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Proteins of the Src homology and collagen (Shc) family are
typically involved in signal transduction events involving Ras/
MAPK and PI3K/Akt pathways. In the nervous system, they
function proximal to the neurotrophic factors that regulate cell
survival, differentiation, and neuron-specific characteristics.
The least characterized homolog, ShcD, is robustly expressed in
the developing and mature nervous system, but its contributions
to neural cell circuitry are largely uncharted. We now report
that ShcD binds to active Ret, TrkA, and TrkB neurotrophic
factor receptors predominantly via its phosphotyrosine-binding
(PTB) domain. However, in contrast to the conventional Shc
adaptors, ShcD suppresses distal phosphorylation of the Erk
MAPK. Accordingly, genetic knock-out of mouse ShcD en-
hances Erk phosphorylation in the brain. In cultured cells,
this capacity is tightly aligned to phosphorylation of ShcD CH1
region tyrosine motifs, which serve as docking platforms for sig-
nal transducers, such as Grb2. Erk suppression is relieved
through independent mutagenesis of the PTB domain and the
CH1 tyrosine residues, and successive substitution of these
tyrosines breaks the interaction between ShcD and Grb2,
thereby promoting TrkB-Grb2 association. Erk phosphoryla-
tion can also be restored in the presence of wild type ShcD
through Grb2 overexpression. Conversely, mutation of the
ShcD SH2 domain results in enhanced repression of Erk.
Although the SH2 domain is a less common binding interface in
Shc proteins, we demonstrate that it associates with the Ptpn11

(Shp2) phosphatase, which in turn regulates ShcD tyrosine phos-
phorylation. We therefore propose a model whereby ShcD com-
petes with neurotrophic receptors for Grb2 binding and opposes
activation of the MAPK cascade.

Signal transduction is a vital process whereby external stim-
uli direct the physiological activity of individual cells in an orga-
nism. The underlying biochemical networks are built around a
multitude of enzymatic components, such as receptor tyrosine
kinases (RTKs),8 in addition to non-catalytic adaptor proteins
like those of the Src homology and collagen (Shc) family, which
serve as scaffolds for the developing signaling complex (1). Four
Shc paralogs have been described in mammals, commonly des-
ignated Shc/ShcA/Shc1, ShcB/Sck/Shc2, ShcC/N-Shc/Rai/
Shc3, and ShcD/RaLP/Shc4 in chronological order of their dis-
covery (2). They share a conserved architecture consisting of an
amino-proximal phosphotyrosine-binding (PTB) domain, a
carboxyl-terminal Src homology 2 (SH2) domain, and two col-
lagen homology regions designated CH1 and CH2. The PTB
and SH2 domains connect the adaptor to activated plasma
membrane receptors, including those for growth factors, cyto-
kines, and extracellular matrix, whereas the central CH1 region
is enriched in phosphorylatable tyrosine residues that recruit
additional signal transducers, such as Grb2, into the developing
complex (2) (depicted in Fig. 1D).

ShcA is the best characterized and most ubiquitous member
of the family with the exception of the mature nervous system
in which it is restricted to neurogenic regions (3). In contrast,
ShcB and -C are almost exclusively expressed in neurons of the
central and peripheral nervous systems (4), although ShcC has
also been described in enteric glial cells (5) and lymphocytes (6,
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7). ShcD has likewise been identified throughout the adult brain
and to a lesser extent in skin and muscle (8 –10).

Despite their conserved structure and common binding part-
ners, the Shc adaptors and their isoforms can give rise to dis-
tinct downstream signals and make unique physiological con-
tributions. The most striking example of this phenomenon is
the functional disparity between the canonical p46/p52 ShcA
isoforms, which augment transduction events at the mem-
brane, and p66 ShcA, which functions as a mitochondrial redox
sensor that contributes to apoptosis (11). The three isoforms
differ only in the length of their amino-terminal CH2 regions
(12, 13). Shc non-redundancy is also evident in the developing
nervous system where a molecular switch demarcates progen-
itor cell proliferation and terminal differentiation. During the
transition, levels of ShcA decrease, whereas ShcC increases and
achieves maximal expression in postmitotic neurons (14). ShcC
appears to support survival and maturation through specific
engagement of the phosphatidylinositol 3-kinase (PI3K)/Akt
pathway and prolonged activation of Erk1/2 (p44/p42) mito-
gen-activated protein kinase (MAPK), respectively (14).

In the nervous system, such responses are elicited by the class
of signaling ligands known as neurotrophic factors. Together
with their companion receptors, these factors support neurons
during development and through maturity, influencing com-
mon cellular characteristics like survival while also guiding spe-
cialized functions, such as axonal pathfinding and synaptic
plasticity (15). Two prominent families in this growth factor
class are the neurotrophins and their corresponding tropomy-
osin-related kinase (Trk) RTKs and the glial cell line-derived
neurotrophic factor family ligands with their multicomponent
receptor consisting of the rearranged during transformation
(Ret) RTK and one of four ligand-specific glial cell line-derived
neurotrophic factor family receptor � co-receptors (16, 17).
Collectively, neurotrophic signaling has far reaching implica-
tions in organism morphogenesis, maintenance, and a spec-
trum of diseases, including Alzheimer’s, depression, inflamma-
tory pain, and cancer (18). Understanding the signaling networks
that underlie aberrant behavior is therefore a priority.

To that end, ShcA, -B, and -C bind Trk and Ret RTKs and
augment Ras/MAPK and/or PI3K/Akt signaling (19 –21). Little
is known of the neuronal contributions of the recently discov-
ered ShcD, although its potential to bind activated Ret and Trk
was revealed in a high-throughput peptide screen (22), and
associations with TrkB have been demonstrated in vitro (23).
We have previously shown that ShcD elicits ligand-indepen-
dent phosphorylation of the epidermal growth factor (EGF)
receptor (EGFR) (24) and promotes its accumulation in jux-
tanuclear endocytic recycling compartments,9 thereby estab-
lishing a precedent for non-canonical engagement of ShcD in
signaling circuitry. We now report that ShcD suppresses Erk
activation in the context of Ret, TrkA, and TrkB. Further inves-
tigation with TrkB revealed that the phenotype arises from
Grb2 sequestration and that the Ptpn11 (Shp2) phosphatase
regulates CH1 region phosphotyrosine residues to oppose this
phenomenon. ShcD thus appears to function as a signaling plat-
form that facilitates negative regulation of Erk.

Results

Ret, TrkA, and TrkB bind ShcD predominantly via its PTB
domain

Because of the robust expression of ShcD in the nervous sys-
tem (8, 9), we set out to investigate findings from our peptide
screen suggesting that the adaptor binds to Ret and Trk neu-
rotrophic receptors (22). To this end, we introduced the onco-
genic Ret MEN2A receptor (kinase-active) or its kinase-dead
(KD) counterpart into human embryonic kidney (HEK) 293T
cells along with ShcD to assess protein-protein interactions by
way of immunoprecipitation. Ret MEN2A is characterized by a
point mutation in the extracellular region that promotes
homodimerization and autoactivation (25), and we first con-
firmed that the kinase was indeed constitutively active in our
expression system (Fig. 1A). Tyrosine phosphorylation of the
receptor was found to be required for Ret-ShcD association
(Fig. 1A) as suggested previously by the peptide array (22).

We next confirmed that overexpression of the wild type
TrkA and TrkB receptors in HEK 293T cells was sufficient to
promote their tyrosine phosphoactivation (Fig. 1, B and C,
fourth panel). ShcD and the positive control, ShcA, were each
independently able to bind the wild type TrkA and TrkB recep-
tors, but neither adaptor co-precipitated the kinase-dead vari-
ant, thereby implicating tyrosine phosphorylation as a prereq-
uisite for association (Fig. 1, B and C).

To identify regions of ShcD that mediate its interactions with
neurotrophic receptors, we subsequently introduced ShcD
mutants containing a disabled PTB domain (PTB*), SH2 do-
main (SH2*), or tandem tyrosine-to-phenylalanine substitu-
tions in the CH1 region (Y374F/Y375F/Y403F/Y413F/Y424F/
Y465F (Y6F)) (depicted schematically in Fig. 1D) with the
RTKs. Disrupting the tyrosine-binding functionality of the
ShcD PTB domain substantially impeded co-precipitation of all
three RTKs, whereas the SH2 domain was a minor factor in the
interaction (Fig. 1, E, F, and G). Compound ablation of both
domains elicited the most profound loss of receptor-adaptor
association. By contrast, the ShcD Y6F variant retained the full
Ret-, TrkA-, and TrkB-binding capacities of wild type ShcD
(Fig. 1, E, F, and G). Thus, the PTB domain appears to be the
primary point of contact between neurotrophin receptors and
ShcD with some additional influence of the SH2 domain.

ShcD opposes Erk activation downstream of Ret and Trk
receptors

Although traditional Shc adaptors are well established medi-
ators of MAPK signaling, the contribution of ShcD to canonical
pathways has been less clear (24). We therefore profiled Akt
and Erk phosphorylation in response to active neurotrophic
receptors co-expressed with ShcD variants. Proximal to Ret,
TrkA, and TrkB, wild type ShcD was itself found to be phos-
phorylated in keeping with the canonical response of Shc family
proteins (Fig. 2). It nevertheless failed to influence Akt, which
maintained the same degree of phosphorylation across the
panel of conditions and ShcD mutants tested (Fig. 2, A, B, and
C). Surprisingly, however, wild type ShcD attenuated Erk1/2
phosphorylation (pErk) distal to all three receptors (Fig. 2, A, B,
and C), and with each RTK, pErk levels were restored in the9 M. K. B. Wills, H. R. Lau, and N. Jones, submitted manuscript.
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Figure 1. The ShcD PTB domain is the principal point of contact with Ret, TrkA, and TrkB. A, lysates from HEK 293T cells transiently expressing ShcD-FLAG
with Ret MEN2A or the KD variant (K758M) were FLAG-immunoprecipitated and immunoblotted to detect Ret. Receptor tyrosine phosphorylation was
required to establish an interaction with ShcD. B and C, similarly, ShcA and ShcD were co-expressed with wild type or kinase-dead TrkA-HA and TrkB-HA (TrkA
KD, K547A; TrkB KD, K573A) and subjected to co-immunoprecipitations that confirmed the importance of receptor catalytic activity in enabling associations
with Shc. D, schematic representations of ShcD depicting the PTB and SH2 domains as well as the CH1 region tyrosine residues of which those in green are
conserved across the family. Also shown are strategic point mutations that disable the functions of each of these components. E, F, and G, wild type Ret, TrkA,
or TrkB were co-immunoprecipitated with wild type and mutant ShcD. Disabling the ShcD PTB domain had the most profound influence on receptor binding,
and no effects were seen with the Y6F mutant. KA, kinase active; IP, immunoprecipitation; IB, immunoblot; pY, phosphotyrosine; P*/S*, ShcD PTB*/SH2*
compound mutant.
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presence of the ShcD PTB*, PTB*/SH2*, and Y6F mutants.
Notably, ShcD SH2* appeared to function as a super-repressor,
reducing phosphorylated Erk below the levels generated down-
stream of wild type ShcD (quantitated in Fig. 2D).

ShcD knock-out increases pErk in the murine brain

To better understand the physiological extent of ShcD influ-
ence over Erk, we turned to our recently generated whole body
ShcD knock-out mice, which are viable and appear normal in
gross morphology.10 As our previous work revealed robust
ShcD expression throughout the developing and adult brain (8,
9), we focused on this organ to identify changes arising from

ShcD removal. In brain homogenate prepared from mice, we
observed a reduction in ShcD protein in heterozygous animals
compared with wild type (WT) littermates and complete elim-
ination in full knock-outs (KOs) (Fig. 3A). Remarkably, ShcD
control of pErk was also seen in vivo where the loss of ShcD
resulted in Erk hyperactivation (Fig. 3B). Quantitation of the
phenomenon revealed a mean 2-fold increase in the pErk/Erk
ratios when comparing the ShcD KO brain with that of WT
controls (Fig. 3C).

ShcD suppresses Erk phosphorylation by sequestering Grb2

Our unexpected discovery that ShcD reduces Erk output in
cultured cells and in the mouse model prompted further mech-
anistic characterization of this response. As depicted in Fig. 2,10 L. A. New, H. N. Robeson, and N. Jones, manuscript in preparation.

Figure 2. ShcD suppresses Erk phosphorylation proximal to neurotrophic receptors. The same ShcD-FLAG mutants used in Fig. 1 were assessed for their
Akt and Erk signaling potential in the context of Ret MEN2A (A), TrkA-HA (B), and TrkB-HA (C and D). In each case, wild type and SH2* ShcD were themselves
robustly phosphorylated while repressing Erk activation, whereas the PTB* and Y6F mutants had little to no phosphorylation and permitted MAPK activation.
D, densitometric analysis of TrkB immunoblot band intensities is expressed as a ratio of pErk/Erk relative to wild type ShcD. Repeated measures one-way
ANOVA (n � 4; p � 0.0066) followed by Tukey’s multiple comparison test revealed a significant difference between the ShcD-negative sample (Vector) and each
of ShcD WT and ShcD SH2*. Multiplicity-adjusted p values are as follows: ShcD WT versus vector, p � 0.0385; SH2* versus vector, p � 0.0104; vector (�TrkB)
versus vector (�Trk), p � 0.0071. Error bars denote S.E. *, p � 0.05; **, p � 0.01. IB, immunoblot; KA, kinase-active; P*/S*, ShcD PTB*/SH2* compound mutant.
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the distinct ShcD mutations that rescued Erk phosphorylation
are similar in that they disable the phosphotyrosine transduc-
tion capacity of the adaptor either by physically uncoupling
ShcD from the stimulated receptor (PTB* and PTB*/SH2*) or
by preventing it from recruiting proximal effectors (Y6F).
Indeed, the Erk activation pattern appeared to be reciprocal to
the ShcD phosphorylation status such that decreased pShc was
associated with increased pErk (Fig. 2, A, B, and C). Considering
that Grb2 is the major canonical binding partner of the ShcD
tyrosine residues (9), we questioned whether the signaling out-
put was influenced by sequestration of this adaptor. Because all
three neurotrophic receptors demonstrated identical Erk acti-
vation and repression patterns in concert with ShcD and its
mutants, we proceeded to characterize the response using TrkB
as a model. We first evaluated the extent of interaction between
endogenous Grb2 and wild type or domain-mutated ShcD.
Consistent with our hypothesis, PTB*, but not SH2*, prevented
co-precipitation of Grb2 with ShcD (Fig. 4A). To pursue the
impact of ShcD CH1 tyrosine residue loss, we introduced suc-
cessive phenylalanine substitutions as depicted in the sche-
matic in Fig. 4B. Removal of ShcD tyrosines 374/375 (Y374F/
Y375F (Y2F)) completely abolished reactivity to the pShc
antibody, which was raised against equivalent residues 239/240
of p52 ShcA (Fig. 4C). As predicted, incremental loss of ShcD
tyrosine motifs promoted Erk phosphorylation with the most
dramatic shift occurring between Y3F and Y4F (Fig. 4D) in
which all known Grb2 recognition sites have been removed
(depicted in green in Fig. 4B). Tyrosine 424, which is absent in
ShcD Y4F, was identified previously as a novel Grb2 motif
unique to ShcD (9). The additional substitution of two other
non-consensus tyrosine residues (Tyr-403 and Tyr-413; ShcD
Y6F) did not contribute to the phospho-Erk response (Fig. 4, C
and D). It would therefore appear that ShcD Tyr-374/375, Tyr-
424, and Tyr-465 are major mediators of Erk repression. To
evaluate the role of Grb2 in this response, we monitored inter-
actions between ShcD-Grb2 and TrkB-Grb2 by co-immuno-
precipitations across the series of tyrosine-to-phenylalanine
mutants. ShcD Y2F demonstrated a profound loss of endoge-
nous Grb2 binding, and the association appeared to be fully

abolished by the additional ShcD Y465F substitution (Y3F; Fig.
4C). Correspondingly, TrkB-Grb2 binding increased as the
ShcD-Grb2 interaction decreased (Fig. 4C).

Collectively, these observations demonstrate that differential
partitioning of Grb2 between ShcD and TrkB correlates with
Erk phosphorylation status. They also suggest that endogenous
Grb2 is a limiting reagent in the context of overexpressed bind-
ing partners, which establishes competition between TrkB and
ShcD for the available pool. To address this hypothesis, we
overexpressed Grb2 in combination with TrkB and either wild
type, PTB*, or SH2* ShcD. As depicted in Fig. 4E, pErk levels
varied predictably between the ShcD permutations prior to the
addition of exogenous Grb2. Introducing Grb2 equalized Erk
phosphorylation among samples expressing wild type ShcD,
PTB*, and SH2* (Fig. 4E). It also had the effect of markedly
enhancing ShcD phosphorylation without affecting overall pro-
tein levels. Thus, it would appear that overexpressed, wild type
ShcD can sequester Grb2 away from MAPK-directed out-
comes. In this regard, Grb2 appears to assume opposing roles
depending on whether it is directly or indirectly recruited into
the signaling complex.

Shp2 binds ShcD and regulates CH1 region tyrosine phosphor-
ylation and Erk response

Another striking and unexplained characteristic of the ShcD
signaling response is the capacity of the SH2* mutant to act as a
super-repressor of Erk. ShcD SH2* binds the activated receptor
(Fig. 1) and is phosphorylated to a greater extent than the wild
type protein (Fig. 2) in keeping with the observation that pShc
status inversely correlates with pErk outcome. This implied the
possible engagement of a regulatory component, such as a
phosphatase, via the functional ShcD SH2 domain. To that end,
we used affinity purification-mass spectrometry to survey pro-
teins associated with ShcD and identified the Shp2 phosphatase
as a putative binding partner. This interaction was confirmed
by co-immunoprecipitations performed in the presence and
absence of TrkB, which demonstrated a robust association
between ShcD and Shp2 under both conditions (Fig. 5A). Nota-
bly, the introduction of Shp2 was found to enhance levels of

Figure 3. ShcD knock-out enhances pErk in mouse brain. A, whole brains of wild type, ShcD�/� heterozygous, and ShcD-null mice were assayed by
immunoprecipitation and immunoblotting for the presence of ShcD protein. ShcD expression was reduced in heterozygous mice and absent from knock-out
animals. B, brain lysates were further analyzed for pErk and Erk by immunoblotting. C, densitometry showing that removal of ShcD was associated with a 2-fold
increase in p42 Erk phosphorylation (n � 3; p � 0.0265 by paired t test). Error bars denote S.E. *, p � 0.05. Het, heterozygote; KO, knock-out (genetic ShcD-null);
IP, immunoprecipitation; IB, immunoblot.
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TrkB and ShcD proteins while concomitantly reducing ShcD
phosphorylation.

When we extended the binding analysis to ShcD variants, we
discovered that the SH2* mutation in the full-length ShcD pro-
tein profoundly disrupted the Shp2 interaction (Fig. 5B) as
anticipated under our hypothesis. This was further verified by
GST pulldown analyses involving the individual ShcD domains
incubated with lysate containing Shp2 in the presence or

absence of TrkB. Here, the addition of the RTK was found to
strengthen the association between Shp2 and the isolated ShcD
SH2 domain (Fig. 5C). Although not as dramatic, the ShcD Y6F
substitutions also reproducibly reduced ShcD-Shp2 binding
(Fig. 5B).

Considering that Shp2 appears to suppress ShcD phosphor-
ylation, which we have demonstrated is correlated with en-
hanced pErk signaling, we questioned whether Shp2 overex-

Figure 4. ShcD sequesters Grb2 to reduce Erk activation. A, the capacity of transfected wild type ShcD-FLAG and its tyrosine-binding mutants to co-pre-
cipitate endogenous Grb2 was assessed in the presence of TrkB-HA. Disabling the ShcD PTB domain, but not the SH2 domain, impeded the ShcD-Grb2
association. B, schematic representation of tyrosine-to-phenylalanine point mutations in ShcD that successively eliminate phosphomotifs. Green residues are
conserved across the Shc family, whereas peach residues are unique to ShcD. Tyr-374/375, Tyr-465, and Tyr-424 are validated Grb2-binding sites. C, incremental
ShcD tyrosine losses were assessed for their impact on three parameters: ShcD-Grb2 binding, TrkB-Grb2 binding, and pErk signaling output. Transitioning from
wild type ShcD through Y6F abolished the ShcD-Grb2 association, enhanced TrkB-Grb2, and increased pErk. D, densitometry corresponding to C is expressed
as a ratio of pErk/Erk relative to ShcD WT. Values were analyzed by repeated measures one-way ANOVA (n � 5; p � 0.0001) followed by Tukey’s multiple
comparison test. Multiplicity-adjusted p values for each significant pair are as follows: WT versus Y3F, p � 0.0056; WT versus Y4F, p � 0.0001; WT versus Y6F, p �
0.0014; Y1F versus Y3F, p � 0.0068; Y1F versus Y4F, p � 0.0001; Y1F versus Y6F, p � 0.0017; Y2F versus Y4F, p � 0.0033; Y4F versus vector, p � 0.0010; Y6F versus
vector, p � 0.0336. Error bars denote S.E. E, to evaluate whether ShcD was quenching pErk by sequestering the cellular pool of Grb2, we overexpressed Grb2-HA
in the presence of ShcD and select mutants. This was sufficient to reverse Erk suppression caused by wild type ShcD and the more potent SH2* mutant. **, p �
0.01; ****, p � 0.0001. IP, immunoprecipitation; IB, immunoblot.
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pression could rescue Erk phosphorylation. Indeed, introduc-
ing Shp2 in concert with TrkB and wild type ShcD promoted a
substantial increase in pErk signal coincident with reduced
pShc (Fig. 5D). These phenomena could not be recapitulated
with the dominant-negative substrate-trapping Shp2 Cys-to-
Ser mutant, which had the opposite effect of boosting ShcD
phosphorylation and further suppressing pErk (Fig. 5, D and E).

Moreover, wild type Shp2 partially restored Erk phosphoryla-
tion in the context of the super-repressor, ShcD SH2*, even
though the principal Shp2 interaction motif was absent. Taken
together, our results suggest that ShcD is both a binding partner
and a functional target of Shp2 and that the consequences of
this association manifest in the MAPK pathway. The overall
signaling outcomes thus appear to be the product of several

ShcD represses Erk
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factors, including ShcD phosphorylation status and the avail-
ability of Grb2 and Shp2 in the cell, as illustrated in Fig. 6.

Discussion

Ras/MAPK pathway activation was the first signaling out-
come attributed to Shc, and it remains the best characterized
classical response of this protein family (2). Nevertheless,
exceptions to this paradigm do exist, and we describe here the
first detailed account of ShcD-mediated repression of Erk
phosphorylation. Our findings suggest that, although ShcD is

recruited via its PTB domain to active Ret and Trk, it does not
function as a canonical adaptor linking these receptors to the
MAPK cascade but instead regulates the engagement of other
pathway componentry to sculpt the signaling output.

As depicted in Fig. 6, the capacity of transfected ShcD to
suppress Erk phosphorylation distal to the neurotrophic recep-
tors is tightly coupled to its CH1 region tyrosine phosphoryla-
tion status. Grb2 is both a central node in the Ras/MAPK
pathway and the canonical binding partner of three ShcD phos-
photyrosine motifs (9), and our work suggests that it is the com-

Figure 5. Shp2 binds the ShcD SH2 domain and regulates CH1 region tyrosine phosphorylation, influencing distal signaling. A, the potential for Shp2
to associate with ShcD was first pursued via co-immunoprecipitation analyses from cells transfected with a combination of TrkB-HA, ShcD-FLAG, and Shp2. An
ShcD-Shp2 interaction was detected in the presence and absence of the RTK, and Shp2 was found to oppose TrkB-mediated ShcD phosphorylation. B, to
determine the Shp2 docking site on ShcD, the PTB*, SH2*, and Y6F ShcD mutants were co-expressed with TrkB-HA and Shp2. ShcD-FLAG immunoprecipitation
followed by Shp2 immunoblotting demonstrated that disabling the ShcD SH2 domain reduced Shp2 binding. C, to further validate the interaction, GST fusions
of the isolated PTB, SH2, and SH2* domains of ShcD were incubated with glutathione beads and cell lysates from Shp2 alone or Shp2 � TrkB-HA-transfected
cells. The wild type ShcD SH2 domain successfully co-precipitated Shp2 with a stronger association noted in the presence of TrkB. Interactions with Shp2 were
substantially reduced by the SH2* mutant. D, to confirm the effects of Shp2 on ShcD phosphorylation, wild type or SH2* ShcD was coexpressed with TrkB-HA
with and without Shp2 wild type or dominant-negative Cys-to-Ser (C/S) mutants. ShcD phosphorylation decreased in the presence of Shp2 and increased with
the Cys-to-Ser mutant. Conversely, Erk activation was higher in the presence of Shp2 and substantially reduced with the Cys-to-Ser mutant, demonstrating that
Shp2 positively regulates Erk activation by dephosphorylating ShcD. E, pErk/Erk intensity ratios relative to ShcD WT as determined from immunoblot densi-
tometry performed on D confirm the visual observations. One-way ANOVA (n � 3; p � 0.0152) followed by Tukey’s multiple comparison test yielded the
following multiplicity-adjusted p values for significant pairs: �Shp2 versus �Shp2, p � 0.0206; �Shp2 versus �Shp2 Cys-to-Ser, p � 0.0349. Error bars denote
S.E. *, p � 0.05. IP, immunoprecipitation; PD, pulldown; IB, immunoblot.
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Figure 6. Schematic representations of ShcD-mediated Erk repression and circumstances conferring rescue. The resulting model derived from our
findings posits that RTK-Grb2 associations formed in the absence of ShcD augment distal Erk phosphorylation, whereas recruitment of Grb2 (red) via ShcD
(blue) phosphomotifs (green) renders it less capable of activating the MAPK cascade. A, accordingly, when Grb2 protein levels are lower than those of
plasmid-expressed TrkB and ShcD, pShcD adsorbs and sequesters a substantial portion of the available Grb2, thereby inhibiting Erk activation. Reducing ShcD
phosphorylation by disconnecting the adaptor from the receptor (PTB*) (B) or removing sites of modification (Y6F) (D) rescues pErk. C, meanwhile, the highest
degree of ShcD phosphorylation is achieved when the SH2 domain is disabled and incapable of binding the Shp2 phosphatase, and this corresponds to the
most extensive pErk quenching. Overexpression of either Grb2 (E) or Shp2 (purple) (F) in the presence of ShcD restores Erk phosphorylation.
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mon factor responsible for the signaling outcomes observed.
Under this model, tyrosine-phosphorylated ShcD serves as a
multivalent vehicle for Grb2 that competes with other consen-
sus motifs to recruit the adaptor and subsequently reduces
Grb2 engagement in the MAPK cascade. The major variable
that determines signaling output thus appears to be the pShcD:
Grb2 ratio, which establishes differential Grb2 partitioning
between the RTK and ShcD. Accordingly, exogenous Grb2 mit-
igates the signaling consequences of ShcD while concomitantly
enhancing pShcD, which implies that it is not Shc phosphory-
lation per se that drives the signaling phenotype but rather the
capacity of the adaptor to regulate the cellular pool of Grb2. In
this regard, overexpressing Grb2 saturates the system to pro-
mote Erk phosphorylation, whereas the opposite strategy of
introducing Shp2 phosphatase elicits the same ultimate
response by decreasing ShcD phosphorylation and/or promot-
ing turnover at the Grb2 consensus motifs, thereby increasing
the cytosolic availability of Grb2 (Fig. 6F).

The significance of this free pool of Grb2 was revealed in our
assessment of its receptor-binding profile in the presence of
ShcD Y1F through Y6F. As validated Grb2-binding motifs were
removed from ShcD, endogenous Grb2 accumulated on TrkB,
and Erk signaling resumed. Although Grb2 was previously
thought to associate only indirectly with Trk receptors, two
recognition motifs have since been identified in TrkA (26) that
are conserved in TrkB. The co-immunoprecipitation patterns
we observed are thus consistent with a stoichiometric parti-
tioning hypothesis in which ShcD and TrkB compete to bind
Grb2.

Intriguingly, the pErk super-suppressor effect arising from
the ShcD SH2* mutation appears to align with the novel bind-
ing and functional relationship that we uncovered between
ShcD and Shp2. This phosphatase is the first regulatory com-
ponent that has been found to reduce ShcD CH1 region tyro-
sine phosphorylation and the only known partner that interacts
primarily through the ShcD SH2 domain. The ShcD CH1
region phosphotyrosine motifs also appear to contribute some-
what to the Shp2 association, but it is yet unclear whether they
independently engage a Shp2 SH2 domain or act in cis to prime
the ShcD SH2 domain for interactions as has been shown for
ShcA (27). Across the Shc family, PTB-mediated associations
are considerably more common and serve to connect ShcA
with a handful of phosphatases, including PTP-PEST, PP2A,
and PTP� (2). However, the resulting ShcA dephosphorylation
is traditionally associated with reduced MAPK activation in
stark contrast to the inverse relationship we observed with
ShcD whereby dephosphorylation leads to increased MAPK
activation. In addition to this unique role in regulating ShcD
CH1 motifs, Shp2 is already an established participant in neu-
rotrophin signaling. The phosphatase complexes with active
TrkB via fibroblast growth factor receptor substrate 2 and has
been found to enable robust and prolonged MAPK activation
following BDNF stimulation (28). Moreover, ShcA and fibro-
blast growth factor receptor substrate 2 compete for the same
PTB-binding motif on Trk, which is speculated to determine
whether stimuli provoke cellular proliferation or differentia-
tion, respectively (29). The significance of Shp2 to neurotro-
phin-mediated MAPK activation suggests that the potent Erk

suppression elicited by ShcD-SH2* may arise not only from
impeded Shp2-ShcD regulation, which impacts the Grb2 equi-
librium, but also from competitive exclusion of Shp2 from the
signaling complex as a whole. Breaking the interaction between
Trk and Shp2 has indeed been associated with reduced MAPK
activation (30). Our findings thus indicate that wild type ShcD
controls recruitment and partitioning of multiple signal trans-
duction components, including Grb2 and Shp2, and that the
different receptor engagement strategies utilized by these fac-
tors establish distinct signaling fates. Indeed, although ShcA
has been considered a molecular amplifier that sensitizes the
cell to low levels of growth factor (31), ShcD may function as an
integration hub, the output from which would depend on the
nature and ratio of the recruited signal transducers.

The importance and centrality of MAPK/Erk signaling make
it a prime candidate for regulation, and several proteins are
tasked with this role within the cell (32). Select circumstances
have even been identified in which Shc proteins inhibit the
pathway. In the absence of stimuli, for example, the ShcA PTB
domain can bind and suppress Erk until activating conditions
are encountered that promote its release, thereby implicating
ShcA in the prevention of spurious MAPK signaling (33). How-
ever, it is the response of the p66 ShcA isoform to stimulated
EGFR that is perhaps most reminiscent of our observations
with ShcD. Unlike p52 and p46 ShcA, p66 opposes Erk activa-
tion distal to the EGFR in a phenomenon that has been attrib-
uted to secondary p66 serine/threonine phosphorylation. In the
context of ligand stimulation, p66 Ser/Thr phosphorylation is
thought to destabilize the EGFR-Shc interaction, thereby
uncoupling Grb2-son of sevenless (SOS) 1 from the receptor
and deactivating the MAPK cascade (12, 13). In a variation on
this theme, severe oxidative stress has been found to enhance
the association of p66 with both EGFR and Grb2 while exclud-
ing SOS1 from the signaling complex (34). Stress-induced phos-
phorylation of residue Ser-36 on p66 ShcA appears to reduce
the affinity of Grb2 for SOS1, effectively breaking the biochem-
ical chain of command that activates Ras and eventually Erk
(34). It therefore seems that ShcD is similar to p66 ShcA in its
capacity to compete for a limited pool of Grb2 and direct it
toward non-canonical outcomes, although it remains to be seen
whether ShcD is likewise subject to serine/threonine-based
regulation and whether this in turn influences the recruitment
of SOS1. Intriguingly, Grb2 sequestration appears to be a com-
mon theme in MAPK modulation as this strategy is shared with
the well characterized negative signaling regulators belonging
to the Sprouty family (35).

Although further investigation is required to identify the
broader physiological ramifications of non-canonical Shc
behavior, there is a compelling precedent for Shc proteins to
influence cellular outcomes based on MAPK activation pattern.
Neuroblastoma tumors are unique in their capacity to sponta-
neously resolve in some young patients (36); however, TrkB and
ShcC are both associated with negative prognoses (37, 38). In
vitro, ShcA supports sustained Erk signaling leading to differ-
entiation, whereas ShcC suppresses MAPK activation to drive
tumorigenicity (39). Our discovery that ShcD regulates pErk in
the murine brain coupled with evidence of its overexpression in
melanomas (10) and gliomas (24) raises intriguing possibilities
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that ShcD could be a mechanistic determinant in development
and disease.

Experimental procedures

Plasmids

Full-length cDNA encoding full-length wild type human
ShcD (BC033907) and point-mutated versions of the protein,
including ShcD PTB* (R315Q), SH2* (R548K), and Y6F, were
previously cloned into pcDNA3 vector (Invitrogen) with a car-
boxyl-terminal triple FLAG epitope (9). ShcD-FLAG with
N-terminal GFP was described previously (24). Similarly,
ShcD-PTB, ShcD-SH2, and ShcD-SH2* were previously cloned
into pGEX-4T-1 as GST fusion constructs. Wild type and
kinase-dead (K547A) TrkA and TrkB (kinase-dead K573A) of
rat origin with N-terminal HA tags were expressed from the
pCMX vector as described previously (19). Untagged Ret
MEN2A and the kinase-dead variant (K758M) in the pJ7� vec-
tor were kindly provided by Dr. Rizaldy Scott (Northwestern
University). Shp2 wild type and Cys-to-Ser mutant were gener-
ous gifts from Dr. Tomoko Takano (McGill University) (40).

Antibodies

The following antibodies were obtained commercially and
used for immunoblotting analysis at the indicated dilutions
(prepared with 1� TBST (10� TBST: 0.02 M Tris, 0.15 M NaCl,
0.5% Tween 20): mouse anti-FLAG clone M2 at 1:1000 (F3165,
Sigma-Aldrich), rabbit anti-Erk at 1:2000 (137F5, Cell Signaling
Technology), rabbit anti-pErk at 1:1000 (Thr-202/Tyr-204;
D13.14.4E, Cell Signaling Technology), rabbit anti-Akt at
1:1000 (C67E7, Cell Signaling Technology), rabbit anti-pAkt at
1:2000 (Ser-473; D9E, Cell Signaling Technology), rabbit anti-
pShc at 1:1000 (Tyr-239/240; 24345, Cell Signaling Technol-
ogy), rabbit anti-SH-PTP2 at 1:1000 (c-18; sc-280, lot number
H1315, Santa Cruz Biotechnology), mouse anti-HA at 1:1000
(12CA5), rabbit anti-Ret at 1:1000 (C31B4, Cell Signaling Tech-
nology), rabbit anti-Trk (c-14; sc-11, lot number B2411, Santa
Cruz Biotechnology), mouse anti-Grb2 at 1:1000 (lot number
16, Transduction Laboratories), and rabbit anti-ShcD raised in
house against the ShcD C terminus (9). Horseradish peroxi-
dase-conjugated goat anti-mouse and goat anti-rabbit sec-
ondary antibodies (Bio-Rad) were used for immunoblotting
detection.

Cell culture and lysis

HEK 293T cells obtained from the American Type Culture
Collection (Manassas, VA) were grown in Dulbecco’s modified
Eagle’s medium (DMEM) (Sigma-Aldrich) supplemented with
10% fetal bovine serum (FBS) and with 200 units/ml penicillin
and 200 �g/ml streptomycin (Invitrogen) and maintained at
37 °C incubation with 5% CO2. Cells were transfected using
polyethylenimine (PEI) for 24 – 48 h and starved in serum free
DMEM overnight prior to lysis. Cells were then washed with 5
ml of chilled phosphate-buffered saline (PBS; pH 7.4) and lysed
in 900 �l of phospholipase C (PLC) plus buffer (10% glycerol, 50
mM Hepes, 150 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA, 10 mM

NaPPi, 100 mM NaF, and 1% Triton X-100) supplemented with
10 �g/ml aprotinin, 10 �g/ml leupeptin, 1 mM sodium

orthovanadate, and 1 mM phenylmethylsulfonyl fluoride
(PMSF). Lysates were centrifuged at 12,000 � g, and the super-
natant was removed and stored as whole-cell lysate (WCL)
at �20 °C.

Immunoprecipitation and GST pulldown assays

Immunoprecipitation was performed overnight with rocking
at 4 °C using 400 �l of WCL, primary antibody, and 10% anti-
mouse IgG-agarose beads (Sigma) in a total volume of 800 �l of
PLC plus buffer. Following removal of supernatant, beads were
washed three times with 800 �l of PLC plus buffer, and protein
complexes were eluted in 2� SDS loading buffer by boiling at
100 °C for 3 min. GST fusion proteins for ShcD-PTB, ShcD-
SH2, and disabled ShcD-SH2 (SH2*) were expressed in Esche-
richia coli BL21 cells by overnight induction with 0.5 mM iso-
propyl �-D-1-thiogalactopyranoside and purified using
glutathione-SepharoseTM 4B beads (GE Healthcare). Purified
GST fusion proteins (5 �g) were incubated with lysates over-
night at 4 °C with rocking and processed as described for
immunoprecipitation.

Immunoblotting

WCLs were used to prepare samples for separation on
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) by diluting 80 �l of WCL in 20 �l of 5� SDS
loading buffer (50% glycerol, 300 mM Tris, 10% SDS, and 25%
�-mercaptoethanol) and boiling at 100 °C for 2 min. For West-
ern blotting, proteins from WCLs were resolved on a 10% SDS-
polyacrylamide gel to separate proteins based on their molecu-
lar mass in kDa and then transferred to polyvinylidene fluoride
(PVDF) membranes using semidry transfer. Membranes were
blocked for 30 min in 1� TBST diluted with sterile water con-
taining 5% PBS and incubated overnight with primary antibody.
Following the overnight incubation, the membranes were
washed three times for 8 –10 min in 1� TBST and incubated
with secondary antibody for 1 h at room temperature. Immu-
noblotting detection was performed using ECL Western blot-
ting substrate (Pierce) and exposing the membranes to film
(Pierce).

Densitometry and statistics

To determine relative immunoblot band intensities, mem-
branes were imaged and quantitated using ImageLab analysis
software (versions 2.0 –5.2, Bio-Rad).

All statistical calculations were performed and plotted in
GraphPad Prism version 7.0. Randomized block immunoblot
replicate panels (minimum n � 3) were analyzed by repeated
measures one-way ANOVA when data passed the Shapiro-
Wilk normality test. Tukey’s multiple comparison test was used
to assess each condition against all other conditions and gener-
ate multiplicity-adjusted p values for significant pairs. A paired
t test was used to compare signaling outcomes of wild type and
knock-out mouse littermates.

Affinity purification-mass spectrometry

HEK 293T cells were transiently transfected with GFP-
ShcD-FLAG or GFP-FLAG using PEI for 36 h and stimulated
with 100 �M pervanadate for 20 min before lysis. Cleared lysates
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were immunoprecipitated with anti-FLAG M2 affinity gel (Sig-
ma-Aldrich) for 2 h at 4 °C before being processed for tryptic
digestion as described previously (41). A 5600� mass spec-
trometer equipped with a nanoelectrospray ion source (AB
Sciex) and coupled to reversed-phase nanoscale capillary liquid
chromatography with an Ekspert NanoLC425 (Eksigent) was
used for peptide analysis. Mass spectra were acquired using a
data-dependent acquisition mode with Analyst software (ver-
sion 1.7, AB Sciex). All MS/MS peak lists were generated and set
up to search the UniProt Homo sapiens database (March 2014
release, 69,150 entries) with fragment and parent ion mass tol-
erances of 0.100 Da. Scaffold (version 4.0.1, Proteome Software
Inc.) was used to validate MS/MS-based peptide and protein
identifications, which were accepted if they contained at least
one identified peptide and could be established at greater than
99.0% probability to achieve a false discovery rate of less than
1.0%. Proteins that contained similar peptides and that could
not be differentiated based on MS/MS analysis alone were
grouped to satisfy the principles of parsimony. Experiments
were performed in triplicate. MS data were analyzed with
SAINTexpress, a simplified version of the Significance Analysis
of INTeractome method described previously (42) via the
CRAPome website (43). SAINT probabilities were calculated
using MS data from GFP-FLAG as controls to distinguish
ShcD-specific interactors from background. Ptpn11/Shp2 was
assigned a perfect score of 1.0.

ShcD knock-out mice

A homologous recombination/Cre excision strategy was
used to conditionally delete exon 7 in the ShcD gene and gen-
erate full body ShcD knock-out mice.10 Female mice at �1 year
of age were used in this study (n � 3 per genotype). Freshly
isolated brain tissue was lysed in PLC plus buffer using a
Dounce homogenizer, and lysate was cleared by centrifugation
prior to protein concentration determination by BCA assay
(Thermo Scientific). 100 �g of total cell lysate was loaded for
Western analysis. Animal studies were carried out in accord-
ance with Canadian Council on Animal Care protocols.
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