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Abstract

Persistent myofibroblast differentiation is a hallmark of fibrotic diseases. Myofibroblasts are
characterized by de novo expression of alpha smooth muscle actin (aSMA) and excess fibronectin
assembly. Recent studies provide conflicting reports on the effects of tyrosine kinase inhibitor
dasatinib on myofibroblast differentiation and fibrosis. Also, it is not fully understood whether
dasatinib modulates myofibroblast differentiation by targeting Src kinase. Herein, we investigated
the effect of dasatinib on cSrc and transforming growth factor-f (TGFB)-induced myofibroblast
differentiation in vitro. Our results indicated that selective Src kinase inhibition using PP2
mimicked the effect of dasatinib in attenuating myofibroblast differentiation as evident by blunted
aSMA expression and modest, but significant inhibition of fibronectin assembly in both NIH 3T3
and fibrotic human lung fibroblasts. Mechanistically, our data showed that dasatinib modulates
aSMA synthesis through Src kinase-mediated modulation of serum response factor expression.
Collectively, our results demonstrate that dasatinib modulates myofibroblast differentiation
through Src-SRF pathway. Thus, dasatinib could potentially be a therapeutic option in fibrotic
diseases.
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1. Introduction

Over the past three decades, myofibroblasts have emerged as the central effector cells in
wound healing and tissue fibrosis. Myofibroblasts promote abnormal hypertrophic scar
formation process, which is characteristic of tissue fibrosis (Hinz et al., 2010). A hallmark of
fibroblast activation into myofibroblasts is the de novo expression of alpha smooth muscle
actin (aSMA) and persistent extracellular matrix (ECM) accumulation (Hinz et al., 2012;
Tomasek et al., 2002). Finding effective therapeutics remains a challenge due to the
evolving paradigm in the pathogenesis of fibrotic diseases. While the mechanisms of the
pathologic activation of fibroblasts are not completely understood, transforming growth
factor § (TGFp), pro-fibrotic cytokine, is a well-established trigger and promoter of
persistent myofibroblast differentiation (Hinz et al., 2010; Tomasek et al., 2002). Previous
studies have also implicated a pro-fibrotic role of Src kinases in the non-canonical signaling
of TGFp and in mediating fibroblast adhesion, migration, and myofibroblast-mediated ECM
assembly (Hu et al., 2014; Schlaepfer et al., 1997; Skhirtladze et al., 2008). Src kinases are
involved in fibroblast adhesion to the ECM via regulation of adhesion proteins such as FAK
(Okutani et al., 2006; Vittal et al., 2005). This discrepancy on the effects of dasatinib and
Src kinases on pulmonary fibrosis raises questions if dasatinib indeed mediates its effects on
pulmonary fibrosis through activity modulation of Src kinases.

Dasatinib selectively targets Src family of kinases, Bcr-Abl and PDGF receptors, and is
currently approved for the treatment of a variety of neoplasias (Kantarjian et al., 2006;
Montero et al., 2011; Roskoski, 2015). Dasatinib has shown beneficial effects on reducing
ECM production in systemic sclerosis through c-abl and Src modulation (Skhirtladze et al.,
2008). However, the role of dasatinib in myofibroblast differentiation is not fully
understood. Since TGFp has been shown to activate Src signaling in fibroblasts and Src is a
major regulator of profibrotic adhesion proteins, we hypothesized that targeting Src kinases
using dasatinib may ameliorate myofibroblast differentiation and ECM fibronectin
accumulation. In this study, the regulatory role of dasatinib on myofibroblast differentiation
and ECM accumulation relevant to fibrosis were studied in mouse embryonic fibroblasts
(NIH 3T3 cells), human primary lung fibroblasts (HLFs) and human fibrotic lung fibroblasts
(HFLFs). We found that dasatanib significantly decreased aSMA expression and mimicked
the effects of selective Src family kinases inhibitor, PP2. Additionally, similar to PP2,
dasatinib decreased fibronectin matrix assembly by NIH 3T3 and HFLFs. We also found
that dasatinib mediated these effects via modulation of Src signaling and the expression of
transcription factor serum response factor (SRF). Our results indicate that targeted Src
kinase inhibition using dasatinib could potentially be a therapeutic option in patients with
organ fibrosis including IPF.

2. Material and Methods
2.1.Cell Lines and Cell Culture

NIH 3T3, HLFs, and HFLFs were obtained from ATCC (Manassas, VA). To examine
optimal time for myofibroblast differentiation, NIH 3T3 and HLFs were cultured on 6-well
plates, after reaching 70% confluence, they were subjected to serum starvation in the
presence or absence of 100 pM recombinant TGFp (R&D Systems, Minneapolis, MN), a

Eur J Pharmacol. Author manuscript; available in PMC 2016 December 15.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Abdalla et al.

Page 3

pre-determined dose (Abdalla et al., 2013; Goc et al., 2011) for 48, or 72 h. Cells were
subjected to Western analyses as described below. For the mechanistic pharmacologic
inhibition studies: after reaching 70% confluence, NIH 3T3 cells were treated with control
PBS or TGFp (100 pM) for 48 h. This was followed by co-treatment for 24 h (total 72 h)
with inhibitor of Src family kinases using PP2 (2.5, 5, 10, or 25 uM) obtained from Sigma
(St. Louis, MO) or dasatinib (2.5, 5, 10, or 25 nM) obtained from Santacruz Biotechnology
(Dallas, TX). Cells were subjected to Western analyses as described below. Our finding
from mouse NIH 3T3 were confirmed in HFLFs isolated from an IPF patient. HFLFs were
subjected to 2% FBS and treated with PP2 (10 or 40 uM) or dasatinib (10 or 40 nM). Cells
were subjected to Western analyses as described below.

2.2.Antibodies

2.3.Western

Anti-aSMA (catalog number SAB2500963) and anti-fibronectin (catalog number F6140)
antibodies for Western analysis were purchased from Sigma (St. Louis, MO). GAPDH
(catalog number 2118), and anti-SRF (catalog number 5147) antibodies were purchased
from Cell Signaling (Boston, MA). Anti-phospho-Src Y16, pan-cSrc, phospho-GSK-3a/
pSerd/2l phospho-BeateninSer33/37/Thrdl \yere purchased from Cell Signaling (Boston, MA).
Anti-fibronectin (catalog number ab2413) and anti-aSMA (catalog number ab5694)
antibodies for immunofluorescence imaging were purchased from Abcam (Cambridge,
MA).

Blot Analysis

Cell lysates were prepared using lysis buffer (20 mM Tris-HCI, pH 7.4, 1% Triton X-100, 3
mM EGTA, 5 mM EDTA, phosphatase inhibitors (10 mM sodium pyrophosphate, 5 mM
sodium orthovanadate, 5 mM sodium fluoride, and 10 pMokadaic acid), protease inhibitor
mixture (Roche Diagnostics) and 1 mM PMSF). SDS-PAGE and Western blotting were
performed as described previously (Abdalla et al., 2013)

2.4.Immunocytochemistry

Immunofluorescence staining was performed as described previously (Abdalla et al., 2013;
Somanath et al., 2007). Briefly, NIH 3T3 and HFLFs were plated on 8-well chamber slides.
After reaching 70% confluence, NIH 3T3 cells were subjected to serum starvation in the
presence or absence of TGFJ for 48 h and co-treated with PP2 (10 or 40 pM) or dasatinib
(10 or 40 nM) for an additional 24 h (72 h total). HFLFs were subjected to 2% FBS serum
starvation and treated with PP2 (10 or 40 uM) or dasatinib (10 or 40 nM) for 24 h. Next,
cells were fixed with 2% paraformaldehyde in 1x PBS followed by permeabilization with
0.1% Triton X-100 in 1x PBS. The nonspecific staining was blocked with 2% BSA for 1 h
at room temperature. The fixed and permeabilized cells were incubated with primary anti-
aSMA antibody (Abcam) (dilution 1:1000) or anti-fibronectin antibody (Abcam) (dilution
1:1000) overnight at 4 °C and washed. Secondary Alexa Fluor 488-labeled antibody was
applied for 1 h. Secondary antibodies were also tested for any non-specific staining in
NIH-3T3 cells and HFLF. The slides were mounted with Vectashield with DAPI (Vector
Laboratories, PA), and imaged by a Zeiss fluorescent microscope.
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2.5.Statistical Analysis

All data are presented as mean + S.D. To determine significant differences between
treatment and control values, we used the Student's two-tailed t test. The significance was
set at 0.05 levels (marked with symbols for data that are statistically significant).

3. Results

3.1.Dasatinib attenuated TGFB-induced aSMA expression

We first determined the optimal time of myofibroblast differentiation in response to TGFp
as measured by aSMA. TGFB (100 pM) induced a significant increase in aSMA expression
in a time-dependent manner that peaked at 72 h in serum starved NIH 3T3 fibroblasts (Fig.
1A and B). Similar effects were also observed in primary human lung fibroblasts (HLFs)
(Supplemental Fig. 1A-C). Next, we determined the role of dasatinib on TGFp-induced
aSMA expression and whether it is mediated through Src pathway. Our results indicated
that dasatinib significantly decreased TGFp-induced aSMA expression in a dose dependent
manner, which correlated with decreased Src phosphorylation (Fig. 1 C and D). Similarly,
treatment with increasing concentrations of PP2 decreased TGF-induced aSMA expression
and was associated with decreased Src phosphorylation (Fig. 1 D and E).

3.2.Dasatinib inhibited TGFB-induced aSMA expression through a Src and transcription
factor SRF pathway

To identify the mechanism by which dasatinib modulates TGFB-induced aSMA synthesis,
we sought to explore whether SRF is a down-stream effector of Src signaling pathway. Our
results indicated that, compared to untreated cells, TGFB-induced aSMA expression
correlated with increased SRF expression and Src phosphorylation (Fig. 2A). Treatment
with dasatinib or PP2 significantly decreased aSMA expression which was associated with
moderate decrease in SRF expression and Src phosphorylation (Fig. 2 A-C).

3.3.Dasatinib inhibited TGFB-induced fibronectin matrix assembly

Next, we sought to investigate whether dasatinib modulates aSMA staining and fibronectin
matrix assembly in NIH 3T3 fibroblasts in the absence or presence of TGFp. Compared to
unstimulated NIH 3T3 fibroblasts, TGFp induced marked increase in both aSMA expression
and fibronectin matrix assembly (Fig. 3 A and B). This effect was blunted upon treatment
with dasatinib or PP2 (Fig. 3 A and B).

3.4.Dasatinib attenuated aSMA and fibronectin expression and assembly in HFLFs

Next we asked whether dasatinib can modulate stable HFLFs isolated from IPF patient lungs
and how this effected compared to PP2. To account for HFLFs resilience compared to NIH
3T3, we utilized 2 doses of dasatinib (10 and 40 nM) and PP2 (10 and 40 pM). Treatment
with dasatinib or PP2 resulted in a significant decrease in aSMA expression and was
associated with decreased fibronectin expression: this effect was augmented in HFLFs
treated with high concentration dasatinib or PP2 (Fig. 4 A—C). These effects were further
confirmed using immunostaining of HFLF cells in culture (Fig. 5 A and B).
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4. Discussion

Our studies revealed novel anti-fibrotic properties of dasatinib as it inhibits myofibroblast
differentiation in addition to modulating ECM fibronectin expression and assembly with
potential therapeutic implications in fibrotic diseases such as pulmonary fibrosis. First,
dasatinib decreased TGFp-induced aSMA expression in a dose dependent manner and
mimicked the effects of the selective Src family kinase inhibitor, PP2. Second, similar to
PP2, dasatinib ameliorates aSMA expression and fibronectin assembly in TGFp-stimulated
mouse NIH 3T3 fibroblasts and HFLFs isolated from a patient diagnosed with idiopathic
pulmonary fibrosis. Collectively, our results demonstrate that dasatinib ameliorates
persistent myofibroblast differentiation and ECM accumulation, two hallmark events in
tissue fibrosis. Thus, this suggests that dasatinib has favorable anti-fibrotic effects and may
serve as a potential therapeutic strategy in patients with organ fibrosis including pulmonary
fibrosis.

Myofibroblasts, marked by de novo expression of aSMA, are principle orchestrators in the
fibrogenesis of organs such as lung and liver (Gressner et al., 2006; Hinz et al., 2010;
Tomasek et al., 2002). Persistent extracellular matrix accumulation is a hallmark of
myofibroblast differentiation resulting in tissue fibrosis (Tomasek et al., 2002). Previous
studies have implicated a role for Src kinases in the non-canonical signaling induced by
TGFp, a potent pro-fibrotic cytokine, and in mediating cell adhesion to the ECM (Hu et al.,
2014; Schlaepfer et al., 1997; Skhirtladze et al., 2008). Src kinases modulate cell adhesion,
proliferation, and migration by orchestrating the dynamic interaction between resident
fibroblasts and the ECM via regulation of integrins and focal adhesion proteins (Pechkovsky
et al., 2008; Schlaepfer et al., 1997; Thannickal et al., 2003). Additionally, a study has
demonstrated that TGFp-mediated Collagen type | synthesis, secretion and assembly in
response to myofibroblast transdifferentiation is dependent on Src activation (Mishra et al.,
2007). Interestingly, TGFB-medicated regulation of Src has been shown to be cell type- and
environment-specific resulting in increased (Kim et al., 2005; Mishra et al., 2007; Park et
al., 2004; Pechkovsky et al., 2008) or decreased (Atfi et al., 1994; Fukuda et al., 1998;
Manganini et al., 2000) Src activity.

The pro-fibrotic effects of Src kinases are of particular clinical interest as they could be
novel targets in the management of organ fibrosis using tyrosine kinase inhibitors (TKIs)
such as imatinib, dasatinib, and nintedanib. Imatinib, a first-generation TKI selective to
PDGFR and c-Abl, was shown to ameliorate myofibroblast differentiation and pulmonary
fibrosis in several animal models (Aono et al., 2005; Daniels et al., 2004; Li et al., 2009;
Rice et al., 1999). However, in phase Il clinical trial, imatinib failed to yield significant
improvements in lung function or survival rate (Daniels et al., 2010). On the other hand,
nintedanib, a multi-targeted TKI (targets PDGFR, FGFR, VEGFR, TGFp, c-Abl and Src
family kinases) exhibited significant therapeutic effects on modulating myofibroblast
differentiation and ECM secretion and assembly in vitro (Hostettler et al., 2014; Wollin et
al., 2014), attenuating pulmonary fibrosis in vivo (Wollin et al., 2014), and improving
pulmonary function and quality of life in clinical trials (Richeldi et al., 2014); nintedanib
was FDA approved for IPF management in 2014. The clinical outcomes observed with
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imatinib and nintedanib underscores the exclusion of class effect across all TKIs and that
mechanism of action of each TKI differs within the class.

Noteworthy, Vittal and colleagues have shown that imatinib failed to modulate TGFj-
induced aSMA expression and did not protect against bleomycin-induced pulmonary
fibrosis (Vittal et al., 2007). Compared to imatinib, our results demonstrate that dasatinib is
a potent inhibitor of TGFB-induced aSMA synthesis, a marker for myofibroblast
differentiation, and ECM fibronectin assembly by targeting Src signaling. Our results are
supported by similar findings that were reported with saracatinib (Hu et al., 2014). Another
important difference is the effect on Src signaling; studies have shown that imatinib has a
much lower selectivity and binding affinity for cSrc over c-Abl due to the lack of flipped
conformation of DFG (Asp-Phe-Gly) motif on Src’s kinase domain (Lin et al., 2013;
Seeliger et al., 2007; Seeliger et al., 2009). Our studies demonstrate that dasatinib mediates
its effects on myofibroblasts differentiation and the ECM by targeting Src signaling; this
mimicked the effects of PP2, a selective Src kinase inhibitor. This supports previous
findings by Mishra and colleagues that pharmacological inhibition and genetic
downregulation of Src prevented Collagen type | synthesis, secretion and assembly (Mishra
et al., 2007). Interestingly, we found that targeting Src using dasatinib was associated with
decreased SRF which suggests that Src may transcriptionally regulates aSMA synthesis. In
light of this finding, a study conducted in T-cells demonstrated that Src activation is
necessary for the induction of SRF and transcriptional regulation of target genes (Katsch et
al., 2012). Further studies are necessary to examine the Src-mediated transcriptional
regulation in myofibroblasts.

Collectively, the present study demonstrates that dasatinib is a potent modulator of TGFf-
induced myofibroblast differentiation and ECM accumulation in both NIH 3T3 and HFLFs.
Mechanistically, similar to PP2, dasatinib attenuates aSMA synthesis, in part, through
inhibition of Src kinase signaling and the transcription factor SRF (Fig. 6). These findings
suggest that Src kinases might be a promising target of dasatinib. Thus, dasatinib could be a
potential anti-fibrotic therapeutic strategy in IPF and fibrotic diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Dasatinib inhibits TGFp-induced myofibroblast differentiation and aSMA expression. A.
Western blot images of NIH 3T3 lysates treated in the presence and absence of 100 pM
TGFp or 2.5 mU bleomycin for 48, and 72 h, probed for aSMA and fibronectin. B.
Densitometry analysis of the Western bands showing expression changes in aSMA and
fibronectin with 100 pM TGFp and 2.5 mU bleomycin for 48, and 72 h and normalized to
GAPDH (n=3-6). C. Western blot images of NIH 3T3 lysates treated in the presence and
absence of 100 pM TGFp (48 h) and in combination of TGFp (48 h total) with various doses
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of dasatinib or Src inhibitor PP2 (24 h), probed for aSMA, pY#16Src and total Src. D.
Densitometry analysis of the Western bands showing expression changes in aSMA and
pY416Src with 100 pM TGFp combined with various doses of dasatinib, and normalized to
GAPDH and total Src, respectively. (n=3). E. Densitometry analysis of the Western bands
showing expression changes in aSMA and pY#16Src with 100 pM TGFp combined with
various doses of Src inhibitor PP2 and normalized to GAPDH and total Src, respectively
(n=3). Data presented as mean = S.D. *P<0.05; #P<0.01; §P<0.001
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Fig. 2.
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Dasatinib inhibits aSMA synthesis, Src pY#16 phosphorylation in NIH 3T3 fibroblasts. A.
Western blot images of NIH 3T3 lysates treated in the presence and absence of 100 pM
TGFp (48 h) and TGFp (48 h total) in combination with 10 nM dasatinib or 10 uM PP2 (24
h), probed aSMA, SRF, pY#16Src and total Src. B. Densitometry analysis of the Western
bands showing expression changes in aSMA and SRF with 100 pM TGFj (48 h) alone and
in combination with 10 nM dasatinib or 10 uM PP2 (24 h), and normalized to GAPDH.
(n=3). C. Densitometry analysis of the Western bands showing expression changes in
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pY#163rc and total Src with 100 pM TGFp (48 h) alone and in combination with 10 nM
dasatinib or 10 uM PP2 (24 h), normalized to GAPDH (n=3). Data presented as mean + S.D.
*P<0.05; #P<0.01; 8P<0.001
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Fig. 3.
Dasatinib inhibits TGFB-induced aSMA expression and fibronectin assembly in NIH3T3

fibroblasts. A. Representative images of NIH3T3 fibroblast layers subjected to serum
starvation followed by treatment with 100 pM TGFf (48 h) and in combination with 10 nM
dasatinib or 10 uM PP2 (24 h), followed by probing with anti-aSMA and anti-fibronectin
primary antibodies as well as Alxa Flour 488-labeled secondary antibodies. B. Bar graph
showing NIH-Image J based quantitative analysis of assembled fibronectin by NIH 3T3
fibroblasts in the presence or absence of TGFf and co-treatment with 10 nM dasatinib or 10
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UM PP2 in serum free medium (n=3). Data presented as mean + S.D. Scale bar: 50 pm.
*P<0.05; #P<0.01; §P<0.001
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Dasatinib inhibits aSMA and fibronectin expression in HFLFs through Src. A. Western blot
images of HFLFs maintained in 2% serum (partial serum starvation) and treated with 10 nM
dasatinib or 10 uM PP2 (low dose) or 40 nM dasatinib and 40 pM PP2 (high dose) for 24 h,
and the lysates probed with antibodies against aSMA, fibrinectin, pY#16Src and total cSrc.
B. Bar graphs of showing densitometry analysis of HFLF lysate Western blot images after
treatment with 10 nM dasatinib or 10 uM PP2 (low dose) or 40 nM dasatinib and 40 uM PP2
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(high dose) for 24 h showing expression changes in aSMA, fibronectin, pY#16Src and total
cSrc. (n=3). Data presented as mean + S.D. *P<0.05; #P<0.01; §P<0.001
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Fig. 5.

Dgsatinib inhibits aSMA and fibronectin assembly in HFLFs. A. Representative images of
HFLFs subjected to serum starvation (in 2% serum) followed by treatment with 10 nM
dasatinib or 10 pM PP2 (low dose) or 40 nM dasatinib or 40 uM PP2 (high dose) for 24 h,
and probed for aSMA and fibronectin expression using Alxa Flour 488-labeled secondary
antibodies. B. Bar graph showing NIH-Image J based quantitative analysis of SMA
expression (left) and fibronectin assembly (right) by HFLFs after low and high dose
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treatments with dasatinib or PP2 in 2% serum medium (n=3). Data presented as mean + SD.
Scale bar: 50 um. * §P<0.001

Eur J Pharmacol. Author manuscript; available in PMC 2016 December 15.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Abdalla et al.

Page 19

@&

PP2 Dasatinib

Y X

Src

P —

SRF

\ 4
aSMA

v

Persistent MF differentiation
Excess ECM (Fibronectin) assembly

‘ Fibrosis Progression \
Fig. 6.

A schematic representation of the working hypothesis that dasatinib and PP2 inhibit TGFj-
induced aSMA expression and fibronectin assembly, in part via regulation of Src and SRF,
thereby attenuating myofibroblast differentiation.
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