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Abstract
Tight regulation of receptor tyrosine kinases (RTKs) is crucial for normal development and

homeostasis. Dysregulation of RTKs signaling is associated with diverse pathological con-

ditions including cancer. The Met RTK is the receptor for hepatocyte growth factor (HGF)

and is dysregulated in numerous human tumors. Here we show that Abl family of non-recep-

tor tyrosine kinases, comprised of Abl (ABL1) and Arg (ABL2), are activated downstream of

the Met receptor, and that inhibition of Abl kinases dramatically suppresses HGF-induced

cell scattering and tubulogenesis. We uncover a critical role for Abl kinases in the regulation

of HGF/Met-dependent RhoA activation and RhoA-mediated actomyosin contractility and

actin cytoskeleton remodeling in epithelial cells. Moreover, treatment of breast cancer cells

with Abl inhibitors markedly decreases Met-driven cell migration and invasion. Notably, ex-

pression of a transforming mutant of the Met receptor in the mouse mammary epithelium re-

sults in hyper-activation of both Abl and Arg kinases. Together these data demonstrate that

Abl kinases link Met activation to Rho signaling and Abl kinases are required for Met-depen-

dent cell scattering, tubulogenesis, migration, and invasion. Thus, inhibition of Abl kinases

might be exploited for the treatment of cancers driven by hyperactivation of HGF/Met

signaling.

Introduction
Receptor tyrosine kinases (RTKs) regulate processes required for normal mammalian develop-
ment and tissue homeostasis, and aberrant RTK function promotes numerous pathological
conditions including cancer [1]. Among these RTKs, the hepatocyte growth factor (HGF) re-
ceptor, Met, regulates vertebrate cellular responses including proliferation, survival, motility,
invasion and morphogenesis required for normal physiological functions during embryogene-
sis and in the adult [1, 2]. Enhanced HGF/Met signaling is a characteristic feature of many
solid tumors and is associated with therapy resistance [1–4]. Up-regulation of HGF/Met signal-
ing may occur throughMET amplification, transcriptional activation, Met protein kinase
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activation, and/or increased HGF production [5, 6].MET amplification or activating mutations
have been detected in gastric and lung cancers [7–13], while transcriptional up-regulation has
been reported in breast, colorectal and liver cancers [14–16]. Enhanced Met activity can pro-
mote cancer cell proliferation, survival, migration and/or invasion [17]. Recently, Met was
shown to promote invadopodia, which are actin-rich, matrix-degrading membrane structures,
in breast and gastric carcinoma cell lines [18]. A number of inhibitors targeting the HGF/Met
pathway are currently under development for the treatment non-small-cell lung cancer
(NSCLC) and other solid tumors [19]. Met activation results in the phosphorylation of tyro-
sines Y1234/1235 in the kinase domain and carboxy-terminal tyrosines Y1349/1356 for sub-
strate docking and downstream signaling leading to diverse cellular responses [2, 20]. It is
unclear whether the multiple cytoskeletal responses regulated by Met are coordinated by com-
mon or distinct signaling mediators.

The Abl non-receptor tyrosine kinases, Abl (ABL1) and Arg (ABL2), regulate cytoskeletal
processes required for cell polarity, morphogenesis, epithelial-to-mesenchymal transition
(EMT), migration, and invasion [21–26]. Abl kinases were first identified as oncogenes in leu-
kemias, but recent reports have demonstrated a functional role for ABL1 and/or ABL2 in solid
tumors including breast carcinoma, kidney cancer and melanoma [27–29]. Similar to the Met
receptor, Abl kinases target several Rho family GTPases and actin regulatory proteins to induce
morphogenetic events during normal development and cancer [21, 22, 30–33]. However,
whether Abl kinases play a mechanistic role in the regulation of Met-dependent epithelial cell
scattering and tubulogenesis is unclear. Here we report that Abl kinases link Met receptor acti-
vation to RhoA signaling leading to actomyosin contractility in epithelial cells, and demon-
strate that inhibition of Abl kinases suppresses HGF-induced cytoskeletal remodeling
processes required for cell scattering and tubulogenesis of non-transformed Madin Darby ca-
nine kidney (MDCK) epithelial cells, as well as migration and invasion of breast cancer cells.

Results

Abl Kinases Are Activated by HGF/Met and Promote HGF-induced Cell
Scattering
To evaluate the role of Abl kinases in Met-dependent cytoskeletal remodeling, we employed
non-transformed Madin Darby canine kidney (MDCK) cell line, a widely-used model in stud-
ies of HGF-induced epithelial-mesenchymal transition (EMT) and cell spreading [34]. In re-
sponse to HGF treatment, we observed increased phosphorylation of CrkL on tyrosine 207, an
Abl- and Arg- specific phosphorylation site (Fig 1A). This phosphorylation was markedly de-
creased in cells depleted of both Abl and Arg kinases by miRNA-mediated knockdown (Fig
1A) supporting HGF/Met-induced activation of Abl family kinases in MDCK cells. As HGF is
known to cause scattering of MDCK cells, we examined the role of Abl kinases in this process
using two distinct pharmacological inhibitors of the Abl kinases: STI571 (Imatinib/Gleevec)
and GNF2, which bind to the ATP binding site and C-terminal myristoyl group binding site,
respectively [35, 36]. ATP-competitive kinase inhibitors such as imatinib/STI571, inhibit sever-
al tyrosine kinases in addition to Abl and Arg, and were recently shown to induce formation of
B-RAF/C-RAF dimers leading to ERK activation in cancer cells expressing oncogenic RAS
[37]. In contrast, allosteric inhibitors such as GNF2, which target the unique Abl/Arg myris-
tate-binding site and function as non-ATP-site and mono-selective inhibitors of the Abl ki-
nases [38], do not target B-RAF/C-RAF and do not promote paradoxical ERK activation.
Moreover, STI571 and GNF2 do not inhibit the Met receptor kinase [36, 39]. Transient treat-
ment of MDCK cell clusters with either STI571 or GNF2 inhibited HGF-induced MDCK cell
scattering, which is detected by disruption of E-cadherin-positive cell-cell junctions (Fig 1B
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and 1C). To ascertain whether the effects of STI571 and GNF2 were specifically mediated by
the Abl kinases, Abl and/or Arg were depleted by miRNA-mediated knockdown. Loss of both
Abl and Arg proteins, and to a lesser extent, Arg depletion alone, resulted in disruption of
adherens junctions in MDCK cell colonies, which is consistent with our previous finding for a
requirement of Abl family kinases in epithelial cell-cell junction formation and maintenance
(S1A Fig) [30]. In contrast, single knockdown of Abl alone did not disrupt cell-cell contacts in
the absence of HGF (Fig 1D and 1E). However, loss of Abl expression alone markedly de-
creased HGF-induced scattering of MDCK cell islands (Fig 1D–1F). These data support a role
for Abl activity in the regulation of HGF/Met-induced cell scattering.

Fig 1. Abl kinases are activated by the Met receptor and promote HGF-induced cell scattering. (A) Abl kinases are activated downstream of the Met
receptor. Serum-starved MDCK cells expressing either scramble control or Abl-Arg dual miRNAs were treated with 20ng/ml HGF for the indicated times.
Cells were lysed and the lysates were subjected to western blotting with the indicated antibodies. Tubulin was used as loading control. Phosphorylation of the
Met receptor on the indicated tyrosine residues was normalized to total Met protein and quantified by ImageJ. (B-C) Serum-starved MDCK cells were either
left untreated or treated with HGF for 3 hours in the presence or absence of Abl kinases inhibitors STI571 (15μm) or GNF2 (20μm). Cells were fixed and
stained for E-cadherin followed by fluorescence microscopy analysis (B). The percentages of cells with disrupted adherens junctions from each experimental
group were quantified and analyzed by one-way ANOVA followed by Bonferroni post-test. ****P<0.0001. Error bars represent mean (n = 3) ± S.E.M. (C).
(D-F) Loss of Abl kinase impairs HGF-induced cell scattering. MDCK cells expressing the indicated miRNAs were plated sparsely and allowed to form cell
islands. Cells were serum-starved overnight and treated with HGF for 7 hours. Cells were fixed and analyzed by microscopy; bright field pictures are shown
(D). Knockdown of the Abl kinase is confirmed by western blotting (E). The percentages of islands scattered were quantified and analyzed by two-tailed
unpaired Student’s t-test. ***P<0.001. Error bars represent mean (n = 3) ± S.E.M. (F).

doi:10.1371/journal.pone.0124960.g001
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Activated Abl Kinases Interact with the Met Receptor and Promote Its
Phosphorylation
HGF induces Met dimerization and activation leading to auto-phosphorylation of tyrosine res-
idues in the Met kinase domain (Y1234, 1235), followed by phosphorylation of the carboxy-ter-
minal substrate-binding sites (Y1349 and Y1356), and Y1003, the binding site for the CBL E3
ubiquitin ligase, which promotes ubiquitination and degradation of the Met receptor [2, 6].
Thus, we evaluated the time course of HGF-induced Met tyrosine phosphorylation in control
and Abl/Arg-depleted MDCK cells. In control MDCK cells maximal Y1232/Y1235 phosphory-
lation was detected at 10 min and maximal phosphorylation on Y1349 and Y1003 was at 40
min of HGF treatment (Fig 1A). Knockdown of both Abl and Arg or treatment with STI571
decreased HGF-induced Met tyrosine phosphorylation (Fig 1A and S2B Fig). However, knock-
down of Abl alone did not affect Met tyrosine phosphorylation in response to HGF (S2A Fig).
To assess whether Abl kinases could promote tyrosine phosphorylation of a kinase-inactive
Met receptor, we employed a chimeric receptor (CSF-Met K1110A) comprised of the extracel-
lular domain of the colony stimulating factor 1 receptor (CSF1R) fused to the intracellular do-
main of the Met receptor with a K1110A mutation that abrogates Met kinase activity and auto-
phosphorylation [40]. Constitutive active Abl kinases, Abl-PP and Arg-PP, promoted tyrosine
phosphorylation of the kinase-inactive Met receptor at multiple sites involved in activation and
signaling (Y1234/Y1235, Y1349), as well as downregulation (Y1003) (Fig 2A). We previously
showed that activated Abl kinases phosphorylate and form complexes with the platelet-derived
growth factor (PDGF) receptor [41, 42]. Thus, similar to the PDGF receptor, active Abl kinases
might not only promote Met tyrosine phosphorylation, but may also interact with the Met re-
ceptor. To examine this possibility we expressed either wild-type (WT), constitutively-active
(PP) or kinase-defective (KR) mutant forms of Abl or Arg in 293T cells and evaluated binding
to the Met receptor (Fig 2). We found that activated Abl-PP and Arg-PP preferentially bound
to the Met receptor compared to WT and kinase-defective forms of Abl and Arg (Fig 2B and
2C). These results suggest that the activation status of the Abl kinases may regulate their associ-
ation with the Met receptor. Consistent with this possibility, we found that while wild-type Arg
fused to YFP (Arg-YFP) exhibited a uniform cytoplasmic distribution in un-stimulated MDCK
cells, HGF treatment promoted co-localization of Arg-YFP with endogenous Met at membrane
protrusions and some cell-cell junctions (S1B Fig). These data suggest that activation of the
Met receptor may promote its association with activated Arg. Taken together, these data sup-
port the induction of bidirectional signaling between Met and Abl kinases.

Abl Kinases Regulate Actomyosin Contractility Downstream of the Met
Receptor
HGF treatment has been shown to induce thick actin bundles which are distinct from actin
stress fibers in quiescent MDCK cells [43]. Thick actin bundles together with myosin light
chain generate contractile forces along actomyosin fibers and promote disruption of cell-cell
junctions [44]. Because we found that inhibition of Abl kinases suppressed HGF-induced
MDCK cells scattering, we evaluated whether Abl kinases might function to link Met activation
to actomyosin contractility. In the absence of HGF stimulation, MDCK cells predominantly ex-
hibited thin intracellular stress fibers and strong cortical fibers, and HGF treatment induced
the formation of thick actin bundles radiating to the cell periphery (Fig 3A). The actin bundles
co-localized with phospho-myosin light chain in the presence of HGF generating distinctive
star-shaped structures (Fig 3A, merged bottom panel). Notably, these HGF-induced actomyo-
sin bundles were markedly inhibited by the Abl kinase inhibitors STI571 and GNF2 (Fig 3A
and 3B). Further, pharmacological inhibition of the Abl kinases decreased HGF-mediated
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phosphorylation of myosin light chain (p-MLC2) in MDCK cells (S3A Fig). Thus, Abl kinases
modulate both MLC phosphorylation and the co-localization of myosin with actin in MDCK
cells. The Rho GTPase can be activated downstream of the Met receptor, and inhibition of Rho
or its effector Rho kinase (ROCK) decreases actin bundle formation and suppresses HGF-in-
duced cancer cell spreading [44, 45]. Conversely, Rho activation by overexpression of the myo-
sin-interacting guanine nucleotide exchange factor (MyoGEF) elicits formation of actin-
myosin bundles [46]. We found that the formation of thick actin bundles after HGF treatment
was significantly suppressed by the ROCK inhibitor Y27632 to a similar extent as that sup-
pressed by the Abl kinase inhibitors (Fig 3A and 3B). Further, depletion of the Abl kinase alone
resulted in 50% reduction of thick actin bundles in MDCK cells after HGF treatment (Fig 3C
and 3D). These data identify new roles for Abl kinases in the formation of HGF-induced acto-
myosin bundles, as well as regulation of MLC2 phosphorylation in epithelial cells.

Active Abl Kinases Promote Cell Scattering and Actomyosin Contractility
in the Absence of HGF Treatment
To evaluate whether constitutively active Abl and Arg kinases could mimic HGF-induced phe-
notypes, we expressed active mutant forms of either Abl (Abl-PP) or Arg (Arg-PP) in MDCK
cells. Expression of these proteins was confirmed by western blotting and resulted in enhanced
phosphorylation of CrkL Y207, indicative of Abl/Arg activation (Fig 4B). Expression of either
Abl-PP or Arg-PP was sufficient to promote weakening of adherens junctions and disruption
of E-cadherin-positive cell-cell contacts similar to the phenotypes induced by HGF treatment
in MDCK cells (Fig 4A). Some epithelial cells expressing the activated Abl kinases cells exhib-
ited migratory, mesenchymal morphology, suggesting a partial EMT (Fig 4A). Moreover, ex-
pression of constitutively active Abl kinases induced formation of thick actin bundles that co-
localized with phosphorylated myosin light chain (p-MLC), phenocopying the effects induced
by HGF treatment (Fig 4C and 4D). Similarly, expression of constitutively active forms of the

Fig 2. Activated Abl kinases promote Met phosphorylation and interact with Met. (A) 293T cells were transfected with vector control or a chimeric
receptor (CSF-Met K1110A) comprised of the extracellular domain of CSF1R fused to the intracellular domain of kinase-inactive Met (K1110A) receptor, in
the absence or presence of constitutive active AblPP or ArgPP. Cells were lysed, the lysates were incubated with anti-CSF1R antibody, and the
immunoprecipitates were analyzed by western blotting with the indicated antibodies. (B-C) 293T cells were transfected with the indicated forms of Abl (B) or
Arg (C). Cells were lysed after 48 hours and the endogenous Met receptor was immunoprecipitated. Met receptor-bound Abl (B) and Arg (C) proteins were
analyzed by western blotting (upper panels). Expression and activity (p-CrKL) of Abl and Arg kinases in total cell lysates were analyzed by western blotting
with the indicated antibodies (lower panels). Tubulin was used as loading control in all panels.

doi:10.1371/journal.pone.0124960.g002
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Fig 3. Inhibition of Abl kinases function suppresses HGF-induced actomyosin contractility. (A-B) Small molecule inhibitors of the Abl kinases
suppress HGF-induced actomyosin contractility. Serum-starved MDCK cells were left untreated or treated with 20ng/ml HGF for 3 hours with the presence or
absence of Abl kinase inhibitors STI571 (15μm) and GNF2 (20μm), or the ROCK inhibitor Y27632 (15μm). Cells were stained for actin and phospho-myosin
light chain (p-MLC2 on S19), followed by fluorescence microscopy analysis (A). Scale bar, 10μm. The percentages of actin bundle-containing cells were
quantified and analyzed by one-way ANOVA followed by Bonferroni post-test. ****P<0.0001. Error bars represent mean (n = 3) ± S.E.M. (B). (C-D)
Knockdown of Abl kinase impairs HGF-induced actin bundle formation. Serum-starved MDCK cells expressing either scramble control or Abl-specific miRNA
were treated with HGF for one hour, followed by staining for actin (red) and visualization by fluorescence microscopy (D). Scale bar, 20μm. The percentages
of actin bundle-containing cells from each experimental group were quantified and analyzed by two-tailed unpaired Student’s t-test (C). *P<0.05. Error bars
represent mean (n = 3) ± S.E.M.

doi:10.1371/journal.pone.0124960.g003
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Fig 4. Constitutive active Abl and Arg kinases promote cell scattering and actomyosin contractility in the absence of Met activation. (A-B) MDCK
cells expressing the indicated cDNAs were fixed and phase contrast pictures were acquired, followed by staining for E-cadherin and actin (A). Protein
expression and activity (p-CrKL Y207) of AblPP and ArgPP kinases were analyzed by western blotting (B). (C-D) Constitutive active Abl and Arg kinases
promote actomyosin contractility. MDCK cells expressing empty vector, AblPP, or ArgPP, were fixed and stained for p-MLC2 and actin, followed by
fluorescence microscopy analysis (C). Scale bar 20μm. The percentages of actin bundle-containing cells from each experimental group were quantified and
analyzed by one-way ANOVA followed by Bonferroni post-test. ****P<0.0001. Error bars represent mean (n = 3) ± S.E.M. (D).

doi:10.1371/journal.pone.0124960.g004
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Abl kinases, Abl-PP and Arg-PP, markedly enhanced p-MLC2 levels in MDCK cells (S3B Fig).
Taken together, these data support a role for Abl kinases in promoting Met receptor-mediated
cell scattering through the regulation of actomyosin contractility.

Inhibition of Abl Kinases Impairs HGF-induced Rho Activation
Similar to the inhibitory effect of inactivation of Abl kinases, inhibition of ROCK activity sup-
pressed HGF-induced formation of thick actin bundles (Fig 3A and 3B). Because ROCK can be
activated downstream of the active RhoA GTPase, we evaluated whether Abl kinases could di-
rectly regulate RhoA activity downstream of the Met receptor. To evaluate whether Abl kinases
regulate the spatio-temporal activation of Rho in epithelial in response to HGF, we used fluo-
rescence resonance energy transfer (FRET) of a reporter for the RhoA GTPase in MDCK cells
(MDCK-FRET) [47]. Prior to HGF treatment, RhoA activity was detected in the peripheral re-
gion of epithelial cell clusters, with low intracellular, cytosolic RhoA activity (Fig 5A). This
finding is in agreement with the reported presence of actin stress fibers in the periphery of cell
clusters and requirement for RhoA activity for the maintenance of these cortical fibers [43, 45].
HGF treatment induced cell motility and enhanced RhoA activity in the lamellipodia of mov-
ing cells (S1 Movie). A gradual increase in RhoA activity was also observed intracellularly with-
in the cell clusters, and co-localized with thick actomyosin bundles (Fig 5A). Importantly,
HGF-induced increase in RhoA activity was markedly inhibited by STI571 (Fig 5A, 5B and S2
Movie). Treatment with the Abl allosteric inhibitor GNF2 similarly inhibited localized RhoA
activation (S4 Fig, S3 and S4 Movies). Taken together, these data demonstrate that the activity
of the Abl kinases is required for RhoA activation and regulation of RhoA-mediated actomyo-
sin contractility downstream of the ligand-activated Met receptor in MDCK epithelial cells.

Inactivation of Abl and Arg Inhibits HGF-induced Tubulogenesis
Signaling from the Met receptor is known to induce EMT and promote formation of epithelial
tubules and invasive growth. To evaluate whether Abl kinases play a role in Met-regulated
EMT and invasive growth, we used a three-dimensional (3D) epithelial culture system. MDCK
type II (MDCKII) cells were grown in a 3D collagen matrix to form cyst structures with a hol-
low lumen surrounded by a single layer of polarized cells [48]. Treatment of cysts with HGF
promoted development of epithelial tubule structures, in a process known as tubulogenesis,
which requires coordinated regulation of EMT, cell migration and invasion [49]. Treatment
with STI571 decreased HGF-induced formation of 3D epithelial tubules, with greater than a
two-fold reduction in the number of tubule structures in the STI571-treated cultures (Fig 6A
and 6B). Tubules in the control group exhibited sharp tips, whereas STI571-treated tubules
presented bulky and rounded tips. Sharp tubule tips result from a single chain of migratory
cells undergoing partial EMT induced by HGF (arrows in Fig 6C). The rounded tubule tip
structures in the STI571-treated cells suggest inhibition of HGF-induced partial EMT and cell
invasion. Further, expression of a kinase-defective mutant of Arg (Arg-KR) impaired tubule
formation (Fig 6D and 6E). Constitutive expression of kinase-defective Arg inhibits branching
tubules to a greater extent than transient STI571 treatment (Fig 6F). This effect may be due to
disruption of cyst polarity by kinase-defective ArgKR at early stages of cyst development and/
or dissolution of cell-cell contacts in the branching tubules leading to the appearance of single
cells or cell clusters [21].
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Abl Kinases Are Activated in Met-driven Mouse Mammary Tumors and
Abl Inhibitors Suppress HGF-induced Migration and Invasion of Breast
Cancer Cells
Hyper-activation of the HGF-Met pathway correlates with aggressiveness and poor prognosis
of diverse carcinomas including breast cancers [50]. We first examined the activity of Abl ki-
nases in mouse mammary tumors derived from mice harboring a weakly oncogenic variant of
Met under the control of the murine mammary tumor virus (MMTV-Met) [51], as well as
MMTV-Met mice harboring conditional deletion of Trp53 in the mammary glands [52]. Loss
of p53 in the MMTV-Met tumors is associated with genomic amplification of the endogenous
Met locus and elevated Met protein expression [52]. We found that tumors with active Met sig-
naling had increased activities of Abl and Arg kinases, as shown by enhanced tyrosine

Fig 5. Inhibition of Abl kinases suppresses HGF-induced RhoA activation. (A) MDCK-FRET cells were grown in medium without doxycycline to induce
the expression of the RhoA FRET reporter. Cells were serum-starved overnight and treated with HGF (50 ng/ml) for 3 hours in the presence or absence of
10μmSTI571. Images of different channels were acquired and data were analyzed using MetaMorph software. The FRET signal reflecting RhoA activity is
shown. The YFP signal is used to define cell bodies. (B) Quantification of the FRET signal over time from each experimental group in (A) is shown.

doi:10.1371/journal.pone.0124960.g005
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Fig 6. Inactivation of Abl kinases impairs HGF-induced tubulogenesis. (A) MDCK type II cells were grown in collagen gels for 10 days and then treated
with HGF (20 ng/ml) for another 7 days with or without 10μMSTI571. The gels were then fixed and visualized by microscopy; bright field pictures of tubule
structures are shown. (B) The number of tubule structures per sample from each experimental group was quantified and analyzed by two-tailed unpaired
Student’s t-test. ***P<0.001. Error bars represent mean ± S.D. (C) 6-day MDCKII cysts were treated with HGF for 10 days with or without STI571. Gels were
fixed and analyzed for the indicated markers by confocal microscopy. Scale bar, 250μm. (D) MDCK type II cells expressing either vector or dominant-
negative ArgKRmutant were grown in collagen gels for 10 days. Cysts were treated with HGF for another 5 days. After treatment, gels were fixed and
visualized by microscopy; bright field pictures of tubule structures are shown. (E) The number of tubule structures per sample was quantified and analyzed by
two-tailed unpaired Student’s t-test. **P<0.004. Error bars represent mean ± S.D. (F) Gels were fixed and analyzed for the indicated markers by confocal
microscopy. Scale bar, 250μm.

doi:10.1371/journal.pone.0124960.g006
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phosphorylation of the Abl kinases with Abl/Arg phospho-specific antibodies as well as hyper-
phosphorylation of CrkL on the Abl/Arg-specific site (Y207) (Fig 7A). The tumors with the
highest levels of active, phosphorylated Met (p-Met Y1234/1235) displayed the highest levels of
active Abl and Arg regardless of p53 status. Consistent with these findings, treatment of
human breast cancer MDA-MB-231 cells with HGF induced activation of Abl kinases as mea-
sured by phosphorylation of CrkL Y207, and this phosphorylation was blocked by the Abl in-
hibitor STI571 (S5A Fig). Moreover, inhibition of Abl kinases with either STI571 or GNF2
decreased HGF-induced MDA-MB-231 breast cancer cell migration in a wound healing assay
(Fig 7B, 7C and S5C Fig). Further, HGF-induced invasion of MDA-MB-231 cells was also
markedly impaired by both Abl/Arg kinase inhibitors (Fig 7D and 7E). The inhibitory effects
of these compounds was not due to suppression of cell growth and viability as STI571 and
GNF2 did not inhibit MDA-MB-231 cell growth and survival within 24 hours (S5B Fig). The
phenotypes induced by inhibition of the Abl kinases were not restricted to breast cancer cells
as treatment of the MDA-MB-435s melanoma cell line (also known as M14) with STI571
markedly inhibited HGF-induced invasion without inhibiting cell growth (S6 Fig). Taken to-
gether, these data indicate that Abl kinases are activated by an oncogenic Met receptor in mam-
mary tumors, and Abl kinases inhibitors suppress invasion and migration of cancer cells
driven by activated Met signaling.

Discussion
Activation of HGF-Met signaling induces diverse morphogenetic responses including forma-
tion of branching tubules, cell scattering, and invasion. Here we identified a new role for the
Abl family of non-receptor tyrosine kinases in the regulation of these HGF/Met morphogenetic
processes. We found that knockdown or pharmacological inhibition of the Abl kinases
markedly decreased HGF-induced cell scattering, actomyosin bundles and branching tubule
formation in MDCK epithelial cells. Conversely, expression of constitutive active forms of
the Abl kinases mimicked HGF-induced formation of thick actin bundles and actomyosin
contractility.

A number of proteins targeted by the Abl kinases have been functionally linked to the acti-
vated Met receptor. Among these are the Crk/CrkL adaptors, the matrix metalloproteinase
MT1-MMP, and β1-integrin [21–23, 53–55]. These molecules have been implicated in the reg-
ulation of HGF/Met morphogenetic processes such as cell polarization, scattering, and tubulo-
genesis [56, 57]. Unexpectedly, we found that Abl kinases link HGF-induced Met activation to
the activation of the RhoA GTPase in MDCK epithelial cells. The Cdc42 and Rac GTPases
were previously shown to be activated in response to HGF in MCDK cells, and the activity of
the Cdc42/Rac-regulated p21-activated kinase (PAK) was required for epithelial cell spreading
[34]. Here we demonstrate that Abl kinases are required for HGF/Met-induced RhoA activa-
tion and regulation of actomyosin contractility in a spatio-temporal manner. The activity of
the Abl kinases is required for HGF-induced RhoA activation at dynamic lamellipodia struc-
tures, and also for the gradual RhoA activation in the cytosol leading to induction of actomyo-
sin-rich bundles. In contrast to the findings in MDCK cells, we and others previously reported
that Abl kinases negatively regulate RhoA activity in other cell types such as fibroblasts, neu-
rons and rat epithelial cells [30–32, 58–60]. Inhibition of Abl kinases in confluent NBTII rat ep-
ithelial cells induced RhoA activity and disrupted adherens junctions [30]. Thus, modulation
of RhoA activity by Abl kinases is cell context dependent and may depend on the presence of
distinct signaling networks and the balance of RhoA activators and inhibitors in various cell
types and tissues. Consistent with this possibility, STI571 treatment of thyroid cancer cells and
HeLa cells was reported to increase cell migration in response to HGF [61, 62]. However, it is
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unclear whether the effects of STI571 on cell migration of these cells were mediated by Abl ki-
nases or by other STI571-targeted kinases due to the lack of knockdown and gain-of—function
approaches to specifically target Abl and Arg kinases in these studies.

In addition to regulating morphogenetic processes and other pathways dependent on dy-
namic remodeling of the cytoskeleton, the Abl kinases have been reported to regulate cell pro-
liferation and survival depending on the cellular context [24]. Abl kinases were shown to
regulate cell proliferation, anchorage-independent growth and survival of breast cancer and
melanoma cells [28, 29]. Further, it was reported that c-Abl (ABL1) can function downstream

Fig 7. Abl kinases are activated in Met-drivenmousemammary tumors and inhibition of Abl kinases suppresses HGF-inducedmigration and
invasion of breast cancer cells. (A) Cell lines derived frommammary tumors isolated frommice expressing oncogenic Met receptor driven by the MMTV
promoter (MMTV-Met) (lanes 3, 6, and 7) or MMTV-Met; Trp53fl/+; Cre+ mice (lanes 2, 4, and 5), were lysed and subjected to western blotting with the
indicated antibodies. Mammary tissue from a wild-type female mouse was used as a control (lane 1). (B-C) Inhibition of Abl kinases suppresses HGF-
induced breast cancer cell migration. A wound was generated within a confluent layer of serum-starved MDA-MB-231 cells. Cells were pre-treated with either
STI571 (B) or GNF2 (C) for several hours and then allowed to migrate in media as indicated for 16h. Bright field pictures were acquired and the images were
analyzed with ImageJ. The percentages of wound area healed by cell migration were quantified and analyzed by two-way ANOVA followed by Bonferroni
post-test. ***P<0.001; **P<0.01; *P<0.05. Error bars represent mean (n = 3) ± S.E.M. (D-E) HGF-induced breast cancer cell invasion was decreased by
Abl kinase inhibitors. Serum-starved MDA-MB-231 cells were plated in the upper well of the matrigel invasion chambers in the presence or absence of either
STI571 (D) or GNF2 (E). HGF was added in the lower chambers with or without the Abl kinase inhibitors. 48 hours later, invaded cells were quantified and
analyzed by two-way ANOVA followed by Bonferroni post-test. **P<0.01. Error bars represent mean (n = 3) ± S.E.M.

doi:10.1371/journal.pone.0124960.g007
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of the Met receptor to regulate survival and growth of gastric GTL16 and liver HepG2 cells,
and these effects were dependent on the presence of wild type p53 [63]. The c-Abl kinase was
also reported to be activated downstream of Ron, a receptor tyrosine kinase related to the Met
receptor, and Ron-induced c-Abl activation promoted breast cancer cell proliferation [64]. In
contrast, we found that inhibition of Abl kinases did not affect the growth and viability of the
cancer cells analyzed. It is unclear whether the differential requirement for Abl kinases for cell
growth and viability is due to the distinct stimuli or assay conditions employed, or to the exis-
tence of differential signaling networks driving cell growth and survival in cell context
dependent manner.

Abl kinases are activated downstream of multiple RTKs including the EGFR, PDGFR, and
Tie2 [41, 65, 66]. Once activated, the Abl kinases promote downstream signaling by targeting
multiple pathways required for morphogenesis, growth and/or survival. Notably, we have pre-
viously reported that upon activation, the Abl kinases can target the activating RTKs through
transcriptional and post-transcriptional mechanisms [41, 65, 66]. In this regard, we found that
upon activation by ligand-activated EGFR and PDGFR, Abl kinases can induce phosphoryla-
tion of specific tyrosine residues on both RTKs. For example, Abl-mediated phosphorylation of
EGFR Y1173, inhibits CBL-dependent EGFR degradation [65]. Here we found that upon acti-
vation downstream of HGF/Met, Abl kinases can promote the phosphorylation of Met at mul-
tiple tyrosine residues (Y1349) required for engaging downstream signaling pathways, as well
as phosphorylation of sites (Y1003) implicated in the termination of Met signaling. Thus, Abl
kinases may function to transiently activate Met in a spatio-temporal restricted manner. Previ-
ous studies have suggested a positive role for the Src kinase in regulating Met phosphorylation
in multiple cancers such as lung, breast and bladder carcinomas [67–69]. Growth factor treat-
ment activates both Src and Abl kinases and these kinases can engage in bi-directional, activat-
ing interactions, and may function together to potentiate Met phosphorylation and signaling
[70, 71]. Our finding that active (tyrosine phosphorylated) Abl and Arg kinases preferentially
form complexes with the Met receptor, suggest that upon activation, the Abl kinases interact
directly or indirectly with the receptor to enhance and subsequently terminate Met signaling in
MDCK cells. In this regard, an earlier report identified c-Abl (ABL1) as a direct binding partner
of the Met receptor using a yeast two-hybrid screen, and showed that this interaction was inde-
pendent of the Gab1 scaffold protein [72].

Deregulation of RTK signaling is associated with the progression of many carcinomas, and
plays a role in the emergence of therapy-resistance [73, 74]. Among the mechanisms that con-
fer resistance is the upregulation of alternative RTKs in various tumors [74–76]. HGF pro-
motes resistance to drugs targeting HER2 in breast cancer and BRAF in melanoma cell lines
[75]. In Her2-overexpressing breast cancer cells, treatment with trastuzumab leads to upregula-
tion of Met expression, which contributes to trastuzumab resistance [77]. Met activation also
confers resistance to the EGFR inhibitor gefitinib through Src activation [78]. In Met-amplified
lung cancer cells, activation of EGFR signaling contributes to the development of drug resis-
tance after prolonged inhibition of the Met receptor [79]. These and other studies have sug-
gested that combination therapy simultaneously targeting multiple RTKs is necessary to
effectively inhibit tumor progression and prevent development of drug resistance [75, 76]. Be-
cause the Abl family kinases are activated downstream of multiple RTKs, targeting Abl kinases
with specific inhibitors could disrupt signaling networks persistently activated in some solid tu-
mors leading to invasion, dissemination, and in some instances even growth and survival. Fu-
ture studies are needed to identify cell types that rely on hyperactive Abl kinases to promote
invasion and other morphogenetic processes in response to HGF/Met-dependent and—inde-
pendent signaling during normal development and cancer.
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Materials and Methods

Antibodies and Reagents
Mouse anti-Abl antibody was from BD Bioscience. Mouse anti-Arg antibody, rabbit anti-CrkL
antibody, rabbit anti-Met antibody, and rat anti-CSF-1R were from Santa Cruz Biotechnology.
Phospho-specific antibodies for Abl (pY412) (BD) and Arg (pY439) (ABGENT) were used for
western blotting. Mouse anti-tubulin antibody was from Sigma. Rabbit anti-phospho-CrkL
(Y207) antibody, rabbit anti-Met (Y1234/1235) antibody, rabbit anti-Met (Y1349) antibody,
rabbit anti-Met (Y1003) antibody, mouse anti-phospho-MLC2 (S19) antibody were from Cell
Signaling Technology. Rat anti-E-cadherin was from Zymed (Invitrogen). Mouse anti-gp135
antibody was a gift from Dr. George Ojakian (SUNY Downstate Medical Center). Mouse anti-
GFP antibody and Fugene 6 were from Roche. Hepatocyte growth factor (HGF) and GNF2
were from Sigma. pBabe-Sin-Puro-Tet-RhoA Biosensor (RhoA FRET reporter) was from
Addgene. HGF used for 3D tubulogenesis was from ProSpec. OxyFluor used in live cell imag-
ing was from Oxyrase Inc. Portein G sepharose was from GE healthcare. ProLong antifade
mounting media was from Invitrogen.

Cell Lines and Cell Culture Conditions
MDCK epithelial cells, HEK-293T cells, MDA-MB-231 breast cancer cells, and MDA-MB-
435s melanoma cell line [80] were cultured in Dulbecco's modified Eagle's medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) (Invitrogen). MDCK type II (MDCKII) cells
used in 3D tubulogenesis assays were cultured in MEM supplemented with 5% heat-inactivated
FBS (Invitrogen). MDCK Tet-Off cells were from Clontech and were cultured in DMEM (low
glucose) supplemented with 10% FBS (Clontech) and 1μg/ml doxycycline. Cells were main-
tained at 37°C and 5% CO2.

Cell lines were derived from mouse mammary tumors harboring MMTV-Met [51] or
MMTV-Met; Trp53 fl/+; Cre [52]. The identity of the cell lines used is as follows: A2221 was
derived from tumor A1005 (MMTV-Met;Trp53fl/+); A3256 was derived from tumor 7325
(MMTV-Met); 1–239 was derived tumor A1129 (MMTV-Met;Trp53fl/+); A2227 was from
tumor A1471 (MMTV-Met;Trp53fl/+); 1–526 was from tumor 4691 (MMTV-Met); and
G8837 was from tumor 5156 (MMTV-Met).

Transfection and Retroviral Transduction
293T cells were transfected with either PK1 vector, PK1-AblPP, PK1-ArgPP and/or RhoA
FRET reporter together with gag/pol and VSVG packaging plasmids (Fugene 6). After 24
hours, the medium was removed and cells were supplemented with fresh medium and incubat-
ed for another 24 hours. The virus-containing medium was incubated with target cells in the
presence of polybrene (4μg/ml) for 48 hours. Cells were selected with either 1μg/ml puromycin
or by sorting for the YFP positive population with fluorescence-activated cell sorting (FACS).

Gene Silencing of Abl, Arg Kinases with Lentiviral-derived miRNA
Mimics
Lentiviral transduction of Abl/Arg micro-RNAs (miRNAs) has been described elsewhere [81–
83]. Cells expressing miRNAs were selected by FACS for the GFP-positive population. Abl
miRNA sequence: GGTGTATGAGCTGCTAGAGAA. Arg miRNA sequence:
AGGTACTAAAGTGGCTCTGAG.
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Immunoprecipitation
Cells were washed with PBS and incubated in lysis buffer (50mM Tris pH 7.5, 150mMNaCl,
1% NP40) with protease inhibitors on ice for 30 minutes. Cell lysates were centrifuged at
20,000g at 4°C for 15 minutes, and protein lysates (1 mg) were incubated with antibody (2μg)
at 4°C for 4 hours, followed by incubation with protein G sepharose at 4°C for another 4 hours.
Beads were washed with lysis buffer three times and suspended in SDS sample buffer, followed
by western blotting.

3D Tubule Formation and Quantification
MDCKII cells were cultured in 3D collagen as previously described [84]. In brief, liquid colla-
gen media was prepared by mixing media components (750μl 200mM L-Glutamine, 196μl
7.5% NaHCO3, 625μl 10x MEM and 125μl 1M HEPES) with 4.13ml purified bovine collagen
solution (Advanced Biomatrix 5005-B) and adjusted to pH 7.5 with 1M NaOH. MDCKII cells
were trypsinized into single cell suspension and mixed with collagen (20,000 cells/ml); 200μl of
cell-collagen mixture was added into each membrane insert (NUNC 136935) placed in a
24-well plate. The cell-collagen mixture was incubated at 37°C for an hour to allow the gel to
solidify, followed by addition of 0.5ml culture media to the inner well of the chamber and 1ml
to the outer well. Growth medium was replenished every 3 days. After 6–10 days, cysts were
treated with HGF (20ng/ml) for another 5–10 days to induce tubule formation, and quantified
under a bright field microscope (2.5x objective). The total number of tubule structures in each
collagen gel was counted and results from multiple independent experiments were subjected to
statistical analysis.

Immunofluorescence of 3D Epithelial Tubules
Amodified version of a previously described protocol was used for immunofluorescence stain-
ing of 3D epithelial tubules [84]. In brief, the gel in the membrane insert was washed once with
PBS and incubated with collagenase solution (0.1kU/ml in PBS) at 37°C for 10 minutes. The
gel was then washed once with PBS and fixed in 4% PFA for 30 minutes at room temperature.
After washing the gel with PBS, residual PFA in the gel was quenched with 75mMNH4Cl and
20mM glycine (pH 8) in PBS at room temperature for 30 minutes. The gel was then incubated
with permeabilization solution (0.5–1% Triton X-100 and 0.7% fish skin gelatin in PBS) at
room temperature for 30 minutes. Primary antibodies were diluted in permeabilization solu-
tion and incubated with the gel overnight at 4°C with gentle shaking, followed by washing 5
times with permeabilization solution (30 minutes each), and then incubated with fluorophore-
conjugated secondary antibodies diluted in permeabilization solution for 3 hours at room tem-
perature. After incubation, the gel was washed 5 times with permeabilization solution (30 min-
utes each) and then two times with PBS (5 minutes each). The gel was then taken out of the
insert and mounted on the coverslide with ProLong antifade mounting media. After drying
overnight, the slide was kept in the dark followed by confocal imaging.

Induction of RhoA FRET Reporter in MDCK Tet-Off Cells
MDCK Tet-Off cells retrovirally expressing RhoA FRET reporter (MDCK-FRET cells) were
maintained in growth medium containing 1μg/ml doxycycline to suppress the expression of
the RhoA FRET reporter. For induction of the reporter, cells were washed once with PBS and
trypsinized into a single-cell suspension. After centrifugation, the cell pellet was washed once
with growth medium without doxycycline. Cells were then resuspended in the same medium
and plated sparsely in 35mm culture dishes with glass bottoms (MatTek). The next day, the

Abl Kinases Regulate HGF/Met Signaling

PLOS ONE | DOI:10.1371/journal.pone.0124960 May 6, 2015 15 / 23



growth medium was removed and cells were serum-starved with low-glucose DMEM contain-
ing 0.25% Tet System Approved FBS overnight before the FRET imaging.

Fluorescence Resonance Energy Transfer (FRET) Imaging with “Zeiss
Axio Observer” Live Cell Microscope
Serum-starved MDCK-FRET cells in 35mm dishes were incubated with 2ml FRET medium
(low-glucose DMEM without phenol red, 1:100 dilution of OxyFluor, 10mM lactate, 50mM
Hepes and 0.25% Tet System Approved FBS) for 30 minutes on the live cell microscope cham-
ber pre-warmed to 37°C and supplemented with 5% CO2. Images were taken in 5–10 cell-free
areas in all three channels (CFP, FRET and YFP) for image analysis. Cells with medium fluo-
rescence intensity were chosen for imaging analysis. After acquisition of three baseline images,
250ng/ml HGF diluted in 0.5ml FRET medium was added carefully to the cells, which were
then imaged in all three channels every 45 seconds for 4 hours.

FRET Image Analysis
Methods for FRET image analysis have been described elsewhere [85]. In brief, images acquired
in cell-free areas at the beginning of the imaging process were averaged to create a “shading dis-
tribution” image. Images acquired in each channel were normalized against the corresponding
“shading distribution” image to correct for shading (uneven illumination). After the shading
correction, images were background subtracted using the plug-in module in Metamorph.
Image registration was performed with the “color-align” and “subpixel shift” plug-in modules
to correct pixel misalignments. Image masking was then carried out to remove the background
pixels in cell free areas and the FRET signal was analyzed by dividing the FRET channel images
with those of CFP channels. The resulting FRET images were presented with pseudo-colors.

Cell Migration and Invasion Assay
For wound-healing migration assays, cells were grown in a confluent monolayer in a 6-well
plate and serum-starved overnight. A wound was created with a pipette tip (P200) and cells
were allowed to migrate for 16 hours. Bright field pictures of the wounds were acquired before
and after the migration. Images were processed as described (http://www.le.ac.uk/biochem/
microscopy/wound-healing-assay.html). For invasion assays, breast cancer cells were serum-
starved overnight. Matrigel invasion chambers (BD, #354480) were hydrated in serum-free me-
dium for 2 hours at 37°C. Cells were trypsinized into a single-cell suspension and 50,000 cells
in serum-free medium with either 0.1% BSA (for experiments with STI571) or 0.1% BSA
+ 0.1% FBS (for experiments with GNF2) were added inside the chamber, and serum-free me-
dium containing HGF and either 0.1% BSA (for experiment with STI571) or 0.1% BSA + 0.1%
FBS (for experiments with GNF2) was added outside the chamber. Cells were allowed to invade
at 37°C for 24 hours (MDA-MB-435s) or 48 hours (MDA-MB-231), followed by fixation and
staining with PROTOCOL HEMA 3 STAIN SYSTEM (Fisher Scientific, 22-122-911). Bright
field pictures were acquired and the number of invading cells was quantified.

Statistical Analysis
All statistical analyses were performed using GraphPad Prism 6 software. Comparisons of two
groups were performed using Student t tests (two-tailed). Comparisons involving multiple
groups were evaluated using one-way or two-way ANOVA, followed by Bonferroni posttests,
as indicated. For all tests, P<0.05 was considered statistically significant.
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Supporting Information
S1 Fig. Arg inactivation disrupts adherens junctions and Arg is recruited to the Met recep-
tor after HGF treatment. (A)MDCK cells expressing the indicated miRNAs were fixed. Bright
field pictures were taken and shown in upper panels. Scale bar, 50μm. Adherens junctions were
detected by staining cells with anti-E-cadherin antibody (lower panels). Scale bar, 20μm. (B)
MDCK cells expressing low levels of wild-type Arg-YFP were serum-starved overnight and
treated with HGF (20 ng/ml) for 10 minutes. Cells were fixed and stained for YFP and Met and
visualized by confocal microscopy. Scale bars, 25μm.
(TIF)

S2 Fig. Abl and Arg kinases modulate Met receptor tyrosine phosphorylation. (A) Inactiva-
tion of Abl kinase alone does not affect HGF-induced Met receptor phosphorylation. Serum-
starved MDCK cells expressing either scramble control or Abl miRNA were treated with 20
ng/ml HGF for the indicated times. Cells were lysed and the lysates were subjected to western
blotting with the indicated antibodies. (B) Pharmacological Inhibition of Abl kinases decreases
Met receptor phosphorylation following HGF stimulation. MDCK cells were serum starved
with 0.25% FBS for 20h prior to stimulation with 20ng/ml HGF in the presence or absence of
15uM STI571. Cell lysates were subjected to western blotting for the indicated antibodies.
Treatment with 15uM STI571 decreased tyrosine phosphorylation of Y207 of CrkL as well as
Y1349, 1003 and 1234/1235 residues of the c-Met receptor.
(TIF)

S3 Fig. Abl kinases regulate myosin light chain phosphorylation in MDCK cells. (A) Inhibi-
tion of Abl kinases decreased myosin light chain (MLC) phosphorylation in MDCK cells upon
HGF treatment. Serum starved MDCK cells were treated with HGF (20ng/ml) in the presence
or absence of 10uM STI571. Cell lysates were subjected to western blotting for the indicated an-
tibodies. (B) Active mutants of Abl/Arg kinases induced hyperphosphorylation of the myosin
light chain. MDCK cells expressing either vector control, or constitutively active Abl-PP or
Arg-PP were lysed and the lysates were subjected to western blotting with the indicated anti-
bodies.
(TIF)

S4 Fig. Inhibition of Abl kinases with GNF2 suppresses HGF-induced RhoA activation. (A)
MDCK-FRET cells were grown in medium without doxycycline to induce the expression of
RhoA FRET reporter. Cells were serum-starved overnight and treated with HGF (50 ng/ml) for
3 hours in presence or absence of 20μmGNF2. Images of different channels were acquired and
data were analyzed using MetaMorph software. The FRET signal reflecting RhoA activity is
shown. YFP signal is used to define cell bodies. Scale bar, 15μm. (B) quantification of the FRET
signal over time from each experimental group in (A) is shown.
(TIF)

S5 Fig. Inhibition of Abl kinases suppresses migration of MDA-MB-231 cells. (A) Abl ki-
nases are activated by Met in MDA-MB-231 cells. Serum-starved MDA-MB-231 cells were
treated with HGF for 30 min with or without 10μM STI571. Cell lysates were subjected to west-
ern blotting with the indicated antibodies. (B)MDA-MB-231 cells (5,000) were plated in each
well of a 96-well plate and were left either untreated or treated with HGF, with or without Abl
kinase inhibitors. After 24 hours, cells were subjected to the MTS cell viability assay, and A490
values were measured and analyzed by one-way ANOVA. Error bars represent mean ± S.D.
(C) A wound was generated within a confluent monolayer of serum-starved MDA-MB-231
cells. Indicated cells were pre-treated with STI571 and then allowed to migrate for 16 hours as
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indicated. Bright field pictures were acquired and the images were analyzed with ImageJ. Scale
bar, 200μm.
(TIF)

S6 Fig. Inhibition of Abl kinases suppresses invasion of MDA-MB-435s cells. (A) Serum-
starved MDA-MB-435s cells were treated with HGF for 30 min with or without 10μM STI571.
Cell lysates were subjected to western blotting with the indicated antibodies. (B)MDA-MB-
435s cells (5,000) were plated in each well of a 96-well plate and left either untreated or treated
with HGF with or without STI571. After 24 hours, cells were subjected to the MTS cell viability
assay and A490 values were measured and analyzed by one-way ANOVA. Error bars represent
mean ± S.D. (C) Serum-starved MDA-MB-435s cells were plated in the upper well of the
matrigel invasion chambers in the presence or absence of STI571. HGF was added in the lower
chambers with or without STI571, and after 48 hours, cells invading the undersurface were
quantified and analyzed by two-way ANOVA followed by Bonferroni post-test. ��P<0.01.
Error bars represent mean (n = 3) ± S.E.M.
(TIF)

S1 Movie. HGF-induced RhoA activation (control for S2 Movie).MDCK-FRET cells were
grown in medium without doxycycline to induce the expression of RhoA FRET reporter. Cells
were serum-starved overnight and treated with 50 ng/ml HGF for 3 hours. Images of different
channels were acquired and data were analyzed using MetaMorph and ImageJ. The FRET sig-
nal reflecting RhoA activity is shown.
(AVI)

S2 Movie. Abl inhibitor STI571 suppresses HGF-induced RhoA activation.MDCK-FRET
cells were grown in medium without doxycycline to induce the expression of RhoA FRET re-
porter. Cells were serum-starved overnight and treated with 50 ng/ml HGF for 3 hours in the
presence of 10μm STI571. Images of different channels were acquired and data were analyzed
using MetaMorph and ImageJ. The FRET signal reflecting RhoA activity is shown. Compare to
S1 Movie.
(AVI)

S3 Movie. HGF-induced RhoA activation (control for S4 Movie).MDCK-FRET cells were
grown in medium without doxycycline to induce the expression of RhoA FRET reporter. Cells
were serum-starved overnight and treated with 50 ng/ml HGF for 3 hours in the presence of
control DMSO-containing media. Images of different channels were acquired and data were
analyzed using MetaMorph and ImageJ. The FRET signal reflecting RhoA activity is shown.
(AVI)

S4 Movie. Abl inhibitor GNF2 suppresses HGF-induced RhoA activation.MDCK-FRET
cells were grown in medium without doxycycline to induce the expression of RhoA FRET re-
porter. Cells were serum-starved overnight and treated with 50 ng/ml HGF for 3 hours in the
presence of 20μmGNF2. Images of different channels were acquired and data were analyzed
using MetaMorph and ImageJ. The FRET signal reflecting RhoA activity is shown. Compare to
S3 Movie.
(AVI)
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