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Whether RET is able to directly phosphorylate and activate
downstream targets independently of the binding of proteins
that contain Src homology 2 or phosphotyrosine binding do-
mains and whethermechanisms in trans by cytoplasmic kinases
can modulate RET function and signaling remain largely unex-
plored. In this study, oligopeptide arrays were used to screen
substrates directly phosphorylated by purified recombinant
wild-type and oncogenic RET kinase domain in the presence or
absence of small molecule inhibitors. The results of the peptide
array were validated by enzyme kinetics, in vitro kinase, and
cell-based experiments. The identification of focal adhesion
kinase (FAK) as a direct substrate for RET kinase revealed (i) a
RET-FAK transactivationmechanism consisting of direct phos-
phorylation of FAK Tyr-576/577 by RET and a reciprocal phos-
phorylation of RET by FAK, which crucially is able to rescue the
kinase-impaired RET K758M mutant and (ii) that FAK binds
RET via its FERMdomain. Interestingly, this interaction is abol-
ished upon RET phosphorylation, indicating that RET binding
to the FERM domain of FAK is a priming step for RET-FAK
transactivation. Finally, our data indicate that FAK inhibitors
could be used as potential therapeutic agents for patients with
multiple endocrine neoplasia type 2 tumors because both, treat-
ment with the FAK kinase inhibitor NVP-TAE226 and FAK
down-regulation by siRNA reduced RET phosphorylation and
signaling as well as the proliferation and survival of tumor and
transfected cell lines expressing oncogenic RET.

Receptor tyrosine kinases (RTKs)2 are key molecules for the
recognition and transduction of external signals across the

plasma membrane. Thus, RTKs play an essential role in regu-
lating fundamental cellular and biological processes in the cell,
such as cell proliferation, cell cycle, cell migration, metabolism,
and survival (1). Once stimulated by their cognate ligands, acti-
vation of the kinase domain leads to trans-phosphorylation of
specific tyrosine residues within the activation segment of the
kinase domain and the C-terminal tail. These phosphotyrosine
residues serve as docking sites for adaptor and signaling pro-
teins that contain Src homology domain 2 (SH2) or phospho-
tyrosine binding (PTB) domains triggering the activation of
intracellular signaling cascades (1, 2). The selective and specific
recognition of short peptide motifs in RTKs by proteins con-
taining modular interaction domains has been an area of
intense study over recent years in the kinase signaling field (3).
However, whether RTKs are able to directly phosphorylate and
activate downstream targets and whether mechanisms in trans
by cytoplasmic kinases can regulate activation and signaling by
RTKs remain to be evaluated.
RET (rearranged during transfection) is an RTK expressed

and required during early development for the formation of
neural crest-derived lineages, kidney organogenesis, and sper-
matogenesis (4–6). To date, a family of glial cell-derived neu-
rotrophic factor (GDNF) ligands, which includes GDNF,
ARTN,NRTN, and PSPN, and a family of glycosylphosphatidy-
linositol-linked co-receptors, GFR�1 to -4, have been identified
(7). A large number of studies have established a canonical
model for the mechanism of RET activation and signaling.
Ligand�co-receptor�RETcomplex formation results in transient
RET dimerization, activation of the RET tyrosine kinase
domain, and autophosphorylation of intracellular tyrosine res-
idues. These phosphotyrosine residues act as docking sites for
SH2 and PTB domain-containing proteins that, in turn, trigger
the activation of downstream signaling pathways, such as the
Ras/MAPK/ERK1/2, PI3K/AKT, JNK, p38SAPK, STAT3, SRC,
ERK5, and phospholipase C� pathways (6, 8, 9). Gene amplifi-
cation, overexpression, or mutations that lead to aberrant sig-
naling are responsible for the acquired transforming potential
of oncogenic RTKs (8). In the case of RET, germ line missense-
activating pointmutations cause the cancer syndromemultiple
endocrine neoplasia type 2 (MEN2). Three mutation-specific
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disease phenotypes can be recognized: MEN2A,MEN2B, and a
familial form of medullary thyroid carcinoma (9). Despite a
clear correlation between the phenotype of these diseases and
the different RET oncogenic mutations, the molecular mecha-
nisms that connect the different RET mutants with their phe-
notype are not well understood.
In this study, we have used peptide arrays to screen for sub-

strates directly phosphorylated by purified recombinant wild-
type (WT) RET kinase domain and a kinase domain containing
the oncogenic V804M gatekeeper mutation (10) to address the
following questions: (i) Can RET directly phosphorylate and
activate downstream targets independent of the binding of SH2
or PTB domain-containing docking proteins? (ii) Can feedback
mechanisms by cytoplasmic kinases modulate RET activation
and function? (iii) Are these phosphorylation events and feed-
back mechanisms potentiated by oncogenic mutations in RET
and hence required for the malignant phenotype of oncogenic
RET-driven tumor cells?

EXPERIMENTAL PROCEDURES

Oligopeptide Kinase Array—Experiments were carried out
using a 96-array semiautomated system (PamStation 96,
PamGene, ’s-Hertogenbosch, The Netherlands). The PamChip
array contains 144 oligopeptide-tyrosine kinase target se-
quences per slide, representing SH2 and PTB domain-contain-
ing proteins, non-SH2 and PTB domain-containing proteins,
and RTKs, immobilized on a porous microarray surface
through the peptide N terminus, representing a platform of
tyrosine kinase substrates. Each array was blocked with 0.2%
bovine serum albumin (BSA), fraction V (Calbiochem Immu-
nochemicals,MerckKGaA,Darmstadt, Germany), by pumping
it through the porous microarray for 30 cycles of 60 s each and
then washed twice with ABL protein-tyrosine kinase reaction
buffer solution (New England Biolabs, Ipswich, MA). Incuba-
tion with kinases was carried out as described previously (11–
13) using 80 ng of soluble recombinant protein/array at 30 °C.
Samples were pulsed back and forth through the porous mate-
rial for 60 cycles to maximize reaction kinetics and to reduce
analysis time. Phosphorylated peptides on the PamChip were
recognized using a phosphotyrosine FITC-conjugated anti-
body. At every fifth pump cycle, a 16-bit TIFF image was taken
with a built-in CCD camera (PamGene). Inhibitory experi-
ments were carried out with the indicated small molecule
inhibitors (see “Cell Lines and Reagents”). Each inhibitor was
mixed with the reaction mixture to the indicated final concen-
trations just before incubation on the array. Acquired data from
the PamStation 96 were captured with the supplied software
package BioNavigator (version 0.3.1; PamGene) and exported
to Excel for further analysis.
In Vitro Kinase Assays and Enzyme Kinetics Experiments—

Baculovirus recombinant RETWTandV804Mkinase domains
were expressed in Sf9 cells, purified, and assayed using an
ELISA-based kinase test, as described previously (14–16).
Recombinant full-length focal adhesion kinase (FAK) was pur-
chased from Cell Signaling Technology. Unless otherwise
stated, in vitro kinase assayswere performed by incubating RET
and FAK at 30 °C for 15 min in reaction buffer (25 mM Hepes,
pH 7, 1mMMnCl2, 5mMMgCl2) with orwithout FAK inhibitor

NVP-TAE226 and 150 �M ATP. The kinase reaction was
stopped by the addition of Laemmli buffer, and the sample was
then heated for 5 min at 95 °C and loaded onto SDS-PAGE,
transferred to a nitrocellulose membrane, and probed with
the indicated antibodies. Enzyme kinetic experiments were
performed as described previously (16). Briefly, rates of phos-
phorylation by RET kinase were determined using a continu-
ous ADP-coupled kinase assay with a FAK (FAK(569–
581)_Y576/7; RYMEDSTYYKASK) peptide.
GST Pull-down Experiments—Wild-type and mutant GST-

FAK N-terminal domain proteins (amino acids 1–405), con-
taining the FERM domain of FAK (hereafter called GST-
FERM-FAK), were expressed as described previously (17). For
binding assays, recombinant WT RET kinase domain (300 �g)
was incubated with GST-FERM-FAK (200 �g) immobilized on
glutathione-agarose beads in 20 mM Tris-HCl, 100 mM NaCl,
and 1 mM DTT (buffer A) for 90 min rotating at 4 °C. Beads
were spun down at 500 rpm for 5 min and washed five times
with buffer A. Samples (5 �l) were loaded onto SDS-polyacryl-
amide gels and stained with Coomassie dye.
Cell Lines and Reagents—HEK293 (human embryonic kid-

ney) parental and transfected cell lines were cultured inDMEM
(Invitrogen) supplemented with 10% fetal bovine serum (FBS;
Invitrogen) and 500 �g/ml G418 (Invitrogen) for selection of
transfected clones.MZ-CRC-1 cellswere grown inDMEMsup-
plemented with 20% FBS. Sorafenib (BAY 43-9006) was pro-
vided by BayerHealthCare Pharmaceuticals (WestHaven, CT).
The FAK inhibitorNVP-TAE226 and the tyrosine kinase inhib-
itor STI571 were provided by Novartis (Basel, Switzerland),
AG490 and PP1 were from Promega (Madison, WI). The fol-
lowing antibodies were used: phospho-Tyr-1062 RET (Santa
Cruz Biotechnology, Inc., Santa Cruz, CA), ERK1/2, phospho-
ERK1/2, FAK, phospho-Tyr-576/577 FAK, phospho-Tyr-397
FAK, phospho-Tyr-925 FAK, SRC, phospho-Tyr-416 SRC, p38
and phospho-p38, JNK and phospho-JNK, RET (C31B4) (Cell
Signaling Technology, New England Biolabs), anti-HisG (Invit-
rogen), Alexa488 anti-rabbit Ig, Alexa555 anti-mouse, and
Alexa647-conjugated phalloidin (Molecular Probes, Inc.,
Eugene, OR).
Cell Assays—For cell proliferation assays, 2.5 � 105 of MZ-

CRC-1 cells were plated in 12-well plates in the presence of
increasing concentrations of NVP-TAE226 or vehicle (DMSO,
1:1000). Cell proliferation was determined by counting cells
with a hemocytometer at days 1, 2, 4, 8, and 10. For three-
dimensional culture, we followed the same protocol as
described previously (18). Briefly, 0.2 ml of growth factor-en-
richedMatrigel (BDBiosciences) diluted 1:1 in PBSperwell was
plated into 24-well tissue culture dishes and left at 37 °C for 2–3
h. Next, 2.5 � 104 cells/well were single cell-seeded and cul-
tured under the indicated conditions for 15 days. Medium was
replaced every 3 days. Cell Titer Glow experiments, siRNA
transfections, and Western blot analysis were performed as
described previously (18).
Confocal Microscopy—Cells cultured on glass coverslips

were fixed in 4% formaldehyde for 1 h at room temperature,
followed by permeabilization in 0.5% Triton X-100 in PBS for
10 min. Immunostaining with primary antibodies for 1 h was
followed by incubation with Alexa486 anti-rabbit Ig and
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Alexa555 anti-mouse Ig for 45 min. Alexa647-phalloidin was
used to stain actin filaments. Fluorescent images were captured
sequentially in three channels on a Leica Microsystems TCS-
SP2 confocal microscope.
Statistical Analysis—Statistical and enzyme kinetics analyses

were performed using Prism software (GraphPad Software, La
Jolla, CA). Unless otherwise stated, cell number assays were
compared using one-way analysis of variance for repeating
measures and Dunnett’s test. Differences were considered sta-
tistically significant when p � 0.05.

RESULTS

FAK Is a Direct Substrate of RET—To determine whether
RET kinase is able to directly phosphorylate downstream tar-
gets, the PamChip tyrosine kinase oligopeptide array was
employed (11–13). Purified recombinant WT RET kinase
domain was incubated on the PamChip in the absence or pres-
ence of ATP. RET kinase activation, as indicated by the increase
in phosphorylation upon the addition of ATP, was monitored
by a RET Tyr-1029-containing peptide as a positive control.
RET Tyr-1029 is an autophosphorylation site shown by mass
spectrometry analysis (supplemental Fig. 1). Upon RET kinase
activation, a considerable number of substrates were phosphor-
ylated, ranging from low to high levels of intensity (Fig. 1,A and
B). A close examination of the targets showed that many of
them contained SH2 or PTB domains, such as CBL, phospho-
lipase C�1, STAT3, and STAT4 (Fig. 1C). One of the substrates
phosphorylated by RET kinase was a FAK activation loop pep-
tide containing Tyr-576 and Tyr-577 (Fig. 1C). RET-mediated
phosphorylation of FAK was validated in a cell-based experi-
ment by Western blotting using the T47D cell line (a human
breast cancer cell line expressing wild type RET) stimulated
with 20 ng/ml GDNF in the presence of 100 ng/ml soluble
GFR�1 co-receptor (Fig. 1D). Following GDNF stimulation,
increased phosphorylation of FAK at Tyr-576/577 as well as
phosphorylation of RET at Tyr-905 was observed. The fact that
FAK does not contain any SH2 or PTB domains (19) prompted
us to hypothesize that a direct phosphorylation of FAK by RET
may be an important step in the RET-FAK signaling pathway.
Kinetic Characterization of FAK Peptide Substrate Phos-

phorylation—To further characterize the RET-mediated phos-
phorylation of the FAK peptide, enzyme kinetic constants were
measured using a previously described continuous coupled
spectrophotometric assay to detect ADP generation (16). The
FAK(569–581)_Y576/7 peptide could be efficiently phosphor-
ylated with good Michaelis-Menten saturation kinetics (Fig.
1E) with Kcat � 3.14 � 0.327 min�1 and Km � 1.72 � 0.3387
mg/ml. Further, increasing the amount of RET kinase domain
enhanced the specificity for the FAK substrate, as indicated by
the proportional increase in the catalytic efficiency (Kcat/Km)
constant (Fig. 1F).
A Direct and Reciprocal RET-FAK Transactivation Mech-

anism—The observation that RET can phosphorylate a FAK-
derived peptide containing activation loop tyrosines 576 and
577 and that these two tyrosines are SRC phosphorylation sites
required for full FAK kinase activity (20) raised the question as
to whether activated RET could modulate FAK activation and
signaling. To address this, we evaluated first the effect of WT

RET kinase domain activation on full-length FAK tyrosine
phosphorylation in vitro (Fig. 2A). RETWT kinase domain was
incubated together with full-length recombinant FAK in in
vitro kinase assays, and the level of tyrosine phosphorylation
was detected using phospho-specific antibodies. In the absence
of ATP, there was residual background phosphorylation on
FAKTyr-925, and very lowbasal phosphorylationwas observed
on FAK Tyr-576/577. Strikingly, when FAK and RET kinases
were co-incubated in the presence of ATP, a marked increased
in FAK Tyr-576/577 and Tyr-925 phosphorylation was
observed together with a shift in mobility of FAK, indicating
conversion to an activated state. Full FAK kinase activity is
achieved upon FAK Tyr-576 and Tyr-577 phosphorylation (19,
20). Further, the activation of both kinases also resulted in a

FIGURE 1. FAK is a direct substrate of RET kinase. A, recombinant WT RET
kinase domain (80 ng) was incubated on a PamChip oligopeptide array as
described under “Experimental Procedures” in the presence or absence of
ATP (100 �M). Data represent signal increase (arbitrary units) between ATP-
treated and untreated samples of the whole oligopeptide substrate library
from two experiments. B, representative images of the array captured at 5 min
using a CCD camera are shown. C, signal increases of control (no peptide) and
STAT3(698 –710)_Y705 (DPGSAAPYLKTKF), STAT4(686 – 698)_Y693 (TERGDK-
GYVPSVF), PLCG1(1246 –1258)_S1248/Y1253 (EGSFESRYQQPFE), FAK(569 –
581)_Y576/7 (RYMEDSTYYKASK), RET(1022–1034)_Y1029 (TPSDSLIYDDGLS),
EGFR(862– 874)_Y869 (LGAEEKEYHAEGG), and CBL(693–705)_Y700 (EGEE-
DTEYMTPSS) peptides are shown. Data represent the average increased sig-
nal � S.D. (error bars) of two experiments. D, Western blot analyses of whole
cell extracts from T47D cells treated with soluble GFR�-1 (100 ng/ml) in the
presence or absence of GDNF (20 ng/ml) for 10 min using the indicated anti-
bodies (phosphospecific Tyr-905 RET and Tyr-576/577 FAK antibodies were
used simultaneously to detect RET and FAK phosphorylation status). E, enzy-
matic assay performed with soluble RET WT kinase (residues 705–1013; 2.5
�g) incubated with the indicated concentrations of FAK(569 –581)_Y576/7
peptide. Data are representative of six independent experiments in triplicate
using different protein batches. F, enzymatic assay performed with increasing
amounts of recombinant RET WT kinase domain (0, 2.5, 5, and 10 �g) incu-
bated with the FAK(569 –581)_Y576/7 peptide. Data are representative of
two independent experiments in triplicate using different protein batches.
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substantial increase in RET Tyr-905 phosphorylation (Fig. 2A,
bottom), suggesting that activated FAK could in turn modulate
RET activation and signaling in trans. To address this, the co-
incubation experimentwas repeated in the presence of the FAK
inhibitor NVP-TAE226 (Fig. 2B). In the presence of both RET
kinase domain and FAK, NVP-TAE226 treatment blocked the
enhanced levels of FAK Tyr-576/577 phosphorylation induced
by RET and reduced the level of RET Tyr-905 phosphorylation
equivalent to that observed when the RET kinase domain was
incubated in the absence of FAK. The inability of NVP-TAE226
to completely block RET phosphorylation indicates that it has
no effect on RET kinase activity and that the increased levels of
RET phosphorylation observed upon co-incubation with FAK
kinase result from a FAK-mediated transphosphorylation
event. Finally, the co-incubation experiment was repeated with
the kinase-impaired RET K758M mutant (Fig. 2C). As ex-
pected, incubation of RETK758Malone in the presence of ATP
did not result in RET autophosphorylation; however, phosphor-
ylation of this mutant was observed when co-incubated with
FAK kinase. Together, these data demonstrate that FAK can
directly phosphorylate RET and that there is a direct and recip-
rocal RET-FAK transactivation mechanism.
RET Activation Loop Tyr-905 Is Required for RET-induced

FAK Tyr-576/577 Phosphorylation—To explore the mecha-
nism by which RET mediates FAK phosphorylation, we inves-
tigated next which residueswithin the RET kinase domainwere
required for RET-induced FAK Tyr-576/577 phosphorylation.
We generated a series of RET kinase domain tyrosine to phe-
nylalanine point mutants (Y826F, Y900F, Y905F, and Y981F) as
well as the double mutant Y900F/Y905F. First, we tested the
kinetic parameters of the FAK(569–581)_Y576/7 peptide
phosphorylation by WT and mutant RET kinase domains (Fig.
3, A and B). Strikingly, the RET Y905F mutant, but not Y900F,
showed a significant reduction in catalytic efficiency constant

(Kcat/Km) compared withWT RET. An equivalent reduction in
activity was observed with the double Y900F/Y905F mutant.
These data demonstrate that Tyr-905, and not Tyr-900, in the
RET activation loop is required for RET-induced FAKTyr-576/
577 phosphorylation. Interestingly, we also observed a marked
effect of the Y981F mutant, suggesting a potential role of Tyr-
981 on RET-induced FAK phosphorylation. In control experi-
ments using a nonspecific poly-Glu-Tyr (pEY) peptide, none of
the RET mutants showed any impairment in kinase activity
(supplemental Fig. 2). This finding indicates that the enzymatic
properties of RET kinase with the different Tyr to Phe muta-
tions do not impact on the ability of RET kinase to phosphory-
late a nonspecific exogenous substrate in vitro. To further
investigate the effect of these mutations on RET kinase func-
tion, we analyzed their tyrosine autophosphorylation status
upon ATP stimulation. Strikingly, most of the mutants were
not severely compromised in terms of autophosphorylation.
The exceptionwas the doublemutant Y900F/Y905F,which dis-
played significantly reduced levels of RETphosphorylation (Fig.
3C). From this finding, we conclude that RET Tyr-905 is
required by RET-induced FAK Tyr-576/577 phosphorylation.
FAK Binds RET via Its FERM Domain—Despite the direct

and reciprocal RET-FAK phosphorylation shown in this study
(Figs. 1–3), FAK does not contain an SH2 or PTB domain.
Hence, the mechanism by which RET interacts with FAK
remains to be elucidated. We hypothesized that appropriate
RET-FAK signaling will depend on coordinated coupling of a
protein-protein interaction to prime the catalytic activation
and subsequent reciprocal phosphorylation. To test this
hypothesis, we performed pull-down assays using the FERM
domain of FAK (GST-FERM-FAK). As demonstrated in Fig.
4A, the RET kinase domain bound to GST-FERM-FAK and not
to GST alone control. Interestingly, this interaction was pre-
vented by phosphorylation of the RET kinase domain (Fig. 4B).
These data suggest two potential mechanisms: (i) the FERM
domain of FAK could repress RET kinase activity, and/or (ii)
RETbinding to the FERMdomain of FAKcould relieve the FAK
kinase domain from its autoinhibitory state and thereby make
the FAK activation loop Tyr-576/577 accessible for RET phos-
phorylation (see “Discussion”). Finally, we investigated which
residues in the FERM-FAK domain are required for the inter-
action with RET. One of the striking features of the FERM
structure is a large patch of basic residues on the surface at the
tip of the F2 subdomain (21). Analysis of the x-ray crystal struc-
ture (21) shows that this basic patch is solvent-exposed. There-
fore, this regionwas considered a candidate for the FERMbind-
ing site to the RET kinase domain. We tested two sets of
mutations within this basic patch, one with alanine substitu-
tions at lysines 190 and 191 (KK) and one with alanine substi-
tutions at lysines 216 and 218 and at arginine 221 (KKR). These
mutations were engineered into the GST-FERM-FAK domain
fusion protein construct, expressed, and tested for their ability
to associate with RET kinase in vitro by GST pull-down assays.
Both mutants resulted in loss of RET kinase binding to the
FERM-FAK domain (Fig. 4C). From these results, we conclude
that basic and exposed residues on the F2 FERM subdomain of
FAK are important for binding to the RET kinase domain.

FIGURE 2. A direct and reciprocal RET-FAK transactivation mechanism.
A, recombinant RET WT kinase domain and recombinant full-length FAK were
incubated as indicated, in the absence (�) or presence (�) of ATP (150 �M),
and kinase activity was monitored by Western blot analysis using the indi-
cated antibodies. Data shown are representative of three independent exper-
iments. B, recombinant RET WT kinase domain and recombinant full-length
FAK were incubated under the indicated conditions, with or without ATP (150
�M) and NVP-TAE226 (5 �M). Kinase activity was monitored by Western blot
analysis using the indicated antibodies. Data are representative of three inde-
pendent experiments. C, recombinant RET K758M kinase domain mutant and
recombinant full-length FAK were incubated under the indicated conditions,
and kinase activity was monitored by Western blot analysis using the indi-
cated antibodies. Data are representative of two independent experiments.
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Increased FAK Peptide Phosphorylation by the RET V804M
Kinase Domain—To examine the effect of oncogenic RET
kinase domainmutations on the catalytic activity and substrate
phosphorylation, with particular attention to the FAKTyr-576/
577 peptide, recombinant RET V804M kinase domain was
compared withWT RET kinase using the PamChip array. RET
V804M is an oncogenic “gatekeeper” mutation within the
kinase domain, which also renders RET resistant to several
small molecule inhibitors (10). As expected, the RET V804M
mutant showed increased kinase activity compared with WT
RET kinase domain as indicated, in a normal distribution, by
the -fold increase of peptide phosphorylation (Fig. 5, A and B).
Intrinsic kinase activity, monitored by RET Tyr-1029 peptide
phosphorylation, revealed a 6.2-fold increase in RET V804M
kinase activity (Fig. 5B, inset). Importantly, a close examination
of targets revealed that RET V804M triggered an increased
phosphorylation of FAK, SRC, STAT3, and STAT4 peptides
(Fig. 5B). Moreover, RET V804M kinase mutant displayed
altered substrate specificity, as indicated by those highly phos-
phorylated targets, which were not preferentially phosphory-
lated by WT RET kinase, and those peptides that were prefer-
entially phosphorylated byWTRETWTkinase comparedwith
the V804M oncogenic mutant (Figs. 1C and 5B).
Next, small molecule inhibitors were used to verify the drug-

resistant status of RET V804M compared withWT RET kinase
on the PamChip array (Fig. 5C). PP1 (150 nM) inhibited WT
RET kinase but had no effect on the drug-resistant V804M

mutant. Interestingly, sorafenib was able to inhibit tyrosine
kinase activity of both RET V804M and WT RET kinase at 15
nM concentration (Fig. 5C). These results validate the use of
small molecule inhibitors on the PamChip peptide array and
support and extend previous studies where the capacity of
sorafenib to inhibit RET (bothWT and the gate-keeper mutant
V804M) was evaluated in other experimental systems (10, 22,
23).
Validation of the Oligopeptide Kinase Array in Cell-based

Experiments Revealed Increased FAK Tyr-576/577 Phosphory-
lation Induced by RET V804M—To validate the results
obtained with the PamChip array in cell-based experiments,
human embryonic kidney HEK293 cells were transiently trans-
fected with empty vector (pCMV), full-length RET V804M, or
RET C634R. RET C634R contains a wild-type kinase domain
but a mutated cysteine in the extracellular domain, which
results in constitutive receptor dimerization and activation
independent of ligand. Levels of RET phosphorylation at three
specific tyrosines (positions 905, 981, and 1062) together with
the tyrosine phosphorylation status of downstream targets
were evaluated in the presence of PP1, Glivec (STI571),
sorafenib, or vehicle (DMSO) (Fig. 6). Despite showing an effi-
cient inhibitory effect at nanomolar concentrations against
RET, PP1 and sorafenib target kinases other than RET (10, 22,
23). In vehicle-treated cells, RET V804M displayed increased
levels of RET phosphorylation at Tyr-1062, Tyr-981, and Tyr-
905 when compared with RET C634R that contains a wild-type

FIGURE 3. RET Tyr-905 is required for RET-induced FAK Tyr-576/577 peptide phosphorylation. A, enzymatic assay performed with 5 �g of soluble WT RET
kinase domain (residues 705–1013) or the indicated mutants incubated with increasing concentrations of the FAK(569 –581)_Y576/7 peptide. Data shown
represent mean � S.E. (error bars) from six replicate samples. Equivalent results were obtained in two independent experiments using different RET kinase
batches. B, catalytic efficiency constants (Kcat/Km) of A. Data represent mean � S.E. of two independent experiments. *, p � 0.05, two-tailed Student’s t test.
C, Western blot analysis of RET WT kinase domain and the indicated mutants stimulated with ATP (5 mM) and MgCl2 (10 mM) for 5, 30, and 90 min using the
indicated antibodies. Total levels of RET were monitored by Coomassie staining. Equivalent results were obtained in two independent experiments using
different protein batches.
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kinase domain. PP1 inhibited RET C634R phosphorylation,
whereas RET V804R was insensitive to the drug. STI571 was a
poor RET inhibitor at physiologically relevant concentrations,
whereas sorafenib was able to block tyrosine phosphorylation
of both RET C634R and RET V804M.
Levels of phosphorylated RET downstream targets were also

evaluated. First, FAK Tyr-576/577 phosphorylation induced by

RET C634R or RET V804Mmutants was investigated. In vehi-
cle-treated cells, FAK phosphorylation was induced by both
mutants, but in the case of RET V804M, FAK Tyr-576/577
phosphorylation was enhanced (Fig. 6). PP1 treatment only
affected FAK Tyr-576/577 phosphorylation induced by RET
C634R, whereas no effect was seen on FAK Tyr-576/577 phos-
phorylation induced by RET V804M. Again, sorafenib blocked
FAK Tyr-576/577 phosphorylation induced by both RET
C634R and RET V804M. Next, we examined the STAT3 path-
way. In vehicle-treated cells, levels of STAT3 Tyr-705 phosphor-
ylation were higher in cells expressing RET V804M compared
with RET C634R. PP1 treatment reduced STAT3 Tyr-705
phosphorylation induced by RET C634R but not by the gate-

FIGURE 4. The FERM-FAK domain binds the RET kinase. GST pull-down
assays were performed as indicated under “Experimental Procedures.” A, pull-
down experiments performed with GST-protein control or GST-FERM-FAK
incubated with buffer A (control) or recombinant RET kinase domain (RET KD)
(*). Input samples were run on the same gel. Data are representative of three
independent experiments. B, pull-down experiments performed with GST-
protein control or GST-FERM-FAK incubated with buffer A (control), recombi-
nant RET kinase domain, or phosphorylated recombinant RET kinase (90 min).
Input samples were run on the same gel. Data are representative of three
independent experiments. C, pull-down experiments performed with GST-
protein control, GST-FERM-FAK wild type (WT), GST-FERM-FAK KK, and GST-
FERM-FAK KKR mutants incubated with recombinant RET kinase domain,
respectively. Input samples were also analyzed on the same gel. Data are
representative of three independent experiments.

FIGURE 5. Increased catalytic activity and FAK peptide phosphorylation
by the gatekeeper mutant and drug-resistant RET V804M kinase
domain. A, equal amounts (80 ng) of RET WT or RET V804M kinase domains
were incubated separately on PamChips in the presence of ATP (100 �M).
Data represent -fold increase in signal intensity of the whole oligopeptide
library induced by RET V804M kinase mutant versus RET WT kinase from two
experiments with multiple replicates (n � 15). Peptides are depicted by sig-
nal, not position on the array. B, -fold increase in signal intensity (RET V804M/
RET WT) of individual peptide targets: STAT4(686 – 698)_Y693, SRC(470 –
482)_Y477, STAT3(698 –710)_Y705, RET(1022–1034)_Y1029, FAK(569 –
581)_Y576/7, EGFR(862– 874)_Y869, and CBL(693–705)_Y700 peptides
induced by RET V804M versus RET WT kinase in the presence of ATP (100 �M).
C, RET WT or RET V804M kinase domains were incubated separately on a
PamChip in the presence of the tyrosine kinase inhibitors PP1 (150 nM) and
sorafenib (15 nM). Representative CCD images taken at 5 min are shown.
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keeper mutant RET V804M. Glivec (STI571) had no effect;
however, sorafenib treatment inhibited STAT3 Tyr-705 phos-
phorylation regardless of the RET mutation status. Finally, the
SRC pathway was also analyzed. In vehicle-treated cells, phos-
phorylation of SRC Tyr-416 was only observed by RET V804M
mutant and not by RET C634R. Again, PP1 had little effect on
SRC phosphorylation induced by RET V804M, whereas
sorafenib reduced SRCTyr-416 phosphorylation to basal levels.
As controls, we also analyzed the activation of the MAPK-
ERK1/2, SAPK-p38, and JNK pathways and found that levels of
ERK1/2 and p38 phosphorylation were equal between RET
C634R and RET V804M mutants, whereas higher levels of
JNK1 (lower 47 kDa band) phosphorylation correlated with
RET V804M.

FAK Phosphorylation Induced by Specific MEN2-RET Mu-
tants in HEK293 Cells—The molecular mechanisms that con-
nect the different MEN2-associated RET mutants with their
oncogenic phenotype are not well understood. Here, we inves-
tigated if the ability of RET V804M kinase mutant to activate
FAK was recapitulated by other oncogenic mutations. First, to
have a global view of the phosphotyrosine signaling status
induced by WT RET and the three different RET oncogenic
mutants (RET C634R, RET V804M, and RET M918T), total
phosphotyrosine levels in whole cell extracts were monitored
using the panphosphotyrosine antibody 4G10 (Fig. 7A). The
MEN2B RET M918T mutant induced very high levels of tyro-
sine phosphorylation-driven signaling. These data correlate
with the higher transformation potential and more aggressive
phenotype seen in MEN2B patients (9). RET V804M (a gate-
keeper and oncogenic mutant, associated with familial form
medullary thyroid carcinoma) and RET C634R (a MEN2A-
associated mutant) followed in decreasing order. Next, we ana-
lyzed the downstream pathways using phospho-specific anti-
bodies (Fig. 7B). In the absence of GDNF and GFR�1,
transfection of WT RET induced low levels of FAK Tyr-576/
577 phosphorylation, which were increased by covalent
dimerization induced by RET C634R. The kinase-activated
mutants RET V804M and RET M918T displayed the highest
levels of FAK phosphorylation. SRC Tyr-416 phosphorylation
was only induced by kinase-activated RETmutants, the level of
induced phosphorylation being higher by the MEN2B RET
M918T. Finally, all of the oncogenic RET mutants induced
higher levels of ERK1/2 phosphorylation compared with WT
RET. Together, these results indicate that phosphorylation of
FAK at Tyr-576/577 and SRC on Tyr-416 are potentiated by
oncogenic mutations and in particular the MEN2B-RET
M918T mutant.
FAK Inhibition or Silencing Impairs RET Phosphorylation

and RET-dependent Cell Proliferation—To test the biological
importance of the reciprocal RET-FAK transactivation, estab-

FIGURE 6. Validation of the oligopeptide kinase arrays in cell-based
experiments. HEK293 cells transfected with empty vector (pCMV), RET
C634R, or RET V804M were serum-starved (overnight) and then treated for 90
min with the inhibitors PP1 (1 �M), Glivec (10 �M), sorafenib (500 nM), or vehi-
cle control (DMSO, 1:1000). Whole cell extracts were subject to Western blot
analysis using the indicated antibodies. Data are representative of two inde-
pendent experiments.

FIGURE 7. FAK phosphorylation induced by specific MEN2-RET mutants in
HEK293 cells. HEK293 cells transfected with empty vector (pCMV), RET WT,
RET C634R, RET V804M, or RET M918T (full-length cDNAs) were serum-starved
overnight. Whole cell extracts were subject to Western blot analysis using
total phosphotyrosine antibody 4G10 (A) or the indicated antibodies (B). Data
are representative of two independent experiments.
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lished HEK293 cells expressing a constitutively active RET
mutant (RET C634R) were treated with the FAK kinase inhib-
itor NVP-TAE226 (Fig. 8A). FAK Tyr-576/577 phosphoryla-
tion was inhibited at nanomolar concentrations. Importantly,
this compound also inhibited RET tyrosine phosphorylation, as
indicated by decreased levels of phosphorylation of RET Tyr-
905 and RET Tyr-1062 (Fig. 8A) at concentrations that do not
affect RET kinase activity directly (Fig. 2B). In addition, down-
regulation of FAK expression by siRNA oligonucleotides
resulted in a decrease of RET phosphorylation at Tyr-905 and
Tyr-1062 (Fig. 8B) and, crucially, in a significant reduction of
cell survival (Fig. 8,C andD). Together, these data demonstrate
that the reciprocal RET-FAK transphosphorylation mecha-
nism is functional in cells expressing full-length RET and FAK.
FAK Inhibition Impacts onRETPhosphorylation and the Phe-

notype of MZ-CRC-1 Cancer Cells—The medullary thyroid
tumor cell line MZ-CRC-1 was derived from a patient with a
RETM918Tmutant allele. In these cells, the FAK kinase inhib-

itor NVP-TAE226 blocked FAK Tyr-576/577 phosphorylation
at nanomolar concentrations. Importantly, at concentrations at
which this inhibitor has no effect on RET M918T (24), this
compound also inhibited RET tyrosine phosphorylation and
downstream signaling, as indicated by decreased levels of phos-
phorylation of RET Tyr-1062, RET Tyr-905, and ERK1/2 (Fig.
9A), demonstrating that FAK can regulate RET phosphoryla-
tion and signaling in tumor cells as well as transfected HEK293
cells.
In cell proliferation assays, treatment with NVP-TAE226 at

low micromolar concentrations inhibited MZ-CRC-1 cell pro-
liferation (Fig. 9B). Closer examination of the cells revealed that
the NVP-TAE226-treated cells had a more elongated pheno-
type and an increased number of long cellular processes (Fig.
9C). To examine whether this phenotype was associated with a
defect in focal adhesion formation, cells were treated with
NVP-TAE226 or vehicle for 72 h and then analyzed by confocal
microscopy following staining with an anti-vinculin antibody

FIGURE 8. FAK inhibition or siRNA-mediated silencing impacts on RET phosphorylation and in RET-mediated cell proliferation. A, whole cell extracts
from serum-starved (overnight) HEK293 cells expressing oncogenic RET (RET C634R) treated with increasing amounts of NVP-TAE226 for 90 min or vehicle-
treated cells (DMSO control, 1:1000) were analyzed by Western blotting using the indicated antibodies. Data shown are representative of three independent
experiments. B, HEK293 cells expressing oncogenic RET (RET C634R) were mock-transfected or transfected with non-targeting control siRNA or FAK siRNA. The
following day, cells were serum-starved, and total cell extracts (72 h) were subjected to Western blot analysis using the indicated antibodies. Data are
representative of two independent experiments. C, parental HEK293 cells or HEK293 cells stably expressing empty vector (pCMV) or oncogenic RET (RET C634R)
were transfected with control (siCON) or FAK siRNA (siFAK). Survival fractions (ratio between siFAK- versus siCON-transfected cells) after 3 days were calculated
using Cell Titer Glow. Data shown (mean � S.E. (error bars)) are representative of four independent experiments. ***, p � 0.001. D, representative phase-
contrast images of cells analyzed in C are depicted.
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and phalloidin (Fig. 9D). An increase in focal adhesion struc-
tures (enriched in vinculin and F-actin) was observed in NVP-
TAE226-treated cells. This most likely reflects the decreased
level of FAKprotein followingNVP-TAE226 treatment for 72 h
(supplemental Fig. 3) and the consequent lack of efficient focal
adhesion turnover, as was previously reported with the FAK-
deficient mice (25). Finally, we analyzed the effect of NVP-
TAE226 on MZ-CRC-1 cells grown on a thick bed of growth
factor-enrichedMatrigel (Fig. 9E). NVP-TAE226 decreased the
number of colonies formed on this three-dimensional matrix
(Fig. 9E) as well as the number of invasive fronts penetrating
into the Matrigel (data not shown). Together, these data indi-
cate that FAK kinase inhibitor NVP-TAE226 impacts on RET
phosphorylation and the proliferation and phenotype of MZ-
CRC-1 cancer cells.

DISCUSSION

Specific protein-protein interactions underlie cellular signal
transduction and consequently many essential biological pro-
cesses in the cell. The recognition of a short linear peptide
sequence in one protein by a modular domain in another rep-
resents a common feature of macromolecular signaling com-
plexes in cells. The importance of this mode of protein-protein
interaction is reinforced by the large number of peptide-bind-
ing domains encoded by the human genome (26). Appropriate
tyrosine kinase signaling depends on coordinated coupling of
protein-protein interactions with catalytic activation (2, 26).
Focal adhesion kinase (FAK) integrates signals from integrins
and growth factor receptors to regulate cellular responses,
including cell adhesion, migration, and survival (27). The pre-
cisemechanisms bywhich growth factor receptors initiate FAK
activation are not fully understood, but integrin activation is
known to promote FAK Tyr-397 phosphorylation (28). The
phosphorylated Tyr-397 site and a proximal PXXP motif
recruit and activate SRC via binding to its SH2 and SH3
domains, forming a signaling complex that phosphorylates
p130Cas, paxillin, and other focal adhesion-associated proteins
(19). SRC in turn phosphorylates Tyr-576 and Tyr-577 in the
activation loop of the FAK kinase domain, resulting in fully
activated FAK kinase. In addition, phosphorylation of FAK at
Tyr-925 promotes Grb2 adaptor binding and is linked to the
activation of the Ras-ERK2 mitogen-activated protein kinase
cascade (29).
High density peptide arrays have emerged as useful tools to

map domain-mediated protein-protein interaction networks
(30, 31). In this study, we used peptides arrays to screen for
substrates directly phosphorylated by WT and V804Mmutant
RETkinase in the presence or absence of several smallmolecule
inhibitors. In this system, we identified FAK as a direct target of
the RET kinase domain and demonstrated that FAK Tyr-576/

FIGURE 9. The FAK inhibitor NVP-TAE226 impacts on RET signaling and
the phenotype of MZ-CRC-1 tumor cells. A, whole cell extracts from serum-
starved (overnight) MZ-CRC-1 cells treated with increasing amounts of NVP-
TAE226 for 90 min or vehicle-treated cells (DMSO control, 1:1000) were ana-
lyzed by Western blotting using the indicated antibodies. Data shown are
representative of three independent experiments. B, 2 � 105 MZ-CRC-1 cells
were plated in 6-well plates and treated with increasing amounts of NVP-
TAE226 or vehicle (DMSO, 1:1000) for 8 days. Data represent the number of
cells (� 104) at the indicated time points � S.E. (error bars) from two experi-
ments in triplicate. C, MZ-CRC-1 cells were plated subconfluently onto plastic
or glass coverslips in the presence of NVP-TAE226 (1 �M) or vehicle (DMSO,
1:1000) for 3 days, and phase-contrast or confocal microscopy images were
captured, respectively. For confocal microscopy images of MZ-CRC-1 cells,
actin filaments were stained with Alexa647-phalloidin (green), and nuclei
were counterstained with DAPI (blue). The mean number of cells with elon-
gated tails per field (10 fields from two independent experiments) was quan-
tified � S.E. Scale bar, 150 �m. D, MZ-CRC-1 cells were plated subconfluently
on glass coverslips and cultured in the presence of NVP-TAE226 (1 �M) or
vehicle (DMSO, 1:1000) for 3 days, after which cells were stained with an

anti-vinculin antibody followed by Alexa555 anti-mouse Ig (red). Actin fila-
ments were stained with Alexa647-phalloidin (green). Scale bar, 75 �m (left) or
37.5 �m (right). E, MZ-CRC-1 cells were plated as single cells on a Matrigel bed
in the presence of NVP-TAE226 or vehicle (DMSO, 1:1000) and cultured for 15
days. Data represent -fold increase in colony number at day 15 of vehicle
versus NVP-TAE226-treated cells from two experiments performed in dupli-
cate. Representative phase-contrast images of cells taken at days 1, 7, and 15
are shown. Scale bar, 150 �m.
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577 phosphorylation was enhanced by the V804M RET onco-
genic kinase. Several studies have previously suggested a poten-
tial RET-FAK functional interaction. In neuroblastoma cells,
GDNF-stimulated RET resulted in tyrosine phosphorylation of
paxillin, p130Cas, and FAK, all proteins associated with focal
adhesions (32). In MTC-TT tumor cells, it was reported that
treatment with the kinase inhibitor PP2 or with RET siRNA
decreased the levels of RET phosphorylation and protein levels
and decreased FAK phosphorylation (33). Further, immuno-
precipitated RET fromMTC-TT tumor cells and recombinant
RET kinase domain have been shown to directly phosphorylate
FAK onTyr-576/577 andTyr-925 but not on Tyr-397 (34). Our
data extend these studies and provide important insights into
the RET-FAK activation mechanism.We provide evidence of a
direct and reciprocal 2-fold RET-FAK transactivation mecha-
nism. First, RET directly phosphorylates FAK Tyr-576/577 in
the activation loop but also phosphorylates Tyr-925 in the focal
adhesion targeting domain. However, RET does not phosphor-
ylate FAK on Tyr-397 in the linker region, which is the canon-
ical priming site required for SRC kinase phosphorylation (19,
34). Second, a reciprocal phosphorylation of RET in trans by
FAK, which is able to rescue the kinase-impaired RET K758M
mutant, regulates RET tyrosine phosphorylation and its down-
stream signaling. Strikingly, FAK does not contain an SH2 or a
PTB domain, and, despite the evidence of an interaction shown
in this study and others (32–34), the nature of this protein-
protein interaction mechanism was not known. Here we dem-
onstrate that FAK binds RET kinase via its FERM domain. This
is the first study to show a direct interaction of a FERMdomain-
containing protein with the RET receptor. Structural analysis
reveals that the FERM domain of FAK binds to its own kinase
domain, blocking access to the catalytic cleft and protecting the
FAK activation loop from SRC phosphorylation (27). We
hypothesize that conformational changes would be required to
render FAKTyr-576/Tyr-577 accessible for efficient phosphor-
ylation by RET. It is certainly attractive to speculate that RET
binding relieves FAK from its autoinhibitory state and thereby
induces conformational changes thatmake activation loopTyr-
576/577 accessible for RET phosphorylation. Consistent with
this, we show that RETTyr-905, but notTyr-900, is required for
efficient RET-induced FAK Tyr-576/577 phosphorylation,
indicating that phosphorylation events between both kinases
could take place via activation loop phosphorylation in trans.
This would represent the second step in the transactivation
mechanism following the FAK FERM domain binding to RET
kinase in the unphosphorylated state (priming).
In this study, we have described a direct and reciprocal RET-

FAK transactivation mechanism in vitro and in tumor and
transfected cell lines. In HEK293 cells expressing oncogenic
RET, treatment with the FAK kinase inhibitor NVP-TAE226
and siRNA-mediated FAK down-regulation resulted in
reducedRETphosphorylation levels and signaling aswell as cell
survival and proliferation. To further explore the role of this
interaction in tumorigenesis, an experimental model based on
the MZ-CRC-1 tumor cell line was used. In vitro experiments
showed that treatment with the FAK inhibitor NVP-TAE226
inhibited FAK Tyr-576/577 phosphorylation and, importantly,
RET tyrosine phosphorylation, downstream signaling, and cell

proliferation. Because the inhibition of RET phosphorylation
occurred at a concentration of NVP-TAE226 that does not
affect RET kinase activity in in vitro kinase assays, these data
support the hypothesis that RET phosphorylation by FAK can
regulate RET function. NVP-TAE226-treated MZ-CRC-1
tumor cells showed a defect in migration and invasion that was
associated with an increase in vinculin-rich focal adhesions.
This is consistent with previous reports where cells derived
from FAK-deficient mice were shown to have a migratory
defect and an increased number of focal adhesions (35). These
data suggest that the antiproliferative properties of NVP-TAE
on MZ-CRC-1 tumor cells could be due to NVP-TAE disrupt-
ing the RET-FAK-mediated regulation of focal adhesion turn-
over and cell junction maintenance that is required for optimal
epithelial cell growth and proliferation.
Importantly, these data also raise the question as to whether

NVP-TAE226 could be used in the treatment of MEN2
patients, in particular for the MEN2B phenotype. FAK expres-
sion and levels of FAK tyrosine phosphorylation are up-regu-
lated in several cancers, including those of the brain, ovary,
colon, breast, prostate, liver, and thyroid (36–42). In the pres-
ent study, the signaling profile of severalMEN2-associatedRET
mutants showed that increased levels of phosphorylated FAK
Tyr-576/577 are associated with oncogenic RET activity and
that increased levels of both FAK Tyr-576/577 and SRC Tyr-
416 phosphorylation correlated mainly with the MEN2B-asso-
ciated RETM918Tmutant, linking the hyperactivation of FAK
and SRC to the more aggressive disease phenotype. Recently,
NVP-TAE226was shown to efficiently inhibit growth and inva-
sion of glioma andovarian cancer cells (24, 37, 43) and to induce
apoptosis in breast cancer cell lines (44). In addition, treatment
with this compound increased survival rates of animals with
glioma xenografts (24) or ovarian tumor cell implants (37).
In conclusion, using a proteomic approach together with

functional and biochemical analysis, we show that RET kinase
can signal independently of proteins that contain SH2 or PTB
domains, by binding to the FERM domain of FAK. This is fol-
lowed by direct phosphorylation of the FAK activation loop
Tyr-576 and Tyr-577, which in turn leads to reciprocal phos-
phorylation of RET in trans by FAK. RET-driven tumor cells
are dependent on this mechanism because the FAK inhibitor
NVP-TAE226 and siRNA-mediated FAK silencing impair
RET phosphorylation and signaling and the survival of
tumor and transfected cells expressing oncogenic RET.
These data indicate that targeting oncogenic RET signaling
with FAK inhibitors may be a useful alternative therapeutic
treatment for MEN2 patients.
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