nM) in the presence/absence of 0.1, 1.0 or 10 μM FAK14. (E) Cells were treated with/
without ET-1 (1.0 nM) and inhibitors of ROCK (Y27632, 15 nM) or FAK (FAK14, 10 μM).
After re-probing the blot for total FAK, we observed a decrease in total FAK in cells treated
with FAK14. To ensure equal protein loading, this blot was then stripped and probed again
for GAPDH. (F) Cells were treated with/without ET-1 (1.0 nM) in the presence/absence of
PF573228 at doses of 0.1, 1.0 and 10 μM. (G) Cells were treated with/without ET-1 (1.0
nM) and inhibitors of ROCK or FAK (PF573228, 10 μM). (H) Densitometric analysis of
FAK phosphorylation by ET-1 in the presence/absence of Y27632 (Y), FAK14 (14) or
PF573228 (PF). * p < 0.05 vs. untreated control. # p < 0.05 vs. ET-1-treated cells. NS: p is
non-significant for comparisons between untreated controls and ET-1 with Y27632, FAK14
or PF573228. (I) Fibroblasts were treated with/without ET-1 (1.0 nM) in the presence/
absence of a p38 MAPK inhibitor (SB203580, 10 μM).
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Figure 4. Pharmacologic inhibitors of ROCK and FAK attenuate ET-1-mediated protection
from apoptosis
Growth-arrested IMR-90 fibroblasts were treated with/without the combination of Fas-
activating antibody (CH11; 250 ng/ml) and CHX (500 ng/ml) for 16 hours with/without
ET-1 (1.0 nM) and/or inhibitors of ROCK (Y; Y27632, 15 nM), FAK (14; FAK14, 10 μM),
or PI3K (PI3; LY294002; 10 μM). (A) Apoptosis was assessed by immunoblotting for
cleaved PARP. Blots were stripped and probed for GAPDH. (B) Densitometric analysis of
cleaved PARP/GAPDH, normalized to the Fas/CHX-treated groups. * p < 0.01 vs. Fas/
CHX-treated cells. # p < 0.05 vs. Fas/CHX with ET-1. NS = non-significant diffrences; n =
6 replicates per group. (C) Apoptosis was assessed by ELISA for detection of histone-
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associated DNA and data were normalized to the Fas/CHX-treated groups. * p < 0.01 vs.
Fas/CHX-treated. # p < 0.01 vs. Fas/CHX with ET-1. NS = non-significant diffrences; n = 3.
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Figure 5. FRNK overexpression attenduates ET-1 mediated protection from apoptosis
IMR-90 fibroblasts were infected with adenoviral vectors to overexpress either green
fluorescent protein (GFP) or FAK-related non-kinase (FRNK) with a multiplicity of
infection (MOI) of 40. (A) Infected cells were treated with/without ET-1 (1.0 nM) for 1
hour, and whole cell lysates were assessed for FAK phosphorylation (upper blot). The blot
was stripped and probed for Total FAK (lower blot). In the lower blot, the truncated protein
(FRNK) can be appreciated as the low molecular weight band. (B) Infected cells were
treated for 16 hours with/without ET-1 (1.0 nM) and/or Fas-activating ligand (CH11; 250
ng/ml) in the presence/absence of CHX (500 ng/ml). Apoptosis was assessed by Western
blotting to detect cleaved PARP. (C) GFP-infected cells (white bars) and FRNK-infected
cells (black bars) were treated with/without the combination of Fas/CHX for 16 hours in the
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presence/absence of ET-1. Apoptosis was assessed by ELISA detection of histone-
associated DNA fragments, and the data were normalized to the GFP-infected cells treated
with Fas/CHX. * p < 0.01 vs. Fas/CHX-treated GFP-infected cells. # = p < 0.01 vs. GFP
infected cells treated with Fas/CHX with ET-1. NS = non-significant differences between
the indicated groups; n = 3.
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Figure 6. ROCK and FAK mediate ET-1 activation of PI3K/AKT
IMR-90 fibroblasts were treated with ET-1 (1.0 or 100 nM) for 3 hours in the presence of
(A) ROCK inhibitor Y27623 (15 nM) or (B) FAK inhibitor PF573228 (10 μM). Activation
of AKT was assessed by immunoblotting with antibodies specific for S473 p-AKT. Blots
were stripped and probed for Total AKT. (C) Densitometric analysis of AKT
phosphorylation under the conditions shown in A and B. Y; Y27632, FAK; PF573228, 10
μM. * p < 0.01 vs. untreated controls. ** p < 0.001 vs. untreated controls. # p < 0.01 vs.
ET-1 treated cells (1 and 100 nM). NS = no significant difference compared to untreated
controls. (D) Cells were treated with ET-1 (1.0 nM) for one hour in the presence/absence of
inhibitors of ROCK (Y; Y27632, 15 nM), FAK (PF573228, 10 μM), or PI3K (LY;
LY294002; 10 μM or WM; Wortmannin; 50 nM). FAK activation was determined by
immunoblotting for Y397 phospho-FAK. Blots were stripped and probed for Total FAK.
Each blot is representative of at least 3 separate experiments.
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Figure 7. Survivin upregulation by ET-1 is mediated by ROCK, FAK and PI3K/AKT
(A) IMR-90 fibroblasts were treated with ET-1 (1.0 nM) for the indicated time points and
Survivin expression was measured by Western blotting. Blots were stripped and probed for
GAPDH. (B) Densitometric analysis of Survivin expression.* p < 0.01 vs. untreated
controls; n = 4. (C) Fibroblasts were treated with/without ET-1 (1.0 nM) for 6 hours in the
presence/absence of inhibitors of ROCK (Y27632, 15 nM) or FAK (PF573228, 10 μM).
Survivin expression was assessed by Western blotting. Blots were stripped and probed for
GAPDH. (D) Fibroblasts were treated with ET-1 (1.0 nM) for 6 hours in the presence/
absence of two different PI3K inhibitors (LY294002; 10 μM or Wortmannin 50 nM).
Survivin expression was assessed by Western blotting and blots were stripped and probed
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for GAPDH. (E) Densitometric analysis of Survivin expression in the presence/absence of
the inhibitors used in (C and D), normalized to untreated controls. * p < 0.001 vs. untreated
controls; # p < 0.01 vs. ET-1 treated cells. n = 3 per condition.
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Figure 8. FRNK overexpression inhibits the upregulation of Survivin by ET-1
IMR-90 fibroblasts were infected with adenoviral vectors expressing GFP or FRNK with an
MOI of 40 and treated with/without ET-1 (1.0 nM) for 6 hours. (A) Survivin expression was
determined by Western blotting, and the blot was stripped and re-probed for GAPDH. (B)
Densitometric analysis. n = 3; * p < 0.01 vs. untreated, GFP-infected cells.
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Figure 9. Survivin inhibition blocks ET-1-mediated protection from apoptosis
(A–C) IMR-90 fibroblasts were subjected to the combination of Fas-activating antibody
(Fas; CH11, 250 ng/ml) with CHX (500 ng/ml) with/without ET-1 (1.0 nM) and/or YM155,
an inhibitor of Survivin (1.0, 10, or 100 nM) or with YM155 (1.0, 10 or 100 nM) alone for
16 hours. (A) Apoptosis was assessed by Western blotting for determination of cleaved
PARP. Blots were stripped and probed for GAPDH. In separate experiments (not shown), no
cleaved PARP was detected in cells treated with YM155 (1.0, 10 or 100 nM). (B)
Densitometric analysis of cleaved PARP normalized to the expression in cells treated with
Fas/CHX. * p < 0.05 vs. Fas/CHX. # p < 0.05 vs. Fas/CHX with ET-1. NS = non-significant
difference; n =3 (C) Apoptosis in similarly treated cells was assessed by ELISA detection of
histone associated DNA fragments.* p < 0.05 vs. Fas/CHX alone. # p < 0.05 vs. Fas/CHX
with ET-1. NS = non-significant difference; n = 3. (D and E) IMR-90 fibroblasts were
treated with Fas/CHX with/without ET-1 (1.0 nM) and/or CAY10625, a small molecule
inhibitor of Survivin (2.5 or 7.5 μM) for 16 hours. Apoptosis was assessed by Western
blotting for cleaved PARP. Blots were stripped and probed for GAPDH. (B) Densitometric
analysis of cleaved PARP/GAPDH normalized to Fas/CHX-treated group. No cleaved
PARP was detected in cells treated with CAY10625 alone or withET-1 and these groups are
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not shown in the densitometric analysis. * p < 0.001 vs. Fas/CHX-treated cells. # p < 0.001
vs. Fas/CHX with ET-1 or CAY10625 alone at any dose. NS = non-significant difference; n
= 3.
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Figure 10. Proposed mechanism of ET-1 regulation of myofibroblast susceptibility to apoptosis
by upregulation of Survivin
Endothelin-1 binding to its cognate receptors, ET-A and ET-B leads to the Rho-GTPase and
ROCK-dependent activation of FAK. FAK activation then induces activation of PI3K and
AKT, with the resultant increase in Survivin expression. Increased Survivin expression
promotes myofibroblast resistance to apoptosis.
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