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Met receptor tyrosine kinase (RTK) is known to bind to the
three distinct protein isoforms encoded by the ShcA (Shc)
gene. Structure—function studies have unveiled critical roles
for p52Shc-dependent signalling pathways in Met-regulated
biological functions. The molecular basis of the interaction
between the Met and p52Shc proteins is well-defined, but
not for the longest protein isoform, p66Shc. In the present
study, co-immunoprecipitation assays were performed in human
embryonic kidney 293 (HEK293) cells, transiently co-transfected
with Met and p66Shc mutants, in order to define the molecular
determinants involved in mediating Met—p66Shc interaction. Our
results show that p66Shc interacts constitutively with the receptor
Met, and the Grb2 (growth factor receptor-bound protein-2) and
Gabl (Grb2-associated binder-1) adaptor proteins. Although its
phosphotyrosine-binding domain (PTB) and Src homology 2
(SH2) domains co-ordinate p66Shc binding to non-activated Met
receptor, these phosphotyrosine-binding modules, and its collagen
homology domain 2 (CH2) region, exert negative constraints.

In contrast, p66Shc interaction with the activated Met depends
mainly on the integrity of its PTB domain, and to a lesser
extent of its SH2 domain. Even though not required for the
recruitment of p66Shc, tyrosine phosphorylation of p66Shc by
activated Met enhances these interactions by mechanisms not
reliant on the integrity of the Met multisubstrate-binding site.
In turn, this increases phosphotyrosine-dependent p66Shc—Grb2—
Gab1 complex formation away from the receptor, while blocking
Grb2 and Gabl recruitment to activated Met. In conclusion, we
identify, for the first time, a novel non-canonical dynamic mode
of interaction between Met and the p66 protein isoform of Shc
and its effects on rewiring binding effector complexes according
to the activation state of the receptor.

Key words: adaptor protein, Grb2-associated binder-1 (Gabl),
growth factor receptor-bound protein-2 (Grb2), Met receptor,
p66Shc, phosphotyrosine-binding domain.

INTRODUCTION

When activated, cell-surface growth factor receptor tyrosine
kinases (RTKs) become phosphorylated on a number of tyrosine
(Tyr) residues. Many of these phospho-Tyr residues located within
the cytoplasmic tail of the receptor create binding sites for proteins
containing Src homology 2 (SH2) and phospho-Tyr-binding
(PTB) domains, which both recognize phospho-Tyr residues
within the context of specific adjacent amino acids. Among
proteins recruited to activate RTKs are the adaptor proteins,
including growth factor receptor-bound protein-2 (Grb2) and Src
homology collagen (Shc) proteins. These proteins are devoid of
catalytic activity but contain multiple protein—protein interaction
motifs and domains. As such, they mediate assembly of specific
protein complexes to RTKs that relay fine-tuned downstream
regulation of diverse signalling pathways and biological responses
(reviewed in [1,2]).

In mammals, the family of Shc adaptor proteins includes four
members (ShcA—SheD) that share a similar domain organization.
The ShcA gene encodes three distinct protein isoforms, p66, p52
and p46Shc (referred to in the present paper as Shc). The p52
and p46Shc isoforms derive from the same transcript via usage
of two distinct translation initiation codons, and are ubiquitously
expressed. By contrast, the expression of the p66Shc splicing

isoform is more restricted to epithelial cells [3]. All Shc proteins
encompass a central proline-rich collagen homology domain
(CH1) that is flanked by N-terminal PTB and C-terminal SH2
domains [2]. In addition, p66Shc contains an extra N-terminal
proline-rich CH2 domain [4]. The Shc adaptor proteins are
understood to interact with activated RTKs, mainly via their
PTB domain. In turn, this triggers the phosphorylation of Tyr
residues present within consensus binding sites for the Grb2
SH2 domain (pYXNX), which are located in the CH1 domain
of Shc proteins (Tyr-239/240/317 or Tyr-349/350/423 in mouse
p52Shc and p66Shc respectively), thereby allowing the activation
of the mitogenic Ras/mitogen-activated protein kinase (MAPK)
and survival phosphoinositide 3-kinase (PI3K)/Akt cascades [2].
This model for RTK-mediated recruitment of Shc is mainly based
on structural studies of the p52 isoform of Shc, which is the first
discovered and best-characterized Shc family member. However,
the mechanisms by which p66Shc is actually recruited by RTK
remain undefined.

Despite their degree of structural homology, the Shc protein
isoforms are not functionally redundant. Although ShcA-null
animals die at E11.5 (embryonic day 11.5) of development due
to heart and vascularization defects [5,6], mice with p66Shc
deficiency have a 30% increase in their average lifespan
compared with control animals [7]. The latter is linked to the
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ability of the p66 isoform to promote stress-induced cell-death
[7,8]. Besides, in contrast with the p52Shc isoform that promotes
MAPK activation, p66Shc negatively regulates RTK-mediated
activation of the MAPK pathways. In occurrence, p66Shc has
been shown to inhibit MAPK activation, induced by epidermal
growth factor (EGF) and insulin-like growth factor (IGF-1)
stimulation, thereby reducing cell proliferation and migration
[4,9-12]. The functional divergence of p66Shc among the other
Shc isoforms is attributed to its unique N-terminal proline-rich
CH2 domain. Although it is clear that the pro-apoptotic activity
of p66Shc, in response to stress challenges, depends on Ser-
36 phosphorylation, the precise mechanisms by which p66Shc
negatively regulates MAPK and mitogenesis is controversial [4,9—
12].

The receptor for the hepatocyte growth factor (HGF), Met,
was first isolated as a constitutively active chimaeric receptor
called Tpr-Met [13,14]. The signalling and biological activity
of Met, like for its cytosolic oncogenic counterpart, Tpr-Met,
is reliant on Met kinase activity and two critical phospho-
Tyr residues within its C-terminus [15]. While Tyr-1356 (Tyr-
489 in Tpr-Met) provides a direct binding site for the Grb2 and
Shc adaptor proteins, Tyr-1349 (Tyr-482 in Tpr-Met) represents
a direct binding site for the docking protein Grb2-associated
binder-1 (Gabl) [16,17]. In addition, by virtue of its constitutive
association with the Grb2 adaptor protein, Gabl is indirectly
recruited to phospho-Tyr-1356 of Met by mechanisms involving
direct binding of Grb2 or indirectly through Shc [18]. In turn,
Gabl1 couples activated Met to multiple downstream signalling
proteins including, among others, the PI3K, phospholipase Cy
(PLCy) and the SH2-containing protein tyrosine phosphatase-
2 (SHP-2) [19-21]. Structure—function studies have unveiled
critical roles for Shc adaptor proteins in Met-mediated biological
functions. For instance, the exclusive sustained engagement of
Shc-dependent signals by Met was shown to be sufficient to
promote proliferation, morphological oncogenic transformation
and anchorage-independent growth, as well as tumorigenesis
and experimental lung metastasis in fibroblasts and intestinal
epithelial cells [19-21]. Although the receptor Met can engage
the three isoforms of Shc, only the structural determinants
for the Met—p52Shc complex have been investigated. Thus,
it remained unclear whether the additional CH2 domain of
p66Shc could somehow alter its mode of interaction with the
receptor Met. In the present study, this postulate was investigated
by performing co-immunoprecipitation experiments following
transient co-transfection with a series of Met and p66Shc mutants
in human embryonic kidney 293 (HEK293) cells. Our results
reveal novel non-canonical mechanisms of interaction between
the receptor Met and p66Shc, and consequently of the Grb2-
Gab1 complex that distinctly depend on the activation state of the
receptor Met.

MATERIAL AND METHODS
Antibodies

The anti-Met polyclonal antibody, which was raised against
an epitope in the C-terminal region of human Met [22,23],
was kindly provided by Dr Morag Park (McGill University,
Montreal, QC, Canada). The anti-pan-Shc and anti-phospho-
Shc (Tyr-239/240) antibodies, recognizing p66, p52 and p46
isoforms of ShcA, were obtained from Santa Cruz Biotechnology.
The anti-phospho-Ser-36 p66Shc antibody was purchased from
Enzo Life Sciences and the anti-phospho-Tyr (p-Tyr-100) and
anti-phospho-Met (Tyr-1234/1235) antibodies were from Cell
Signaling Technology. The anti-Grb2 monoclonal and polyclonal
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antibodies were purchased from BD Transduction Laboratories
and Santa Cruz Biotechnology respectively. The anti-Gabl
antibody was purchased from Millipore. Anti-haemagglutinin
(HA.11) monoclonal antibody was obtained from Covance,
whereas the one for the detection of the B-actin was from Sigma—
Aldrich Canada. Anti-mouse IgG horseradish peroxidase (HRP)-
linked and Protein A HRP-linked secondary antibodies were
purchased from GE Healthcare.

DNA constructs

The pcDNA3 constructs encoding the N-terminal HA-tagged
p66Shc wild-type (WT) and S36A (S/A) mutant were kindly
provided by Dr Yoshikuni Nagamine (Friedrich Miescher Institute
for Biomedical Research, Basel, Switzerland). The replacement
of Ser-36 by alanine prevents its phosphorylation. These were
subcloned into the vector pLPCX (Clontech Laboratories)
carrying the puromycin-resistance marker. Other p66Shc mutants
were created by overlap-extension mutagenesis PCR and cloned
back into pLPCX. These include p66Shc mutants harbouring a
combination of Tyr to phenylalanine mutation of each Grb2-
SH2 pTyr-binding motifs (nomenclature based on the mouse
p66Shc amino acid sequence: Y349/350F — 2F; Tyr-423F — 1F;
Y349/350/423F — 3F); a p66Shc mutant in which a putative
Grb2-SH3 binding found within the CH2 domain was invalidated
by the substitution of alanine for four proline residues [24]
(AP — proline residues 44, 47, 48 and 50 replaced by alanine);
and p66Shc mutants carrying pTyr-binding invalidating arginine
point mutation within individual PTB or SH2 domain or both
(R285M — APTB; R507M — ASH2; R285M/R507M — 2A). The
pXM encoding Tpr-Met and the chimaeric colony-stimulating
factor 1 (CSF)-Met receptor, and corresponding mutants were
kindly provided by Dr Morag Park (McGill University, Montreal,
Canada) [25,26]. The oncoprotein Tpr-Met is the result of a
chromosomal rearrangement that fuses the protein dimerization
motif of Tpr with the cytoplasmic domain of the Met receptor,
producing a cytosolic, constitutively activated Tyr kinase [14].
The CSF-Met receptor is composed of the extracellular domain
of the human CSF-1R fused to the Met transmembrane and
intracellular domains [27]. The Tpr-Met C-terminal deletion
mutant (ACT) lacking the last 45 amino acids was generated
by PCR from the pXM construct. All constructs were verified by
DNA sequencing.

Transient transfections in human embryonic kidney 293 cells

Cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) (Wisent) containing 10 % FBS (Life Technologies) and
50 pg/ml gentamicin (Wisent). Cell transfections were performed
using FUGENE 6 or XtremeGENE HP reagents according to
the manufacturer’s instructions (Roche). All experiments were
carried out with cells with fewer than 15 passages.

Immunoprecipitation and immunoblotting

Total cell lysate (TCL) preparation, SDS/PAGE, immunoprecipit-
ation (IP) and immunoblot (IB) analysis methods were previously
described [22]. Primary antibodies were used at a dilution
of 1:1000, with the exception of the ones for Gabl (1:500)
and B-actin (1:20000). Secondary antibodies were used at a
dilution of 1:10000. Proteins were visualized by enhanced
chemiluminescence (GE Healthcare). Unless otherwise stated,
biochemical data are representative of at least three experiments
performed with independent lysate preparations of cells that had
been serum-starved overnight.



RESULTS
Activated Met induces p66Shc Tyr phosphorylation

We first evaluated whether p66Shc was Tyr-phosphorylated
downstream of activated Met receptor. Thus, IB was performed
with an antibody detecting all Shc proteins phosphorylated on
their twin-Tyr residues (P-Shc, Tyr-349/350 in p66Shc) on TCLs
of HEK?293 cells transiently co-transfected with a constitutively
activated form of the Met receptor, Tpr-Met (or pXM vector) and
the HA-tagged p66Shc protein (or pLPCX vector). Activation
of Met, monitored through its Tyr-1234/1235 (P-Met), was not
affected by p66Shc expression (Figure 1A). Phosphorylation of
HA-p66Shc on Tyr, which migrated as a ~70 kDa protein, was
revealed exclusively in Tpr-Met-expressing cells (Figure 1A).
This P-Shc-specific antibody cross-reacted with phosphorylated
Tpr-Met protein (65 kDa), masking the detection of endogenous
p52Shc Tyr phosphorylation.

p66Shc—Met interaction is constitutive but enhanced when Met is
activated

Reciprocal co-IPs were performed to determine whether Tpr-Met
and p66Shc interacted. As shown in Figure 1B, Tpr-Met was
recovered from HA immunoprecipitates of Tpr-Met-expressing
cell extracts and Tpr-Met-induced p66Shc Tyr phosphorylation
was validated (IP: HA; IB: Met and P-Shc). However, the HA—
p66Shc protein was recovered by IP with an anti-human Met
antibody from Tpr-Met-expressing cell lysates, but also from
those transfected solely with HA—p66Shc, albeit at reduced levels
(Figure 1B, IP: Met; IB: HA). Endogenous expression of non-
activated Met (~145 kDa) in HEK293 cells [28] was confirmed,
being detected across all samples by re-probing the membranes
with a Met-specific antibody (Figure 1B, IP: Met; IB: Met), but not
with a anti-pan-phospho-Tyr antibody (P-Tyr; results not shown).
Recovered p66Shc protein by Met IP was Tyr-phosphorylated
exclusively in Tpr-Met-expressing cells (Figure 1B, IP: Met; IB:
P-Shc), but at quite low levels relative to that being detected with
the same anti-P-Shc antibody by IB of TCLs (Figure 1A).

p66Shc interacts constitutively with Grb2 and Gab1, but blocks
their recruitment to Met and Gab1 Tyr phosphorylation when Met is
activated

We extended our analysis to evaluate Grb2 and Gab1 interaction
with p66Shc and Met. Although HA—p66Shc was detected in
Tpr-Met-expressing cells and at low levels in those transfected
only with the HA-p66Shc construct following Grb2 IP,
Tyr-phosphorylated p66Shc was only recovered in Tpr-Met-
transfected cells (Figure 1B, IP: Grb2; IB: HA and P-Shc).
Moreover, re-probing the blots with an anti-Met antibody
showed that Tpr-Met—Grb2 interaction was nearly abolished in
HA-p66Shc-expressing cells (Figure 1B, IP: Grb2; IB: Met).
Analysis of Gab1-immunoprecipitates from an independent set of
transfected cells (Figure 1C) showed that p66Shc binding to Gabl
was constitutive and further enhanced by Tpr-Met co-expression,
and p66Shc Tyr phosphorylation coupled to Gabl only in Tpr-
Met-expressing cells (Figure 1D, IP: Gabl; IB: P-Tyr and IB: HA
respectively). Reduced Gabl Tyr phosphorylation and coupling
to Tpr-Met in HA-p66Shc-expressing cells was also revealed
(Figure 1D, IP: Gabl; IB: P-Tyr and Met). These results suggested
constitutive p66Shc binding to Met, Grb2 and Gabl, and that
p66Shc Tyr phosphorylation and recruitment to activated Met
concurrently interferes with Met-Grb2—-Gab1 complex assembly,
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Figure 1 Non-canonical interactions of p66Shc with Met, Grb2 and Gab1

(A) Tpr-Met promotes Tyr-phosphorylation of p66Shc. HEK293 cells were transfected with
Tpr-Met and/or HA-tagged p66Shc or empty vectors (pXM or pLPCX). After 48 h, cells were
serum-starved overnight and TCLs were prepared. Tpr-Met and HA—p66Shc protein levels were
evaluated by IB analysis. The state of Tyr phosphorylation of Tpr-Met and p66Shc proteins was
assessed by 1B using anti-phospho-specific Met (pY1234/35, P-Met) and Shc (pY349/350 in
p66Shc, P-She) antibodies, respectively. B-Actin protein was probed as a loading control.
(B) p66Shc binds constitutively to the endogenous receptor Met and Grb2, and inhibits the
Tpr-Met—Grb2 complex. Lysates were subjected to IP with Met-, HA- or Grb2-specific antibodies,
or corresponding Sepharose beads, followed by IB with the indicated antibodies. (C and D)
p66Shc binds constitutively to Gab1, and blocks Gab1 Tyr phosphorylation and Tpr-Met—Gab1
interaction. (C) Protein levels of Tpr-Met, HA-p66Shc, Gab1 and actin in an independent set of
transfections in HEK293 cells are shown. (D) TCLs were subjected to IP with a Gab1 antibody,
which was then immunoblotted with a pan-phospho-Tyr-specific antibody (P-Tyr). The blot was
stripped and re-probed for the detection of Gab1, HA-p66Shc and Tpr-Met.

while increasing p66Shc—Grb2—Gabl interaction, which in the
latter complex Gabl1 is not Tyr-phosphorylated.

Met kinase activity and multisubstrate docking site are
dispensable for p66Shc interaction

The mechanistic basis of the non-canonical interactions between
Met, Grb2 and p66Shc was investigated by performing co-
IPs on lysates of HA—p66Shc-expressing cells co-transfected
with a Tpr-Met kinase-dead mutant (KD: K241A), or a mutant
having Tyr-482 and Tyr-489 replaced by phenylalanine (2F).
These assays were performed in parallel with WT or mutated
forms of the cell-surface-localized CSF-Met receptor [27]. Both
Tpr-Met-WT and -2F mutants, like the CSF-Met counterparts,
were Tyr-phosphorylated but not the KD mutants (Figure 2,
IB: P-Met). CSF-Met phosphorylation without ligand stimulation
is consistent with Met being activated and Tyr-phosphorylated
when overexpressed [29,30]. Phosphorylation of HA—-p66Shc
on Tyr was observed in cells expressing the Tpr-Met or

© 2016 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society.
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Figure 2 Met kinase activity and multisubstrate docking site are
dispensable for p66Shc interaction

The indicated Tpr-Met and CSF-Met cDNA constructs, or the corresponding empty pXM vector,
were co-transfected with the HA—p66Shc or the empty pLPCX vector ( — ). After 48 h, cells were
serum-starved overnight and TCLs were prepared. The indicated IB analyses were performed
to evaluate the expression and Tyr phosphorylation levels of Met receptor mutants or p66Shc
proteins, and Grb2 amount. Lysates were also subjected to an IP with Met-, HA- or Grb2-specific
antibodies followed by 1B with the indicated antibodies. 2F denotes Tpr-Met or CSF-Met receptor
mutants where both Tyr-1349 and Tyr-1356 in the C-terminal region of Met are replaced with
a non-phosphorylatable phenylalanine residue. The KD corresponds to the kinase-inactive Met
receptor mutants in which the ATP-binding lysine residue within the kinase domain is replaced
by alanine. (*) denotes the light or heavy Ig chains of antibodies used for IP.

CSF-Met-WT and -2F constructs, but not in those expressing
the KD mutants (Figure 2, IB: P-Shc). This suggests that Met-
induced p66Shc Tyr phosphorylation is dependent on its kinase
activity, whereas its multisubstrate-docking site is dispensable.
Constitutive Met—p66Shc association was validated by reciprocal
co-IPs, where p66Shc binding to Tpr-Met or CSF-Met-2F and -
KD mutants was reduced but not abolished relative to unmodified
Met (Figure 2, IP: HA; IB: Met and IP: Met; IB: HA).
Although p66Shc Tyr phosphorylation was slightly reduced in
cells expressing Met-2F mutants, when compared with cells
transfected with WT counterparts (Figure 2, TCL, IB: P-Shc),
the p66Shc amount in complex with Grb2 was equivalent in
these cells (Figure 2, IP: Grb2; IB: HA). The pool of p66Shc
protein coupled to Met-WT and -2F proteins was weakly Tyr-
phosphorylated (Figure 2, IP: Met; IB: P-Shc). Significantly,
Grb2 was not coupling to Tpr-Met or CSF-Met-2F mutants,
as previously reported [31], but p66Shc expression severely
disrupted Grb2 binding to the Met-WT counterparts (Figure 2,
IP: Met; IB: Grb2 or IP: Grb2; IB: Met). Our data support that
p66Shc recruitment to Met involves both pTyr-independent and
-dependent mechanisms, and that the subcellular localization of
Met does not have an impact on p66Shc-mediated inhibition of
the Met—Grb2 interaction.

© 2016 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society.
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Figure 3 The C-terminal domain of Tpr-Met is not required for p66Shc
recruitment and Tyr phosphorylation

(A) Tpr-Met-ACT mutant promotes Tyr phosphorylation of p66Shc. HEK293 cells were
co-transfected with HA-p66Shc and Tpr-Met WT, or a Tpr-Met mutant deleted of its 45 C-terminal
amino acids (Tpr-Met-ACT). After 48 h, cells were serum-starved overnight and TCLs were
prepared. Cellular expression of Tpr-Met-WT and - ACT mutant was evaluated by IB analysis
using the anti-P-Met antibody, since the ACT mutant protein was undetectable with all the
anti-Met antibodies tested. Total and Tyr phosphorylation of p66Shc, and Grb2 and B-actin
protein levels were probed. (B) p66Shc binds to the Tpr-Met-ACT mutant. Lysates were
subjected to an IP with anti-Grb2 or -HA antibodies followed by IB with the indicated antibodies.
(*) denotes the light or heavy Ig chains of antibodies used for IP.

C-terminal tail deletion in activated Met neither blocks p66Shc
recruitment nor Tyr phosphorylation

Our results showed that neither Met—p66Shc interaction, nor
p66Shc Tyr phosphorylation and Grb2 coupling was abolished
by invalidation of the Met multisubstrate-binding site (Figure 2).
Thus, we next evaluated the role of the C-terminal tail of Met by
the analysis of cells co-transfected with HA—p66Shc and Tpr-Met-
WT or a mutant lacking its last 45 amino acids (Tpr-Met-ACT).
We failed to detect Tpr-Met-ACT mutant protein by IB with an
antibody recognizing the residues surrounding Tyr-1234 (results
not shown), but did confirm its expression and activation using
the anti-P-Met antibody (Figure 3A, TCL, IB: P-Met). Like Tpr-
Met-WT-transfected cells, those expressing the Tpr-Met-ACT
displayed p66Shc Tyr phosphorylation (Figure 3A, TCL, IB: P-
Shc), and enhanced p66Shc—Grb2 interaction (Figure 3B, IP: HA;
IB: Grb2 and IP: Grb2; IB: HA). Coherent with Grb2 binding
to the pTyr-489 in Tpr-Met; the Tpr-Met-ACT protein was not
recovered from Grb2 immunoprecipitates (Figure 3B, IP: Grb2;
IB: P-Met). However, p66Shc interaction with the Tpr-Met-ACT
mutant was reduced relative to the full-length Tpr-Met protein, but
not abolished (Figure 3B, IP: HA; IB: P-Met). Hence, in addition
to its C-terminal tail, a distinct region within the activated Met is
involved in mediating p66Shc recruitment, Tyr phosphorylation
and Grb2 binding.

p66Shc PTB and SH2 domains are dispensable for p66Shc—-Grb2
interaction under Met activation, whereas p66Shc PTB domain is
required for its Tyr phosphorylation and Met binding, and
Met-Grb2 complex inhibition

The contribution of the p66Shc PTB and SH2 domains in co-
ordinating non-canonical interactions with Met and Grb2 was next
investigated. Thus, co-IPs were performed with lysates of cells co-
transfected with Tpr-Met-WT and p66Shc phospho-Tyr-binding-
deficient mutants (Figure 4A, APTB: R285M, ASH2: R507M
and A2D: R285/507M) [32,33]. Tpr-Met-induced p66Shc Tyr
phosphorylation was unaffected by invalidation of the SH2
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Figure 4 Dynamic inputs of the PTB or SH2 domain for Tyr phosphorylation of p66Shc, its inhibitory action on Tpr-Met—Grb2 interaction, and binding to Grb2

and non-activated Met

(A) Diagram showing p66Shc structure and mutants tested. (B) PTB and SH2 domain of p66Shc co-ordinates its Tyr phosphorylation in Tpr-Met-expressing cells. Tpr-Met cDNAs were co-transfected
in HEK293 cells with either pLPCX empty vector or HA—p66Shc WT or the indicated p66Shc mutants. After 48 h, cells were serum-starved overnight and TCLs were prepared. Total cellular level of
HA-p66Shc protein and state of phosphorylation on Tyr-349/350 residues, along with the cellular expression and phosphorylation levels of Tpr-Met, and B-actin protein amount were probed by
IB analysis. (G) Invalidation of the PTB domain in p66Shc blocks Tpr-Met—p66Shc binding and its inhibitory action on the Tpr-Met-Grb2 complex, but the two phospho-Tyr-docking domains are
dispensable for Grb2 binding. Lysates from different co-transfections were subjected to an IP with HA-, Grb2- or Met-specific antibodies followed by IB with the indicated antibodies. Notably, both
the endogenous Met and exogenous Tpr-Met proteins were pulled-down in anti-Met-IP. (D and E) The SH2 domain in p66Shc negatively regulates its binding to Grb2 and inactivated Met receptor.
Similar co-IP and IB analyses were carried in HEK293 cells co-transfected either with empty pXM vector (D) or kinase-inactive Met receptor mutant (E). (*) denotes the light or heavy Ig chains of

antibodies used for IP.

domain, but was markedly reduced and nearly abolished when
the PTB domain was disrupted alone or concurrently with the
SH2 domain respectively (Figure 4B). However, reciprocal co-
IPs revealed a weak loss of p66Shc—Grb2 interaction only when
the PTB and SH2 domains were simultaneously inactivated
(Figure 4C, IP: HA; IB: Grb2 and IP: Grb2; IB: HA).
A comparable amount of Tpr-Met was recovered from HA
immunoprecipitates of lysates of cells co-expressing the p66Shc-
WT or - ASH2 mutant, but this was noticeably reduced in p66Shc-
APTB-transfected cells, and even more when the SH2 and PTB

domains were concurrently inactivated (Figure 4B, IP: HA; IB:
Met). Moreover, Tpr-Met—Grb2 interaction was still abolished in
p66Shc-ASH2-expressing cells, but considerably less in those
transfected with PTB- or PTB/SH2-deficient p66Shc mutants
(Figure 4C, IP: Met; IB: Grb2 and IP: Grb2; IB: Met). These
results show that, in the context of activated Met, the p66Shc PTB
and SH2 domains are dispensable for p66Shc—Grb2 interaction,
whereas p66Shc Tyr phosphorylation and Met binding, like its
mediated inhibition of Met—Grb2 interaction, mainly depend on
the PTB domain integrity.

© 2016 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society.
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p66Shc SH2 domain negatively regulates its constitutive binding to
Met and Grh2

Requirement of the p66Shc PTB and SH2 domains in coupling
to Met was further characterized by evaluating the amount of
HA-p66Shc protein recovered after Met IP. All p66Shc mutant
proteins were readily detected in Met-immunoprecipitates, but
the p66Shc-ASH2 amount recovered was more elevated than that
of p66Shc-WT or other mutant proteins (Figure 4C, IP: Met; IB:
HA). This suggested an inhibitory allosteric constraint imposed
by the p66Shc SH2 domain in respect to its binding to inactivated
Met. This was validated by co-IP analysis of lysates of cells co-
transfected with p66Shc mutants and either empty pXM vector
or Tpr-Met-KD mutant, where the SH2-defective p66Shc mutant
showed enhanced binding to endogenous Met and Tpr-Met-KD,
and even more when the PTB domain was concurrently disrupted
(Figures 4D and 4E, IP: Met; IB: HA or IP: HA; IB: Met).
Although not Tyr-phosphorylated, the p66Shc mutants harbouring
inactivating mutations in their SH2 domain, alone or concurrently
in their PTB domain, also showed increased binding to Grb2 in
pXM or Tpr-Met KD co-transfected cells (Figures 4D and 4E,
IP: Grb2; IB: HA). These results showed that a mechanism
independent of the p66Shc PTB and SH2 domains co-ordinates
p66Shc—Grb2 and p66Shc—Met constitutive interactions, where
the SH2 domain exerts an allosteric inhibitory effect.

p66Shc Ser-36 phosphorylation is neither influenced by Met
activation nor a critical determinant of the non-canonical
Met-p66Shc—Grb2 complex formation

We next evaluated the influence of p66She Ser-36 phosphorylation
on Met—-p66Shc—Grb2 complex formation by the analysis of
lysates of cells co-transfected with Tpr-Met and HA—p66Shc-
WT, or a phospho-Ser-36-defective p66Shc mutant (S/A). Probing
of HA immunoprecipitates with an antibody raised against this
phosphorylated Ser-36 residue (anti-P-Ser-36) showed a 1.54-
fold increase in p66Shc phosphorylation on Ser-36 in Tpr-Met-
expressing cells relative to the pXM control cells, but which
coincided with a 1.57-fold elevation in the HA—p66Shc protein
level (Figure S5A, IP: HA; IB: P-Ser-36 and HA). This indicates
that activation of Met signalling in HEK293 cells promotes
p66Shc expression, but not its Ser-36 phosphorylation. As shown
in Figure 5(B), p66Shc-WT and S/A protein phosphorylation on
Tyr induced by Tpr-Met (IP: HA; IB: P-Tyr) and their binding
to Tpr-Met, the endogenous Met or Grb2 were comparable (IP:
HA; IB: Met; IP: Met; IB: HA and IP: Grb2; IB: HA). Notably,
the HA-p66Shc-S/A mutant also markedly reduced Tpr-Met—
Grb2 interaction (Figure 5B, IP: Met; IB: Grb2 and IP: Grb2; IB:
Met).

The proline-rich motif in p66Shc CH2 domain inhibits constitutive
binding to Met and Grb2

We next evaluated the contribution of a putative Grb2-SH3-
binding site in the p66Shc CH2 domain [34]. Cells were
co-transfected with Tpr-Met and a p66Shc mutant in which
this putative binding was invalidated by the substitution of
alanine for four proline residues [24] (Figure 6A). Analysis
of HA immunoprecipitates revealed that p66Shc-AP Tyr
phosphorylation (results not shown) and binding to Grb2 in Tpr-
Met-expressing cells was similar to the p66Shc-WT, whereas its
interaction with Tpr-Met was slightly more elevated (Figure 6B,
IP: HA; IB: Met or IB: Grb2). Similar amounts of p66Shc-AP

© 2016 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society.
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Figure 5 p66Shc binds to Met and inhibits Met-Grb2 interaction by a
mechanism independent of Ser-36 phosphorylation

(A) Tpr-Met does not enhance Ser-36 phosphorylation of p6Shc. Tpr-Met or pXM vector cDNAS
were co-transfected in HEK293 cells with WT HA—p66Shc or corresponding pLPCX empty vector.
After 48 h, cells were serum-starved overnight and TCLs were prepared. Total cellular level of
HA-p66Shc protein was determined by 1B with an anti-HA antibody, whereas B-actin protein
was probed as a loading control. Phosphorylation of p66Shc on Ser-36 was evaluated in HA
immunoprecipitates by IB analyses with a anti-phospho-Ser-36-p66Shc antibody (P-Ser-36).
The amount of HA—p66Shc protein recovered after HA-IP was estimated by re-probing the blots
with anti-pan-Shc antibody. The histogram shows the fold difference (mean + S.D.) in Ser-36
phosphorylation and total HA-p66Shc protein levels in Tpr-Met-expressing cells relative to
those detected in control cells, based on densitometric quantification. Only the increase in total
HA-p66Shc level was significant based on a one-sample Student’s ¢ test. The cellular levels of
p66Shc protein phosphorylation at Ser-36 were normalized to the amount of p66Shc protein
recovered after HA IP (n = 3), whereas those for total HA—p66Shc protein were normalized to
the level of actin (n = 4). (B) Interference with p66Shc Ser-36 phosphorylation does not have
an impact on Met—p66Shc—Grb2 interaction. HEK293 cells were co-transfected with Tpr-Met or
pXM empty vectors and either WT HA-p66Shc or the S/A mutant, in which Ser-36 was replaced
by alanine (S/A). Total Tpr-Met, HA—p66Shc, Grb2 and actin protein levels in cell lysates were
evaluated by IB analyses. The same cell lysates were used to carry out the indicated co-IP
experiments. The slight reduced amount of p66ShcS/A relative to WT co-IP with Met was not
reproducible in other experiments.
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Figure 6 Phosphorylation of p66Shc on Tyr-349/350 and coupling to Grb2 are needed for inhibition of Met-Grb2 interaction

() Diagram showing p66Shc structure and mutants tested. (B) Invalidation of the Pro-motif in p66Shc does not block Grb2 binding and p66Shc-induced inhibition of the Tpr-Met—Grb2 complex.
Tpr-Met cDNAs were co-transfected in HEK293 cells with either pLPCX empty vector or HA—p66Shc WT or the p66Shc- AP mutant harbouring four proline to alanine substitutions in its CH2 domain.
After 48 h, cells were serum-starved overnight and TCLs were prepared. Total cellular levels of HA-p66Shc, Tpr-Met, Grb2 and B-actin protein were probed by IB analysis. Lysates from same
co-transfections were subjected to an IP with anti-Met and -Grb2 antibodies, followed by IB with the indicated antibodies. (C) Invalidation of the proline-rich motif in p66Shc enhances constitutive
binding to Met and Grb2. The p66Shc-WT and - AP mutant were co-transfected with empty pXM vector in HEK293 cells. TCLs from these co-transfections were subjected to the indicated IB and
co-IP analyses. (D) Phospho-Tyr-349/350 in p66Shc binds Grb2 that blocks Tpr-Met—Grb2 interaction. The indicated p66Shc mutants harbouring Tyr to phenylalanine substitutions that invalidate
Grb2-SH2 pTyr-binding sites were co-transfected with Tpr-Met in HEK293 cells. The indicated IB analyses were performed to evaluate Tyr phosphorylation and expression levels of p66Shc mutant
proteins, and the expression of Tpr-Met. The level of B-actin protein was probed as a loading control. 2F, 1F and 3F denote, respectively, p66Shc mutants in which Tyr-349/350, Tyr-423 or
Tyr-349/350/423 were replaced by phenylalanine. Lysates of a different set of cells co-transfected with Tpr-Met and the indicated phospho-Tyr-deficient p66Shc mutants were subjected to IP with
HA-, Met- or Grb2-specific antibodies followed by IB with the indicated antibodies. N.B. both Tpr-Met and endogenous Met proteins were pulled-down upon anti-Met IP. (E) Constitutive interaction
between p66Shc and endogenous Met is not affected by Tyr to phenylalanine substitutions in p66Shc. Cells were co-transfected with pXM and p66Shc Tyr to phenylalanine mutants, and the same
TCLs were subjected to the indicated IB and co-IP analyses.

and p66Shc-WT were recovered from Met immunoprecipitates
of lysates of Tpr-Met-expressing cells (Figure 6B, IP: Met; IB:
HA). Reciprocal co-IPs showed that p66Shc-mediated inhibition
of Tpr-Met—Grb2 interaction was unaffected by invalidation of its
proline-rich motif (Figure 6B, IP: Met; IB: Grb2 or IP: Grb2; IB:
Met). The p66Shc- AP mutant showed enhanced binding to both
endogenous Met and Grb2 in pXM-transfected cells (Figure 6C,
IP: Met; IB: HA and IP: Grb2; IB: HA). Altogether, these findings
indicate that the proline-rich motif in the p66Shc CH2 domain
does not play a major role in mediating its constitutive or Met-
inducible interaction with Grb2. Nonetheless, when p66Shc is not
Tyr-phosphorylated, this proline-rich motif hinders its binding to
both the endogenous Met and Grb2.

p66Shc phospho-Tyr-349/350 residues are required for Grb2
binding and Met-Grb2 complex inhibition

The role of the phospho-Tyr motifs in the p66Shc CH1 domain
was next investigated. Cells were co-transfected with Tpr-Met and
p66Shc mutants harbouring combinations of Tyr to phenylalanine
substitution of each Grb2-SH2 pTyr-binding motifs (Figure 6A,
Y349/350F: 2F, Y423F: 1F or Y349/350/423F: 3F). Although
expressed at similar levels to p66Shc-WT and -1F proteins, the
p66Shc-2F and -3F mutants, which each harbours the Y349/350F
substitution, were not detected in Tpr-Met-expressing cells by
IB with an antibody specific for recognition of this phospho-
Tyr motif in Shc (Figure 6D, IB: HA and P-Shc). Analysis of

© 2016 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society.
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Figure 7 Proposed model for the dynamics of Met and p66Shc interactions and protein complexes

When the receptor Met is not active, the non-Tyr-phosphorylated p66Shc constitutively binds to Met, and the Grb2 and Gab1 adaptor proteins. In this instance, intramolecular constraints in p66Shc,
co-ordinated by the SH2, PTB and CH2 domains, allow low-affinity interaction of p66Shc with Met, Grb2 and Gab1. When Met is activated, p66Shc becomes phosphorylated on Tyr residues,
changing the core structural determinants in p66Shc dictating its interaction with Met and Grb2. Namely, the phospho-Tyr-binding integrity of the p66Shc PTB and SH2 domains is now critical for
p66Shc—Met and p66Shc—Grb2—Gab1 complex formation, where the Grb2 binds to phospho-Tyr-349/350 in p66Shc. The Met multisubstrate-docking site is not required for p6Shc binding and Tyr
phosphorylation, whereas it is the non-Tyr-phosphorylated p66Shc protein that preferentially binds to active Met. In turn, p66Shc—Grb2—Gab1 complex is redirected distal from the activated Met,
where p66Shc is Tyr-phosphorylated but not Gab1, whereas Grb2—Gab1 recruitment to the Met receptor is inhibited.

HA immunoprecipitates of Tpr-Met-expressing cells revealed that
the Y349/350F substitution enhanced p66Shc coupling to Tpr-
Met, whereas reducing its interaction with Grb2 (Figure 6D,
IP: HA; IB: Met or IB: Grb2). Concurrently, reciprocal co-
IPs showed partial recovery of Tpr-Met-Grb2 interaction in
p66Shc-2F-expressing cells (Figure 6D, IP: Met; IB: Grb2 and
IP: Grb2; IB: Met). These above effects of the Y349/350F
substitution in p66Shc were further potentiated when Tyr-423
was simultaneously mutated (Figure 6D, IP: HA; IB: Met
p66Shc-3F). The inhibitory effect on p66Shc—Grb2 interaction
by the Y349/350F substitution in p66Shc was not duplicated
when the analysis of Grb2 immunoprecipitates was performed
(Figure 6D, IP: Grb2; IB: HA). This discrepancy probably
reflects enhanced p66Shc pull-down with the Tpr-Met-Grb2
complex, since p66Shc-2F displayed reduced capacity to block
Tpr-Met/Grb2 interaction. Corroborating that activated Met binds
preferentially to non-Tyr-phosphorylated p66Shc, p66Shc-3F
protein was more efficiently recovered than p66ShcWT by anti-
Met IPs of lysates of Tpr-Met-expressing cells, whereas the
same amount of both proteins was pulled down in control cells
(Figure 6D, IP: Met; IB: HA). Highest Tpr-Met—p66Shc coupling
and inhibition of the p66Shc-Grb2 complex were both seen
in the context of the p66Shc mutant protein in which all the
three phospho-Tyr-binding sites were simultaneously invalidated.
However, in pXM cells, p66Shc Tyr-deficient mutants and WT
protein showed comparable coupling efficiency to Grb2 and
Met (Figure 6E, IP: Met; IB: HA). These results indicate
that the phospho-Tyr-349/350 motif within p66Shc constitutes
the main binding site for phospho-Tyr-based interaction with
Grb2 and for p66Shc-mediated inhibition of Tpr-Met—Grb2
complex.

© 2016 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society.

DISCUSSION

Opposite to the p52Shc isoform, which interacts exclusively with
activated RTKs, Grb2 and Gab1 through phospho-Tyr-dependent
mechanisms, we show that the p66 isoform of Shc binds to Met
even in the absence of receptor activation, as well as to Grb2 and
non-Tyr-phosphorylated Gab1 (Figure 1). Previous studies have
reported p66Shc’s ability to bind epidermal growth factor receptor
(EGFR) and Grb2 in the absence of receptor stimulation in various
cell types [11,12,34,35]. Structural determinants co-ordinating
the p66Shc—EGFR constitutive interaction remain unknown,
whereas the phospho-Tyr-independent p66Shc—Grb2 association
was proposed to involve binding of the Grb2 C-terminal SH3
domain to a proline-rich motif in the p66Shc CH2 region, based
on in vitro pull-down assays using purified CH2 domain of
p66Shc [34]. In sharp contrast, we show that proline-rich motif
invalidation in the full-length p66Shc enhanced its coupling to
endogenous Grb2 under basal state, as well as to the non-activated
Met (Figure 6). This discrepancy probably reflects the loss of
p66Shc intramolecular constraints in the isolated CH2 domain,
which reduce Grb2-SH3—p66Shc-CH?2 interaction. Likewise,
p66Shc harbouring point mutations blocking the SH2 phospho-
Tyr-binding capacity displayed a much-increased constitutive
interaction with both Met and Grb2, and even more when its PTB
domain was concurrently invalidated (Figure 4). Although typified
to co-ordinate phospho-Tyr-based protein—protein interactions,
the PTB and SH2 domains of p52Shc have been shown to
be capable of binding non-Tyr-phosphorylated ligands. This
includes coupling of the p52Shc PTB domain to protein Tyr
phosphatase non-receptor type 12 (PTPN12) [36], the scaffold
1Q motif-containing GTPase-activating protein 1 (IQGAP1) [37]
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and extracellular-signal-regulated kinase 1 (ERK1) [38], whereas
its SH2 domain constitutively binds to the Shc SH2 domain-
binding protein 1 (SHCBP1) [39]. The results of the present
study suggest that in the absence of Met receptor activation,
each modular domain of p66Shc works in a concerted manner
to make the conformation of this adaptor protein favourable for
low-affinity binding to Grb2 and Met. Considering that Gabl
binds constitutively and directly to the C-terminal SH3 domains of
Grb2, this suggests that p66Shc may operate as a platform to bring
the Grb2—-Gab1 complex in proximity to inactivated Met receptor.
It is reasonable to expect that other p66Shc or Grb2 constitutive
binding proteins such as the Ras nucleotide-exchange factor son
of sevenless 1 (SOS1) or the small GTPase ADP-ribosylation
factor 1 (ARF1) [35,40], may prove to be also constituents of the
p66Shc-nucleated multiprotein complex.

Like for p52Shc [26], we demonstrate that p66Shc Tyr
phosphorylation and interaction with Grb2 are enhanced when
the Met receptor is activated (Figures 1 and 2). In this instance,
the core structural elements co-ordinating p66Shc binding to
active Met and Grb2 somewhat follow the p52Shc-like canonical
model. Namely, the phospho-Tyr-binding integrity of p66Shc PTB
domain, and to some extent of its SH2 domain, is critical for
the assembly of p66Shc—Met and phospho-Tyr-based p66Shc—
Grb2 complexes (Figure 4), where phospho-Tyr-349/350 in
p66Shc are critical for Met-inducible p66Shc—Grb2 association
(Figure 6). In sharp contrast, p66Shc binding to activated Met and
p66Shc Tyr phosphorylation are not abolished by invalidation
of the Met multisubstrate-docking site or by deletion of its C-
terminal tail (Figures 2 and 3). Besides, p66Shc severely blocks
Grb2 and Gabl coupling to active Met, as well as Gabl Tyr
phosphorylation (Figures 1 and 2). The inhibitory action of
p66Shc in respect to Met—Grb2 interaction is surprising. Although
the NATpY1356VNV motif found in the Met multisubstrate-
binding site constitutes a high affinity Grb2-SH2-binding motif
[41], it allows feeble interaction with the Shc-PTB domain, since it
is not an optimal consensus PTB-binding site, having an alanine
residue, instead of proline, at position —2 of the phospho-Tyr
[26]. It is tempting to speculate that p66Shc may adopt a different
conformation when Tyr is phosphorylated, allowing its binding
to the phospho-Tyr-1356 of Met via its PTB and to another
region situated outside the Met C-terminal region, ultimately
sterically hindering Grb2 and Gab1 recruitment to activated Met.
Yet, our data imply that it is the non-Tyr-phosphorylated p66Shc
protein species that binds predominantly to active Met, instead
of the Tyr-phosphorylated forms (Figures 1 and 6). Additional
studies are required to map the residues specifying Met—p66Shc
interaction, as well as the mechanisms by which p66Shc inhibits
Grb2 and Gabl recruitment to activated Met. Nonetheless,
our study provides critical novel insights into the p66Shc—Met
interaction mode, and uncover that Tyr phosphorylation of the
p66Shc protein extends beyond generating recognition motifs for
effectors, altering the PTB, SH2 and CH2 domains, target-binding
affinity and selectivity.

A number of studies underscore that pre-assembly of specific
protein complexes to non-stimulated RTKs does not merely reflect
non-specific interactions, but actually represents a regulatory
mechanism of RTK basal activity and signalling of physiological
relevance [42]. To this effect, the ShcD adaptor protein, which
shares the same CH2-PTB-CHI1-SH2 domain organization of
p66Shc [43,44], has been shown to associate with ligand-
free EGFR, promoting phosphorylation of specific EGFR Tyr
residues (Tyr-1068/1148/1173) [45]. Ligand-independent ShcD-
driven EGFR binding and phosphorylation was revealed to
promote cell migration without activation of EGFR kinase or
downstream MAPK/ERK and PI3K/Akt pathways [45]. Likewise,

p66Shc overexpression in human MDA-231 and SKBR3 breast
cancer cells was reported to enhance migration in the absence of
EGF stimulation [35]. Noteworthily, p66Shc overexpression was
revealed in the ErbB2-driven breast cancer model to promote, in
cellulo and in vivo, epithelial-mesenchymal transition and cell
migration by a mechanism dependent on Met activation [46]. In
the present study, p66Shc—Met complex formation did not concur
with inducible phosphorylation of endogenous Met (Figure 1)
but perhaps the p66Shc-induced Met phosphorylation level was
below the limits of detection within our setting or is cell-type-
specific.

Collectively, our results support a model whereby p66Shc
constitutively binds to Met, Grb2 and Gab1 (Figure 7). When Met
is inactive, thus p66Shc is not Tyr-phosphorylated, the SH2, PTB
and CH2 domains of p66Shc impose intramolecular constraints
maintaining low-affinity p66Shc—Met and p66Shc—Grb2-Gabl
interactions. Upon Met receptor activation, Tyr phosphorylation
of p66Shc works as a switch, altering the core structural
determinants directing p66Shc binding to Met and Grb2. Thereby,
p66Shc—Met and phospho-Tyr-based p66Shc—Grb2-Gabl com-
plex formation becomes dependent on the phospho-Tyr-binding
integrity of the p66Shc PTB and SH2 domains. However, the Met
multisubstrate-docking site is not required for p66Shc binding and
Tyr phosphorylation, and it is mainly the non-Tyr-phosphorylated
p66Shc protein that binds to activated Met. This, in turn, redirects
the p66Shc—Grb2—-Gabl complex away from the activated Met
where p66Shc is Tyr-phosphorylated but not Gabl, and
concomitantly prevents Grb2—-Gab1 complex from contacting the
Met receptor.

In summary, the present study underscores that the additional
CH2 domain in p66Shc imposes unique diversification relative
to its cognate p52Shc protein, in respect to its interaction
mode with the receptor Met and its effects on rewiring binding
effector complexes. Notably, we provide novel insights into
the mechanistic basis governing dynamic non-canonical Met—
p66Shc—Grb2-Gab1 protein interactions that are dependent on the
activation state of the receptor, expected to be of critical relevance
in achieving signal integration and function specificity in cells.
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