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c-Src activates Ras-MAPK/ERK signaling pathway and regulates cell migration, while trihydrophobin 1 (TH1) inhibits MAPK/
ERK activation and cell migration through interaction with A-Raf and PAK1 and inhibiting their kinase activities. Here we
show that c-Src interacts with TH1 by GST-pull down assay, coimmunoprecipitation and confocal microscopy assay. The
interaction leads to phosphorylation of TH1 at Tyr-6 in vivo and in vitro. Phosphorylation of TH1 decreases its association
with A-Raf and PAK1. Further study reveals that Tyr-6 phosphorylation of TH1 reduces its inhibition on MAPK/ERK signaling,
enhances ¢-Src mediated cell migration. Moreover, induced tyrosine phosphorylation of TH1 has been found by EGF and
estrogen treatments. Taken together, our findings demonstrate a novel mechanism for the comprehensive regulation of
Ras/Raf/MEK/ERK signaling and cell migration involving tyrosine phosphorylation of TH1 by c-Src.
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Introduction

c-Src is a non-receptor tyrosine kinase and prototype of the Src
family kinases (SFKs). Three SFKs, Src, Yes and Fyn, are
ubiquitously expressed, whereas the others, including Lyn, Lck,
Hck and BIk, are mainly expressed in non-adherent cells of the
haematopoietic system. SFKs play key roles in cell proliferation,
survival, adhesion, morphology and motility [1,2]. Src knockout
mice die within the first week after birth and show defects in

osteoclast development resulting in osteopetrosis [3]. Expression of

constitutive active mutant of c-Src promotes cell proliferation and
migration [4,5,6,7]. Interestingly, v-Src, the viral homologue of the
cellular proto-oncogene c-Src encoded by the avian Rous Sarcoma
Virus (RSV), is constitutively activated and causes tumor in
chickens [8]. Elevated c-Src expression and increased kinase
activity have been found in several human cancers and a
constitutively activated c-Src mutant was recently identified in
human colon carcinoma [9].

The Src family proteins are characterized by four highly
conserved Src homology (SH) domains termed SHI1 to SH4
[1,10]. The N-terminal SH4 domain contains a myristoyl group
involved in membrane localization. The SH3 and SH2 domains
are protein—protein interaction domains, binding with proline rich
sequences and phosphotyrosine containing motifs, respectively. A
proline-rich linker connects SH2 domain with SH1 domain, the
protein kinase domain. The short C-terminal regulatory tail
contains Tyr-527, allowing intramolecular interaction with SH2
domain upon phosphorylation [1,10,11,12,13]. This interaction
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and binding of linker to SH3 domain stabilize an inactive closed
conformation of c-Src. Competitors for SH2 or SH3 domain and
dephosphorylation of Tyr527 by protein tyrosine phosphatases
(PTP) result in opening of c-Src and partial activation of its kinase
activity [2]. Moreover, complete activation of c-Src requires
additional autophosphorylation of c-Src at Tyr-416, located in the
activation loop of the catalytic centre. Interestingly, phosphoryla-
tion of Tyr-527 by the C-terminal Src kinase, CSK, together with
dephosphorylation of Tyr-416 by PTP, negatively regulates c-Src
kinase activity [13,14].

The human trihydrophobin 1 (TH1) gene is the homolog of
Drosophila TH1, which was originally identified during positional
cloning of mei-41 [15,16]. Further characterization by Bonthron’s
group demonstrated that the TH1 gene was highly conserved from
Drosophila to human in sequence comparison, but not found in
Caenorhabditis elegans [17]. An independent study indicated that
THI1 was NELF-C/D, an integral subunit of the human negative
elongation factor (NELF) complex [18], which is a four-subunit
transcription factor, designated NELF-A, -B, -C/D, and -E in
human and Drosophila. NELF complex was reported to associate
with RNP polymerase II to induce transcriptional pausing at
HSP70 promoter and estrogen receptor response element [19,20].

Recently, we reported that TH1 served as a negative regulator
of A-Raf and PAKI, inhibiting MEK/ERK signaling pathway
[21,22,23]. Interestingly, THI1 interacts with MEK1 and ERK
without directly suppressing their kinase activities [21]. Localized
in focal adhesions and filopodia at the leading edge of cells, TH1
inhibits MAPK/ERK-driven cell migration through impacting
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actin and adhesion dynamics [21]. Moreover, the expression of
THI negatively correlates with the aggressiveness of human breast
cancer cells and breast tumor tissues [24].

In this study, we identified THI as an interaction partner of c-
Src by immunoprecipitation and GST-pull down assay. Further
investigation revealed that c-Src directly phosphorylated TH1 at
Y6 in vivo and i vitro, which led to lowered association with A-Raf
and PAK. Dephosphorylated form of TH1 (TH1-Y6F) inhibited c-
Src mediated MAPK/ERK pathway activation, whereas phos-
phorylated form of TH1 did not inhibit. Moreover, c-Src driven
cell migration was attenuated by THI1-Y6F over-expression.
Induced tyrosine phosphorylation of THI1 was found by EGF
and estrogen treatments. In conclusion, we proposed a mechanism
for comprehensive regulation of Ras/Ratf/MEK/ERK signaling
and cell migration involving tyrosine phosphorylation of TH1 by
c-Src.

Results

¢-Src Interacts with TH1 in vivo and in vitro

In previous study, we demonstrated that THI served as a
regulatory protein in MAPK/ERK pathway [21,22]. To further
understand the function of THI, we performed several co-
immunoprecipitation assays, and identified c-Src as an interacting
partner of THI. To confirm the interaction, we cloned c-Src
cDNA into HA-tagged expression vector and THI ¢cDNA into
GFP-tagged expression vector, transfected GFP-tagged THI
expression vector into HEK293T cells with or without HA-tagged
c-Src expression vector. Figure 1A shows that HA-tagged c-Src
protein (HA-c-Src) was precipitated by anti-GFP antibodies only
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when GFP-tagged THI1 was co-expressed. In GST-pull down
assay (Figure 1B), GST-THI pulled down c-Src from HeLa cell
lysates, while GST alone did not, which further confirmed the
interaction between c-Src and THI1. As we expected, anti-THI
antibody precipitated c-Src directly from HelLa cell lysates
(Figure 1C), demonstrating endogenous c-Src and THI interac-
tion. To analyze the sub-cellular localization of endogenous c-Src
and TH1, we immunostained Hel.a cells with anti-TH]1 and anti-
c-Src antibodies and subsequent with FITC-conjugated goat anti-
rabbit IgG and Rodamine-conjugated goat anti-mouse IgG
secondary antibody. Under confocal microscope, yellow granules
were observed in HeLa cells, indicating colocalization of TH1 and
c-Src (Figure 1D). Taken together, these data indicate that TH1
interacts with c-Src i vitro and in vivo.

It has been demonstrated that c-Src stays in a close, inactive
state through auto-inhibition without stimuli, switches to an open
state upon stimulation, including serum and EGF [1,10,11,12].
Based on the data, we transfected GFP-THI1 into HEK293T cells
along with HA-c-Src wild-type(WT) or HA-c-Src active mutant
(Y527F) with or without serum for 18 h. Notably, TH1 did not
precipitate wild-type c-Src under serum deprivation condition,
whereas TH1 precipitated c-Src-Y527F under serum deprivation
condition (Figure 1E). These data suggest that the active state is
required for c-src interaction with TH1.

c-Src Phosphorylates TH1 in vivo and in vitro

To investigate whether THI is a bona fide substrate of c-Src, we
performed in cell phosphorylation assay. COS-7 cells were
transfected with Myc-TH1 and HA-c-Src or pcDNA3 empty
vector, precipitated by anti-Myc monoclonal antibody, immuno-
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Figure 1. Interaction of c-Src with TH1. (A) c-Src interacts with TH1. HEK293T cells were transiently transfected with GFP-TH1 and/or HA-c-Src as
described under “Experimental Procedures”. At 36 h after transfection, the cells were lysed, immunoprecipitated (IP) with 2 ug of anti-GFP antibody,
immunoblotted (IB) with an anti-HA antibody. (B) GST-pull down assay detects interaction of c-Src with TH1 in vitro. Recombinant GST-TH1 or GST
was incubated with Hela cell lysates, precipitated by glutathione-Sepharose beads. The proteins were subjected to western blot and probed with
anti-c-Src and anti-GST antibodies. (C) Interaction of endogenous c-Src with TH1 in Hela cells. HeLa cells were lysed, immunoprecipitated with rabbit
anti-TH1 antibody or control IgG. The proteins were subjected to western blot and probed with anti-c-Src antibody. (D) Colocalization of c-Src with
TH1. Hela cells were stained with anti-TH1 and anti-c-Src antibodies together with FITC-conjugated and Rhodamine-conjugated secondary
antibodies, observed under a confocal fluorescence microscope. FITC-TH1 shown in green, Rhodamine-c-Src shown in red, the overlay image shown
in yellow, Scale bar: 10 um. (E) Interaction of TH1 with c-Src mutant under serum deprivation condition. The 293T cells transfected with GFP-TH1 and
HA-c-Src mutant were serum starved or stimulated as indicated, immunoprecipitated with anti-GFP antibody, followed by western blot with anti-HA
antibody. All the data are representative of at least three independent experiments.

doi:10.1371/journal.pone.0029920.g001
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blotted with an anti-phosphotyrosine antibody (4G10). As shown
in Figure 2A, tyrosine phosphorylation of TH1 was observed in
cells co-expressing HA-c-Src, rather than in other control groups.
Furthermore, we utilized PP2, a c-Src-selective tyrosine kinase
inhibitor, to determine the specificity of TH1 phosphorylation by
c-Src. The results showed that PP2 completely blocked tyrosine
phosphorylation of THI1 by c-Src (Y527F) in HEK293T cells
(Figure 2B). Next, recombinant TH1 and human c-Src were
incubated with ATP for 30 min, which led to significant
phosphorylation of GST-THI i vitro (Figure 2C). Taken together,
these data indicate that c-Src phosphorylates TH]1 in vitro and in
vivo.

To further investigate whether the active state of c-Src is also
required for the phosphorylation of TH1, we transfected various
forms of HA-c-Src with Myc-TH1 into COS-7 cells, serum starved
for 18 h, followed by detecting tyrosine phosphorylation level of
TH]1 with the anti-phosphotyrosine antibody. Among three forms,
c-Sre-Y527F keeps its active state during serum deprivation, while
¢-Sre-WT and ¢-Src-K298R do not keep their active states during
serum deprivation [25]. As shown in Figure 2D, the phosphor-
ylation of TH1 was observed in cells co-expressing c-Src-Y527F,
whereas was not observed in cells co-expressing c-Src-W'T' and c-
Src-K298R, suggesting the open, active state of c-Src is also
required for the phosphorylation of THI.

c-Src Phosphorylates TH1 at Tyr-6
To determine the phosphorylation site of TH1, we constructed
3 Myc-tagged fragments of TH1: FL, full length (residue 1-581);
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F1, N-terminal domain (residue 1-300) and I?2, C-terminal
domain (residue 301-581). Next, we transfected HA-c-Src(Y527F)
into COS-7 cells with Myc-tagged TH1 fragments, precipitated
with anti-Myc antibody and detected phosphorylation of THI
with anti-phosphotyrosine antibody. As shown in Figure 3A, c-Src
phosphorylated both full length and N-terminal THI, except C-
terminal TH]1. To further narrow down the phosphorylation site,
we constructed F3, a short N-terminal domain (residue 1-180).
The results showed that F3 was sufficiently phosphorylated by c-
Src (Figure 3A), indicating c-Src phosphorylation sites were
located within N-terminal residue 1-300, possibly within 1-180
of THI1. We then utilized Netphos 2.0 (http://www.cbs.dtu.dk/
services/NetPhos/) to predict possible phosphorylation sites within
THI1 and got 4 potential phosphorylation sites: Y5, Y6, Y175 and
Y431. Based on this, THI1 point mutants including single mutants
(Y5F, Y6F, Y175F and Y431F) and a double mutant (Y6/431F),
generated by replacing Tyrosine with Phenylalanine, were
transfected into COS-7 cells along with c-Src (Y527F). After
precipitation, phosphorylation of THI mutants was measured by
the anti-phosphotyrosine antibody (4G10). Figure 3B showed that
the single mutant Y6F and the double mutant Y6/431F were
poorly phosphorylated, while the wild type THI and the other
THI1 mutants were strongly phosphorylated, suggesting Tyr-6 is
the major phosphorylation site. To further confirm phosphoryla-
tion of THI at Tyr-6 in vitro, various TH1 mutants, including
Y5F, Y6F, Y5/6F, Y175F and Y431F, were fused to GST,
constructed into pGEX-4T-1 vector, expressed in E. coli, purified
and incubated with recombinant active c-Src as described in
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Figure 2. Phosphorylation of TH1 by c-Src. (A) c-Src phosphorylates TH1. COS-7 cells transfected as indicated were lysed, precipitated with anti-
Myc antibody bound agarose beads, followed by western blot with anti-phosphotyrosine (4G10) and anti-Myc antibodies. (B) Tyrosine
phosphorylation of TH1 by c-Src is abolished by PP2, a specific inhibitor of c-Src. HEK293T cells transfected with GFP-TH1 and HA-c-Src(Y527F) were
treated with 10 uM PP2 for 30 min and then immunoprecipitated with anti-GFP antibody, followed by western blot with anti-phosphotyrosine (4G10)
and anti-GFP antibodies. (C) c-Src phosphorylates TH1 in vitro. Recombinant GST-TH1 or GST was incubated with recombinant c-Src (5 U) in a kinase
buffer as described under “Experimental Procedures”. The reaction mixtures were subjected to western blot and probed with anti-pY (4G10) antibody
(upper panel) and then the PVDF membrane was subjected to Coomassie brilliant blue R-250 staining (lower panel). (D) Phosphorylation of TH1 by c-
Src mutant under serum deprivation condition. COS-7 cells were transfected with Myc-tagged TH1 and HA-c-Src mutant as indicated, serum-starved
for 18 h, lysed and precipitated with anti-Myc antibody bound agarose beads, followed by western blot with anti-phosphotyrosine (4G10) and anti-
Myc antibodies. All the data are representative of at least three independent experiments.

doi:10.1371/journal.pone.0029920.g002
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Figure 3. c-Src phosphorylates TH1 at Tyr-6. (A) Phosphorylation of TH1 fragments by c-Src. COS-7 cells were transfected with HA-c-Src (Y527F)
and constructs expressing the indicated Myc-tagged TH1 fragments, immunoprecipitated with anti-Myc antibody, followed by western blot with anti-
phosphotyrosine and anti-Myc antibodies. (B) Tyr-6 is the major phosphorylation site for TH1. COS-7 cells were transfected with HA-c-Src (Y527F) and
constructs expressing the indicated Myc-tagged TH1 mutants, immunoprecipitated with anti-Myc antibody, followed by western blot with anti-
phosphotyrosine and anti-Myc antibodies. The quantification of immunoblot intensity is shown at the bottom panel. (C) c-Src phosphorylates TH1 at
Tyr-6 in vitro. Recombinant c-Src was incubated with GST-TH1 or GST-TH1 mutant as indicated at 30°C for 30 min and then subjected to western blot
and probed with anti-phosphotyrosine and anti-c-Src antibodies. Coomassie brilliant blue staining showed the input of GST-TH1 mutant proteins. All

the data are representative of at least three independent experiments.

doi:10.1371/journal.pone.0029920.9003

Material and Methods. Figure 3C showed that single mutant Y6F
and double mutant Y5/6F were not phosphorylated, while the
wild type THI and the other THI mutants were strongly
phosphorylated @ witro. Taken together, these data indicate that
c-Src phosphorylates TH1 at Tyr-6.

Tyr-6 Phosphorylation of TH1 Decreases Its Inhibition on
MAPK/ERK Signaling

To investigate biological impact of THI1 phosphorylation, we
constructed two Y6 mutant derivatives, Y6E (replacing Tyrosine
with Glutamic acid) to mimic constitutive phosphorylation and Y6F
to abolish phosphorylation. Our previous study demonstrated that
THI1 played an inhibitory role in MAPK/ERK signaling [21,24].
Therefore, we examined whether phosphorylation of TH1 played a
role in MAPK/ERK signaling. HeLa cells were transfected with
Myc-tagged various forms of TH1 (wild type THI, THI1-Y6E and
THI-Y6F), serum starved for 18 h, stimulated with or without
serum for 15 min. Phosphorylation of ERK was measured by an
antibody against phospho-ERK. Consistent with previous results,
wild type THI inhibited ERK phosphorylation (Figure 4A).
However, this inhibition of TH1 on ERK phosphorylation was
mostly abolished in THI-Y6E, the constitutive phosphorylation
form of TH1 (Figure 4A), suggesting Tyr-6 phosphorylation of TH1
decreases its inhibition on MAPK/ERK signaling.

@ PLoS ONE | www.plosone.org

It has been demonstrated that constitutive active c-Src triggers
sustained activation of ERK signaling [26,27]. To further
investigate the impact of TH1 phosphorylation on MAPK/ERK
signaling, we transfected HA-c-Src (Y527F) into HeLa cells with
TH1 or THI-Y6F (the dephosphorylated form of THI1), and
measured ERK phosphorylation. Compared with THI-WT,
THI1-Y6F further decreased ERK phosphorylation driven by
active c-Src (Y527F) (Figure 4B). We next investigated the time
course of inhibition of ERK phosphorylation by THI1-WT and
THI1-Y6F. HeLa cells over-expressed HA-c-Src were transfected
with control vector, THI-WT and THI-Y6F respectively, serum
starved for 18 h, and then stimulated with serum for 0, 1 min,
5 min, 15 min, 30 min and 60 min. After stimulation, ERK
phosphorylation was measured. As expected, TH1-WT inhibited
ERK phosphorylation driven by c-Src (Figure 4C). Interestingly,
THI1-Y6F further inhibited ERK phosphorylation and delayed
ERK phosphorylation until 15 min (Figure 4C).

Our previous study showed that TH1 interacted with A-Raf and
PAKI1. Through interaction, TH1 inhibited their kinase activities
and attenuated MAPK/ERK signaling [21,22]. To determine
whether phosphorylation of TH1 impacts its interaction with A-
Raf and PAKI1, we transfected HA-A-Raf, Myc-TH1-WT, Myc-
THI1-Y6F and c-Src (Y527F) into HeLa cells as indicated in
Figure 4D, measured THI association with A-Raf and PAKI.
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Figure 4. Tyr-6 phosphorylation of TH1 impairs its inhibition on MAPK/ERK signaling. (A) TH1-Y6E mutant lost its inhibition on ERK
phosphorylation. HeLa cells were transfected either with Myc-TH1-WT (wild type of TH1), with Myc-TH1-Y6E (the constitutive phosphorylation form of
TH1), or with TH1-Y6F (the dephosphorylation form of TH1) and then serum starved for 18 h, stimulated with or without 20% serum for 15 min, lysed,
followed by western blot with antibodies against phospho-ERK, total ERK and Myc. (B) TH1-Y6F mutant shows increased inhibition on ERK
phosphorylation. Hela cells transfected with Myc-TH1-WT or Myc-TH1-Y6F were cotransfected with HA-c-Src (Y527F), lysed, followed by western blot
with antibodies against phospho-ERK, total ERK, Myc and HA. (C) Time course of ERK phosphorylation. Hela cells transfected either with Myc-TH1-WT,
or with Myc-TH1-Y6F were cotransfected with HA-c-Src, serum starved for 18 h, stimulated with 20% serum for the indicated times. Cell lysates were
subjected to western blot with antibodies against phospho-ERK, total ERK, Myc and HA. (D) Phosphorylation of TH1 by c-Src decreases its interaction
with PAK1 and A-Raf. Hela cells transiently transfected with HA-A-Raf and Myc-TH1-WT or Myc-TH1-Y6F were cotransfected with c-Src (Y527F) or
control vector. At 36 h after transfection, cell lysates were immunoprecipitated with anti-Myc antibodies. Myc-TH1 associated HA-A-Raf or PAK1 was
monitored by anti-HA or anti-PAK1 antibody in the following western blot analyses. Whole cell lysates were also subjected to western blot with anti-
HA and anti-PAK1 antibodies. All the data are representative of at least three independent experiments.

doi:10.1371/journal.pone.0029920.9g004

Without c¢-Src over-expression, TH1-WT and TH1-Y6F precip-
itated similar amount of PAK1 and A-Raf. Interestingly, under c-
Src over-expression, TH1-WT precipitated much less amount of
PAKI1 and A-Raf when compared with THI-Y6F, the dephos-
phorylated form of TH1 (Figure 4D). It has been demonstrated
that the association between THI1 and A-Raf or PAKI1 was
important for TH1 to regulate their kinase activities [21,22]. Thus,
Tyr-6 phosphorylation of THI1 by c-Src decreases its interaction
with A-Raf and PAKI1, releases A-Raf and PAKI1 to perform their
biological functions, which may explain its decreased inhibition on

MAPK/ERK signaling.

Tyr-6 Phosphorylation of TH1 Impacts Its Stability

We next determined whether Tyr-6 phosphorylation of TH1
would impact its stability. As shown in Figure 5A, c-Src (Y527F)
over-expression lowered protein expression level of TH1, whereas,
c-Src (K298R) (the dominant negative mutant of c-Src [25]) did
not decrease. To further confirm the specificity of c-Src in this
inhibition, we utilized PP2, a c-Src inhibitor, and found that PP2
treatment blocked c¢-Src  (Y527F) mediated THI1 lowering
(Figure 5B). As expected, the dephosphorylation form of THI,
THI1-Y6F, was resistant to c-Src (Y527F) mediated TH1 lowering,
whereas, another un-relevant point mutation THI1-Y5F was not
resistant (Figure 5B).

To address whether c-Src (Y527F) driven THI1 lowering is
mediated through decreased TH1 stability, we treated HeLa cells
with cycloheximide (CHX), an inhibitor of protein synthesis,

@ PLoS ONE | www.plosone.org

investigated the time course of THI1 degradation. Figure 5C
showed that c-Src (Y527F) over-expression promoted degradation
of TH1 evidently. Interestingly, the dephosphorylated form of TH
(THI1-Y6F) was resistant to c-Src mediated TH1 degradation.
Moreover, half life of TH1-Y6F in the presence of c-Src (Y527F)
over-expression is longer than that of TH1-WT under the normal
condition without c-Src over-expression (Figure 5C lower panel vs.
upper panel). Taken together, these data indicate that tyrosine
phosphorylation of TH1 at Y6 impacts its stability.

Enhanced Cell Migration through Tyr-6 Phosphorylation
of TH1

Ectopic expression of TH1 was reported to affect cell adhesion
dynamics, which plays a critical role in cell migration guidance
[21]. To investigate whether THI1 phosphorylation by c-Src
participates in cell migration, we applied Transwell cell migration
assay [21]. Consistent with our previous results, THI over-
expression inhibited HelLa cell migration (Figure 6A). Compared
with THI-WT, the dephosphorylated form of THI, THI1-Y6F,
showed increased inhibition on c-Src (Y527F) driven Hela and
MCF-7 cell migration (Figure 6. B-C). Next we transfected TH1-
Y6E (the constitutive phosphorylation form of TH1) into Hel.a,
measured the impact of THI-Y6E on migration. Figure 6D
demonstrated that TH1 mediated inhibition on cell migration was
abolished by Y6E mutation. Taken together, these data indicated
that Tyr-6 phosphorylation of THI1 led to enhanced cell
migration.

January 2012 | Volume 7 | Issue 1 | e29920



HA-c-Src - Y527F K298R
Myc-TH1 + +  *

B My Mye-THA
IB:HA —w HA-c-Src

IB:GAPDH | @i e e GAPDH

B

HA-c-Src(Y527F) - - + + - + -+
PP2 - - - + - - - -
Myc-TH1 -

WT Y5F Y5F Y6F Y6F

-

Myc-TH1

HA-c-Src
| GAPDH

c-Src Phosphorylates Trihydrophobin 1

CHX 0’ 15' 30’ 60’ 120" 150’
I1B:Myc

Myc-TH1-WT
TH1-WT

IB:GFP GFP

1B:Myc Myc-TH1 WT

TH1-WT
¢-Sre(Y527F)

IB:HA HA-c-Src

IB:GFP GFP

1B:Myc Myc-TH1 Y6F

TH1-Y6F

¢-Sre(Y527F) | g-na

IB:GFP

HA-c-Src

GFP

Figure 5. Tyr-6 phosphorylation of TH1 impacts its stability in HeLa cells. (A) c-Src (Y527F) lowers TH1 expression level. HelLa cells
transiently transfected either with HA-c-Src (Y527F), with HA-c-Src (K298R), or with control vector were cotransfected with Myc-TH1 for 36 h,
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doi:10.1371/journal.pone.0029920.9005

Induced Tyrosine Phosphorylation of TH1 by EGF and
Estrogen Stimulations

To investigate the regulation of THI1 phosphorylation, we
transfected GFP-tagged THI1 expression vector into HEK293T
cells, serum starved for 18 h, and then stimulated with serum or
serum plus EGF for 15 min. After stimulation, tyrosine phosphor-
ylation of TH1 was measured. Interestingly, EGF plus serum
induced tyrosine phosphorylation of THI1 significantly, whereas
serum alone was not sufficient to induce tyrosine phosphorylation
of TH1 (Figure 7A). Meanwhile, A549 cells exhibited significant
tyrosine phosphorylation of endogenous TH1 by EGF treatment
(Figure 7B). We next treated serum and estrogen starved MCF-7
cells with estrogen for 2 min or EGF for 15 min. Both stimuli
induced rapid tyrosine phosphorylation of TH1 (Figure 7C).These
results indicate that THI1 serves as a downstream molecule for
EGF and estrogen receptor signaling, and its phosphorylation may
play a role in EGF and estrogen receptor signaling.

Discussion

The c-Src/Ras/ERK signaling pathway plays key role in the
regulation of cell migration, which is orchestrated at multi-levels
[4,28,29,30,31]. As an upstream kinase, c-Src phosphorylates
multiple substrates and activates MAPK/ERK cascade
[1,28,32,33]. In this study we show that c-Src interacts with and
phosphorylates TH1 at Tyr-6. Phosphorylation of TH1 decreases
its association with A-Rafand PAK 1, further decreases its inhibition
on MAPK/ERK signaling. Moreover, Tyr-6 phosphorylation of
TH1 enhances c-Src mediated cell migration, while TH1-Y6F, the
dephosphorylated form of TH1, shows increased inhibition on c-Src
mediated cell migration. The present data identify a novel
mechanism whereby c-Src promotes TH1 phosphorylation, impacts
its stability and decreases its inhibition on MAPK/ERK signaling.

@ PLoS ONE | www.plosone.org

Our previous studies have demonstrated that TH1 serves as an
interaction partner and a negative regulator of A-Raf and PAKI,
inhibiting MAPK/ERK signaling transduction [21,22,23]. Addi-
tionally, THI1 interacts with MEKI] and ERKI1/2 without
suppressing their kinase activities directly [21]. In contrast,
numerous studies have highlighted c-Src as an important activator
of MAPK/ERK signaling. Activated EGIFR family receptor
tyrosine kinases (RTKs) recruit and activate c-Src, and c-Src in
turn further activates RTKSs, stimulating MAPK/ERK signaling
[4,34]. c-Src is also activated by ligand-bound estrogen receptor
(ER), which stimulates rapid, transient recruitment of c-Src and
activates MAPK signaling [35]. In addition, the MAPK/ERK
cascade is a well-known target of FAK-Src signaling
[29,36,37,38]. The present study further reveals the mechanisms
of c-Src activating MAPK/ERK pathway. Spatial and temporal
phosphorylation of TH1 induced by EGF and estrogen might
participate in coordinate regulation of Ras/Raf/MEK/ERK
signaling by c-Src. Through phosphorylation of THI1 at Tyr-6,
c-Src suppresses inhibitory role of TH1 in MAPK/ERK pathway
to further enhance its own role in activating MAPK/ERK
signaling.

In addition to MAPK/ERK pathway, c-Src also regulates AKT
and JNK pathways. c-Src activates PI3-K and Akt in response to
GDNF [39], TRANCE [40] and VEGF [41], activates JNK
pathway under many stimuli, including saturated fatty acids [42]
and endothelin-1 [43]. Our group have shown that overexpression
or knockdown of TH1 had little effect on the phosphorylation of
Akt [24]. Whether c-Src effects on AKT and JNK pathways were
mvolved with TH1 needs further study.

Our previous results indicated that c-Src enhanced cell
migration through phosphorylation of THI1. Tyr-6 phosphoryla-
tion of TH1 led to decreased inhibition on cell migration, while
THI1-Y6F, the dephosphorylated form of THI, shows increased
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doi:10.1371/journal.pone.0029920.9g006

inhibition on c-Src mediated cell migration. The cell migration is
an integrated process that requires the coordinated regulation of
molecules, including kinases, phosphatases, scaffold
proteins and cell skeleton proteins [33,44]. During the process,
c-Src/Ras/ERK pathway plays key role, mediating phosphoryla-
tion of FAK, paxillin and pl130Crk-associated substrate (CAS),
recruiting key molecules to adhesion sites and regulating
organization of actin cytoskeleton [29,30,32,37,45]. In response
to the activation of v-Src, ERK was reported to be activated and
targeted to newly forming focal adhesion, promoting migration
through phosphorylating multiple substrates, including MLCK,
FAK, paxillin, and calpain, which localize in focal adhesions and
direct regulate turnover of focal adhesions and cytoskeleton
organization [30,46,47,48,49,50,51]. Localized in focal adhesions
and filopodia at the leading edge of cells, THI inhibits MAPK/
ERK-driven cell migration through repressing the activation of
MAPK/ERK pathway, and impacting actin and adhesion
dynamics [21,31]. Thus, Tyr-6 phosphorylation of THI by c-
Src further extends our understanding on the role of c-Src in cell

various
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migration. Interestingly, the stability effect of TH1 phosphoryla-
tion by c-Src demonstrated in Fig. 5 did not show up in other
figures. The possible explanation is that we used pervanadate, a
protein tyrosine phosphatase inhibitor, to prevent THI dephos-
phorylation in Fig. 5. The phosphorylated TH1 may have lowered
stability and rapid degradation. In the other experiments, we did
not use pervanadate, allowing rapid dephosphorylation of
phosphorylated TH1 by phosphatase. There may be a phosphor-
ylation-dephosphorylation balance impacting TH1 stability.
Previous study by Chu ¢t al. demonstrated that phosphorylation
of p27 by c-Src impaired its Cdk2 inhibitory action and reduced its
steady-state binding to Cyclin E-Cdk2 to facilitate Cyclin E-Cdk2-
dependent p27 proteolysis, serving as an alternative way for c-Src
promoting cell cycle progression [52]. Interestingly, they found
that that c-Src-activated breast cancer cell lines showed reduced
p27 expression and observed a correlation between c-Src
activation and reduced nuclear p27 in primary human breast
cancers [52]. Similar to their results, we found that phosphory-
lation of TH1 by c-Src showed a decreased association with A-Raf
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doi:10.1371/journal.pone.0029920.g007

and PAKI, and a decreased inhibition on MAPK/ERK signaling
and cell migration. In addition, our data revealed that estrogen
stimulation induced tyrosine phosphorylation of TH1 in human
breast cancer cells (Figure 7C). Given our previous observation
that TH1 expression was decreased in aggressive breast cancer cell
lines, and was negatively correlated to human breast tumor stage,
especially lymph node metastasis [24], the potential role of
phosphorylation of THI1 by c¢-Src in human breast cancers
warrants further investigation.

In addition to its role in negative regulation of MAPK signaling,
THI is an integral subunit of the human negative elongation
factor (NELF) complex [18,53]. When recruited to estrogen
receptor-responsive promoters, NELF complex acts to stall
RNAPII movement and attenuate estrogen receptor-dependent
transcription [20]. TH1 is the first subunit of NELF complex being
regulated by tyrosine phosphorylation. Furthermore, we observed
that NELF complex assembly was abnormal in the presence of
constitutive active c-Src (Wu et al., unpublished data), suggesting
possible role of c-Src in transcription elongation regulation.

In summary, the present study demonstrates that c-Src interacts
with and phosphorylates trihydrophobin 1. The Tyr-6 phosphor-
ylation of TH1 decreases its inhibition on MAPK/ERK signaling.
Moreover, Tyr-6 phosphorylation of THI1 enhances c-Src
mediated cell migration. Thus, phosphorylation of TH1 by c-Src
may serve as an alternative way for c-Src promoting MAPK/ERK
signaling and cell migration.

Materials and Methods

Reagents and Antibodies

Leupeptin, aprotinin, phenylmethylsulfonylfluoride, PP2, 17p-
estradiol were purchased from Sigma-Aldrich Inc (St. Louis, MO,
USA). Antibodies against ERK1/2, p-ERK 1/2 (Thr-202/Tyr-
204), PAK1, GST and HA were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Antibodies against c-Src

@ PLoS ONE | www.plosone.org

and phospho-Src (Tyr-416) were purchased from Cell Signaling
Technology (Danvers, MA, USA). Anti-Phosphotyrosine (4G10)
antibody was purchased from Millipore (Bedford, Mass, USA).
Antibodies against paxillin were purchased from Abcam. Anti-
bodies against Myc and pcDNAS3.1 vector were purchased from
Invitrogen (Carlsbad, CA, USA). Protein G-agarose and anti-GI'P
antibody were products of Roche Applied Science (Mannheim,
Germany). THI1 antiserum was described in previous studies
[21,23,24]. Other reagents were commercially available in China.

Cell Culture and Transfection

HEK293T, HelLa, COS-7, MCF-7, and A549 cell lines were
obtained from the Institute of Cell Biology Academic Sinica
(Shanghai, China). HEK293T, HeLa, and COS-7 cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin at 37°C in 5% COy. MCF-7 breast cancer cells were
cultured in 10% FBS-DMEM and supplemented with 0.01 mg/
ml insulin, and A549 lung cancer cells were cultured in RPMI-
1640 medium supplemented with 10% FBS. Cell transfection was
carried out using Lipofectamine 2000 (Invitrogen, Carlsbad, CA,
USA) according to manufacture’s instructions.

Plasmids Construction

Myc-tagged full length TH1 in pcDNAS3.1 vector and pEGFP-N3
vector containing a GFP tag were described in previous studies
[21,22]. Full length wild type c-Src, constitutive active c-Src (Y527F)
and kinase-dead c-Src (K298R) with or without HA-tag were
constructed into pcDNA3 as previously described [25]. THI
mutants were generated through replacement of specific TH1
tyrosine residue for phenylalanine by using a ‘bridge’ PCR method
as described previously [54]. The amplified products were subcloned
ito pCDNAS3.1 or PGEX-4T-1 vector. Mutagenic primers used for
THI include, TH1-Y431F Forward: 5'- TCAGAACCAAGGTT-
CTTTCAGCTGC-3" and Reverse: 5'- TCTGCAGCTGAAA-
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GAACCTTGGTTC-3', Y175F Forward: 5'-ATTTCTGACG-
CAGGGTTCCAGGGGG-3' and Reverse: 5'- CTGGTGATC-
TCCCCCTGGAACCCTG-3', Y5F Forward: 5'- ATGGACGA-
GGACTTCTACGGGAGCGCGG-3" and Reverse: 5'- GAGG-
ATCCGTTCACCATGATGAAG -3',Y6F Forward: 5'-ATGGA-
CGAGGACTACTTCGGGAGCGCGG-3' and Reverse: 5'- GA-
GGATCCGTTCACCATGATGAAG -3',Y5/6F Forward: 5'- A-
TGGACGAGGACTTCTTCGGGAGCGCGG-3" and Reverse:
5'- GAGGATCCGTTCACCATGATGAAG -3', The double
mutant TH1 Y6/431F was generated by sequentially using the
single mutant TH1 Y431F as Template. All the constructs were
confirmed by sequencing.

Immunoprecipitation Assay

Immunoprecipitation assay was performed as previously
described [21,22]. Briefly, 36 h after transfection, cells were lysed
with 0.5 ml of IP lysis buffer (50 mM Tris-HCI, pH 7.5, 150 mM
NaCl, 0.1% Nonidet P-40, 5 mM EDTA, 5 mM EGTA, 15 mM
MgCly, 60 mM beta-glycerophosphate, 0.1 mM sodium orthova-
nadate, 0.1 mM NakF, 0.1 mM benzamide, 10 pg/ml aprotinin,
10 pg/ml leupeptin, 10 pg/ml phenylmethylsulfonyl fluoride) for
1.5 h at 4°C. The whole cell lysates were incubated first with
indicated antibody at 4°C for 1 h and then with protein G-agarose
beads at 4°C overnight. The bound proteins were eluted by boiling
in SDS sample buffer and detected by western blot assay.

Western Blot Assay

Western blot experiments were performed as previously
described [21,22]. Briefly, the cells were lysed in SDS lysis buffer
(40 mM Tris pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% SDS,
1 mM aprotinin, 1 mM PMSF and 10 pg/ml leupeptin). Cell
lysates were separated by electrophoresis in 8% or 10% SDS-
PAGE and then transferred to a PVDF membrane (Roche
Applied Science). After blocking with 5% nonfat milk, the
membrane was incubated with indicated antibody and then
developed using the enhanced chemiluminescent (ECL) assay kit.

Immunofluorescence Assay

Cells were processed for immunofluorescence assay as described
previously [21,22]. The antibodies used here were rabbit anti-
TH1 (1:200) antibody, FITC-conjugated goat anti-rabbit IgG
(1:200) secondary antibody, mouse anti-c-Src (1:100) antibody and
Rhodamine-conjugated goat anti-mouse IgG (1:200) secondary
antibody. The cells were mounted on glass slides using
Fluoromount mounting medium (Sigma-Aldrich, St. Louis,
MO). The images of stained cells were captured using a Leica
TCS SP5 confocal microscope.

GST-Pull Down Assay and Expression of Recombinant
Proteins

The recombinant GST-tagged wild type TH1 and mutants
were expressed by isopropyl-thiogalactoside (IPT'G) induction of
Escherichia coli containing the corresponding pGEX-4T-1 con-
structs, purified by Glutathione-Sepharose 4B beads according to
the manufacture’s instruction (GE Healthcare life science). As for
GST-pull down assay, purified GST-tagged proteins (5 pug) were
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incubated with HeLa cell lysates, precipitated by glutathione-
Sepharose 4B beads. The unbound proteins were removed by
washing the beads three times with IP lysis buffer, whereas
retained proteins were resolved by SDS-PAGE and analyzed by
Western blot.

Phosphorylation Assay

Thirty-six hours after transfection, cells were trypsinized and
washed three times with ice-cold PBS. Cell pellets were suspended
in RIPA buffer (150 mM NaCl, 1% NP- 40, 0.5% deoxycholate,
0.1% SDS, 50 mM Tris—HCI, pH 7.5) with additional 1% SDS
and boiled for 10 min to disrupt protein—protein interaction. The
lysates were further diluted with ten volumes of RIPA buffer,
sonicated on ice, clarified by centrifugation, pre-cleared with
Protein-G agarose for 45 min at 4°C and immunoprecipitated
with indicated antibody. The immunoprecipitated proteins
together with whole cell lysates (40 ng) were analyzed by western
blots using anti-Phosphotyrosine (4G10) antibody.

In vitro Kinase Assay

Purified GST, GST-TH1 or GST-THI mutant (5 pug) was
incubated with recombinant human c-Src (5 U, from Millipore,
Bedford, MA) in 30 pl kinase buffer (10 mM HEPES, pH 7.5,
150 mM NaCl, 2.5 mM DTT, 0.01% Triton X-100, 10 mM
MnCly, 100 uM ATP) for 30 minutes at 30°C. The reaction was
stopped by adding SDS sample buffer and boiling for 5 min.
Samples were subjected to SDS-PAGE on 8% gels and transferred
onto PVDF membranes for western blot using anti-Phosphotyr-
osine (4G10) antibody.

Transwell Cell Migration Assay

Transwell assay was performed as described previously [21]
using Boyden chambers (tissue culture-treated, 6.5-mm diameter,
10-pum thickness, 8-um pores from Costar Corp, Cambridge, MA)
containing polycarbonate membranes. Briefly, serum starved
HeLa cells were trypsinized and counted. Then 100 ul of 10°
cells in serum-free medium were added to the upper chamber and
500 ul of the appropriate medium with 10% FBS was added to the
lower chamber. The Transwell was incubated for 18 h at 37°C.
Non-migratory cells on the upper membrane surface were
removed with a cotton swab, and the migratory cells on the
undersurface of the membrane were fixed and stained with 0.1%
crystal violet for 20 min at room temperature. Photographs of 6
random regions were taken, and the number of cells was counted
to calculate the average number of migrated cells.

Acknowledgments

We thank Dr. Jonathon Chernoff for providing critical plasmids for the
completion of these studies. We also thank Yun Hu for secretarial work.

Author Contributions

Conceived and designed the experiments: WW JG SZ. Performed the
experiments: WW ZS JW XP HG. Analyzed the data: WW ZS JG SZ.
Contributed reagents/materials/analysis tools: CZ L] JX HZ SR. Wrote
the paper: WW SZ.

4. Ishizawar R, Parsons SJ (2004) c-Src and cooperating partners in human cancer.
Cancer Cell 6: 209-214.

5. Mayer EL, Krop IE (2010) Advances in targeting SRC in the treatment of breast
cancer and other solid malignancies. Clin Cancer Res 16: 3526-3532.

6. Chen J (2008) Is Src the key to understanding metastasis and developing new
treatments for colon cancer? Nat Clin Pract Gastroenterol Hepatol 5: 306-307.

January 2012 | Volume 7 | Issue 1 | e29920



27.

28.

29.

30.

31.

. Kim LC, Song L, Haura EB (2009) Src kinases as therapeutic targets for cancer.

Nat Rev Clin Oncol 6: 587-595.

. Martin GS (2001) The hunting of the Src. Nat Rev Mol Cell Biol 2: 467-475.
. Irby RB, Yeatman TJ (2000) Role of Src expression and activation in human

cancer. Oncogene 19: 5636-5642.

Sicheri F, Kuriyan J (1997) Structures of Src-family tyrosine kinases. Curr Opin
Struct Biol 7: 777-785.

“ole PA, Shen K, Qiao Y, Wang D (2003) Protein tyrosine kinases Src and Cisk:
a tail’s tale. Curr Opin Chem Biol 7: 580-585.

. Bjorge JD, Jakymiw A, Fujita DJ (2000) Selected glimpses into the activation and

function of Src kinase. Oncogene 19: 5620-5635.
Sun G, Sharma AK, Budde RJ (1998) Autophosphorylation of Src and Yes
blocks their inactivation by Csk phosphorylation. Oncogene 17: 1587-1595.

. Chong YP, Ia KK, Mulhern TD, Cheng HC (2005) Endogenous and synthetic

inhibitors of the Src-family protein tyrosine kinases. Biochim Biophys Acta 1754:
210-220.

. Banga SS, Yamamoto AH, Mason JM, Boyd JB (1995) Molecular cloning of

mei-41, a gene that influences both somatic and germline chromosome
metabolism of Drosophila melanogaster. Mol Gen Genet 246: 148-155.

. Hari KL, Santerre A, Sekelsky JJ, McKim KS, Boyd JB, et al. (1995) The mei-41

gene of D. melanogaster is a structural and functional homolog of the human
ataxia telangiectasia gene. Cell 82: 815-821.

. Bonthron DT, Hayward BE, Moran V, Strain L (2000) Characterization of TH1

and CTSZ, two non-imprinted genes downstream of GNASI in chromosome
20q13. Hum Genet 107: 165-175.

. Narita T, Yamaguchi Y, Yano K, Sugimoto S, Chanarat S, et al. (2003) Human

transcription elongation factor NELF: identification of novel subunits and
reconstitution of the functionally active complex. Mol Cell Biol 23: 1863-1873.

. Wu CH, Yamaguchi Y, Benjamin LR, Horvat-Gordon M, Washinsky J, et al.

(2003) NELF and DSIF cause promoter proximal pausing on the hsp70
promoter in Drosophila. Genes Dev 17: 1402-1414.

. Aiyar SE, Sun JL, Blair AL, Moskaluk CA, Lu YZ, et al. (2004) Attenuation of

estrogen receptor alpha-mediated transcription through estrogen-stimulated
recruitment of a negative elongation factor. Genes Dev 18: 2134-2146.

. Cheng C, Kong X, Wang H, Gan H, Hao Y, et al. (2009) Trihydrophobin 1

Interacts with PAK1 and Regulates ERK/MAPK Activation and Cell
Migration. J Biol Chem 284: 8786-8796.

. Liu W, Shen X, Yang Y, Yin X, Xie J, et al. (2004) Trihydrophobin 1 is a new

negative regulator of A-Raf kinase. ] Biol Chem 279: 10167-10175.

. Yin XL, Chen S, Gu JX (2002) Identification of THI as an interaction partner

of A-Raf kinase. Mol Cell Biochem 231: 69-74.

. Zou W, Yang Y, Wu Y, Sun L, Chi Y, et al. (2010) Negative role of

trihydrophobin 1 in breast cancer growth and migration. Cancer Sci 101:
2156-2162.

. Chen Y, Long H, Wu Z, Jiang X, Ma L (2008) EGF transregulates opioid

receptors through EGFR-mediated GRK2 phosphorylation and activation. Mol
Biol Cell 19: 2973-2983.

5. Fincham VJ, Frame MC (1998) The catalytic activity of Src is dispensable for

translocation to focal adhesions but controls the turnover of these structures
during cell motility. Embo J 17: 81-92.

Fincham VJ, Unlu M, Brunton VG, Pitts JD, Wyke JA, et al. (1996)
Translocation of Src kinase to the cell periphery is mediated by the actin
cytoskeleton under the control of the Rho family of small G proteins. J Cell Biol
135: 1551-1564.

Huveneers S, Danen EH (2009) Adhesion signaling - crosstalk between integrins,
Src and Rho. J Cell Sci 122: 1059-1069.

Webb DJ, Donais K, Whitmore LA, Thomas SM, Turner CE, et al. (2004)
FAK-Src signalling through paxillin, ERK and MLCK regulates adhesion
disassembly. Nat Cell Biol 6: 154-161.

Fincham VJ, James M, Frame MC, Winder SJ (2000) Active ERK/MAP kinase
is targeted to newly forming cell-matrix adhesions by integrin engagement and v-
Src. Embo J 19: 2911-2923.

Vial E, Sahai E, Marshall CJ (2003) ERK-MAPK signaling coordinately
regulates activity of Racl and RhoA for tumor cell motility. Cancer Cell 4:
67-79.

@ PLoS ONE | www.plosone.org

10

32.

39.

40.

41.

42,

43.

44.

46.

47.

48.

49.

54.

c-Src Phosphorylates Trihydrophobin 1

Bellis SL, Miller JT, Turner CE (1995) Characterization of tyrosine
phosphorylation of paxillin in vitro by focal adhesion kinase. J Biol Chem
270: 17437-17441.

. Webb DJ, Parsons JT, Horwitz AF (2002) Adhesion assembly, disassembly and

turnover in migrating cells — over and over and over again. Nat Cell Biol 4:

£97-100.

. Bromann PA, Korkaya H, Courtneidge SA (2004) The interplay between Src

family kinases and receptor tyrosine kinases. Oncogene 23: 7957-7968.

. Migliaccio A, Di Domenico M, Castoria G, de Falco A, Bontempo P, et al.

(1996) Tyrosine kinase/p2lras/MAP-kinase pathway activation by estradiol-
receptor complex in MCF-7 cells. Embo J 15: 1292-1300.

. Playford MP, Schaller MD (2004) The interplay between Src and integrins in

normal and tumor biology. Oncogene 23: 7928-7946.

. Avizienyte E, Frame MC (2005) Src and FAK signalling controls adhesion fate

and the epithelial-to-mesenchymal transition. Curr Opin Cell Biol 17: 542-547.
Schlaepfer DD, Hauck CR, Sieg DJ (1999) Signaling through focal adhesion
kinase. Prog Biophys Mol Biol 71: 435-478.

Melillo RM, Barone MV, Lupoli G, Cirafici AM, Carlomagno F, et al. (1999)
Ret-mediated mitogenesis requires Src kinase activity. Cancer Res 59:
1120-1126.

Wong BR, Besser D, Kim N, Arron JR, Vologodskaia M, et al. (1999)
TRANCE, a TNF family member, activates Akt/PKB through a signaling
complex involving TRAF6 and c-Src. Mol Cell 4: 1041-1049.

Abu-Ghazaleh R, Kabir J, Jia H, Lobo M, Zachary I (2001) Src mediates
stimulation by vascular endothelial growth factor of the phosphorylation of focal
adhesion kinase at tyrosine 861, and migration and anti-apoptosis in endothelial
cells. Biochem J 360: 255-264.

Holzer RG, Park EJ, Li N, Tran H, Chen M, et al. (2011) Saturated fatty acids
induce c-Src clustering within membrane subdomains, leading to JNK
activation. Cell 147: 173-184.

Kodama H, Fukuda K, Takahashi E, Tahara S, Tomita Y, et al. (2003) Selective
involvement of p130Cas/Crk/Pyk2/c-Src in endothelin-1-induced JNK activa-
tion. Hypertension 41: 1372-1379.

Lauffenburger DA, Horwitz AF (1996) Cell migration: a physically integrated
molecular process. Cell 84: 359-369.

. Cary LA, Han DC, Polte TR, Hanks SK, Guan JL (1998) Identification of

p130Cas as a mediator of focal adhesion kinase-promoted cell migration. J Cell
Biol 140: 211-221.

Klemke RL, Cai S, Giannini AL, Gallagher PJ], de Lanerolle P, et al. (1997)
Regulation of cell motility by mitogen-activated protein kinase. J Cell Biol 137:
481-492.

Yu CF, Liu ZX, Cantley LG (2002) ERK negatively regulates the epidermal
growth factor-mediated interaction of Gabl and the phosphatidylinositol 3-
kinase. J Biol Chem 277: 19382-19388.

Hunger-Glaser I, Salazar EP, Sinnett-Smith J, Rozengurt E (2003) Bombesin,
lysophosphatidic acid, and epidermal growth factor rapidly stimulate focal
adhesion kinase phosphorylation at Ser-910: requirement for ERK activation.
J Biol Chem 278: 22631-22643.

Glading A, Bodnar R]J, Reynolds 1], Shiraha H, Satish L, et al. (2004) Epidermal
growth factor activates m-calpain (calpain II), at least in part, by extracellular
signal-regulated kinase-mediated phosphorylation. Mol Cell Biol 24: 2499-2512.

. Carragher NO, Westhoff MA, Fincham V], Schaller MD, Frame MC (2003) A

novel role for FAK as a protease-targeting adaptor protein: regulation by p42
ERK and Src. Curr Biol 13: 1442-1450.

. Huang C, Jacobson K, Schaller MD (2004) MAP kinases and cell migration.

J Cell Sci 117: 4619-4628.

. Chu I, Sun J, Arnaout A, Kahn H, Hanna W, et al. (2007) p27 phosphorylation

by Src regulates inhibition of cyclin E-Cidk2. Cell 128: 281-294.

. Yamaguchi Y, Takagi T, Wada T, Yano K, Furuya A, et al. (1999) NELF, a

multisubunit complex containing RD, cooperates with DSIF to repress RNA
polymerase II elongation. Cell 97: 41-51.

Penela P, Elorza A, Sarnago S, Mayor F, Jr. (2001) Beta-arrestin- and c-Src-
dependent degradation of G-protein-coupled receptor kinase 2. Embo J 20:
5129-5138.

January 2012 | Volume 7 | Issue 1 | €29920



