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ABSTRACT

A PUTATIVE ROLE FOR THE PHOSPHOTYROSINE ADAPTOR PROTEIN SHCD IN
VAV2-MEDIATED CELL SIGNALING

Christopher James Cooper
University of Guelph, 2014

Advisor:
Dr. Nina Jones

ShcD is the newest member of the Shc family of molecular adaptors. Its signaling
potential is alluded to by the presence of both PTB and SH2 phosphotyrosine binding domains,
as well as recognition sequences for SH3, SH2, and PTB domains. These physical features
facilitate aggregation of signaling complexes for stringent regulation of cellular processes. In the
developing mouse embryo, ShcD is tyrosine phosphorylated and widely expressed; however,
over time ShcD is largely restricted to the brain. Recent literature suggests that alterations in
ShcD expression may impair differentiation and promote migration, and that ShcD is
upregulated in several nervous system cancers and promotes a metastatic phenotype in
melanoma. Here we demonstrate that colorectal adenocarcinoma represents an additional cell
model with which to study ShcD, and provide evidence for molecular interaction with Vav2 in
vitro. These data provide important insights into the role of ShcD in signaling pathways that
control cellular function.
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CHAPTER 1: INTRODUCTION
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Cell signaling
Cell signaling is the process by which cells regulate biological functions in response to
external or internal stimuli, including tissue development, angiogenesis, or wound closure.
Stringent protein-protein interactions participate in concert to transduce signals to offset, or
compensate for, the effect of an initial stimulus on the cell (Jeltsch et al., 2013). Stimuli may
include chemical or protein ligands, or physical contact with other cells or an extracellular
matrix, each leading to varied downstream effects. Cell signaling is an important aspect of cell
biology, as cell survival and homeostasis are contingent on the maintenance of a stable internal
microenvironment, in spite of external stresses (Scott and Pawson, 2011).

Ligand-dependent signal transduction constitutes a typical top-down pathway in
homeostatic maintenance, and encompasses the kinase-based receptor models we will be
focusing on herein (Figure 1). The signal begins with a ligand in the extracellular space between
cells. For the signal to be successfully transmitted into the cell, the target cell must possess
receptors specific to the ligand. Upon ligand binding, the receptor monomers are dimerized
which in turn activates their kinase activity. Autophosphorylation of the receptors and
subsequent phosphorylation events serve to propagate the ligand’s initial signal to downstream
proteins, including adaptor proteins, guanine nucleotide exchange factors, small guanosine
triphosphatases (GTPases), and other kinases. Phosphorylation is a post-translation modification
that can alter the conformation of a protein, and depending on the protein affected, the resulting
effect may be the activation or inactivation of catalytic proteins, and/or altered affinity between
specific binding partners of a pathway. As the signal is passed downstream to additional kinases
the signal is amplified, and numerous transcription activator proteins may be activated. Upon
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Figure 1: Simplified diagram of a top-down pathway exhibiting staggered activation of
downstream effectors. A) Receptor monomers are separate, ligand is unbound, and pathway
constituents are inactive. B) Ligand-mediated receptor activation, dimerization and
autophosphorylation help coordinate protein-protein interactions to convey the ligand stimulus
into the cell. C) Initiation of preceding pathway activates downstream transcription regulators.
D) Transcription activators in turn affect gene transcription for protein synthesis in response to
the initial stimulus.
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nuclear localization, transcription activators bind the promoter regions of target genes to initiate
their transcription and translation, resulting in production of proteins responsible for some
cellular response appropriate to the initial signal, including changes to cell morphology, motility,
or proliferation (Jeltsch et al., 2013; Volinsky and Kholodenko, 2013).

Cell signaling is a stringently controlled process; however, deregulation of such
interaction cascades can cause neoplastic phenotypes, which have been explored extensively
(Giancotti, 2014). Notably, the hallmarks of cancer illustrate the importance of monitoring the
various characteristics of tumourigenic progression, wherein the gain or loss of function for, or
altered expression of, pathway constituents may drive cancer development (Hanahan and
Weinberg, 2000; Hanahan and Weinberg, 2011). In the top-down example from above,
overexpression of a receptor or kinase could amplify the activation of downstream adaptor
proteins or GTPase signaling molecules, causing aberrant signal transduction specific to an
affected pathway or pathways and result in uncontrolled cellular proliferation, growth, survival,
or migration (Hanahan and Weinberg, 2000; Hanahan and Weinberg, 2011).

Receptor tyrosine kinases and phosphorylation
Signal amplification and propagation is carried through protein interactions and
subsequent alterations. Chiefly, protein kinases that induce phosphorylation on threonine, serine
or tyrosine residues are common to a number of cell signaling pathways and provide specificity
to, or ablation of, protein-protein interactions (Blume-Jensen and Hunter, 2001; Kumar et al.,
2013; Pagano et al., 2013). Kinase activation can be regulated by interaction with upstream
effector proteins, including adaptor proteins to facilitate subcellular localization, or via other
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kinases, which alter protein structure (Scott and Pawson, 2011). Of note, is a specialized class of
protein kinases known as receptor tyrosine kinases (RTK), which double as receptors at the
plasma membrane.

RTKs play a fundamental role in a cell's response to its environment, facilitating
pathways involved in cell division, motility and cell survival. A common structural modularity is
shared between variants of this type of protein: an extracellular region for receptor specific
ligand binding; a short transmembrane region to anchor the receptor at the cell surface; and a
longer intracellular tail containing multiple tyrosine residues and an inactive catalytic core
(Volinsky and Kholodenko, 2013). In their unstimulated state, RTKs typically exist as monomers
at the plasma membrane. When the extracellular region is bound to a ligand, the receptor forms
homodimers or heterodimers to induce autophosphorylation of the cytoplasmic tyrosine residues
(Heldin, 1995; Weiss and Schlessinger, 1998). Importantly, the type of ligand bound, the number
of monomers present, and the tissue of expression all affect potential binding partners, and
ultimately determine downstream effects (Clark et al., 2012). Specifically, members of the ErbB
family of RTK may form homodimers or heterodimers between family monomers (Yarden and
Sliwkowski, 2001). Epidermal growth factor (EGF) ligand stimulation causes EGF receptor
(EGFR) monomers to dimerize, autophosphorylate and induce migration and cell survival
through mitogen-activated protein (MAP) kinase activation by ShcA/Grb2/Sos binding and
subsequent Ras GTPase activity (Blume-Jensen and Hunter, 2001). Additionally, ErbB dimers
may bind casitas B-lineage lymphoma (Cbl) ubiquitin ligase, to induce receptor ubiquitination
and degradation (Waterman et al., 1999; Ettenberg et al., 2001; Duan et al., 2003; Rubin et al.,
2005; Sorkin and Goh, 2008). Alternatively, EGF ligand does not stimulate ErbB3 or ErbB4,
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which are instead activated by neuregulin ligand proteins, while ErbB2 is instead only activated
upon heterodimerization with other ErbB family members (Citri and Yarden, 2006; Fuller et al.,
2008; Baselga and Swain, 2009; Galvez-Contreras et al., 2013). Regardless of the means, the
coordinated regulation of RTK tyrosine phosphorylation is paramount in recognition by
phosphotyrosine binding domains, and subsequent binding and/or activation of downstream
proteins.

Adaptor proteins and binding domains
Adaptor proteins are non-catalytic polypeptides which act as scaffolds for the formation
of protein complexes through multi-domain regions, and thus are able to facilitate effector
protein integration by bridging signaling participants together (Pawson and Gish, 1992; Pawson,
1993). Common to this class of proteins are src homology 2 (SH2), src homology 3 (SH3), and
phosphotyrosine binding (PTB) domains (Pawson, 1993; Van der Geer and Pawson, 1995).
While SH3 domains recognize and bind proline rich Pro-Xaa-Xaa-Pro motifs, where Xaa is any
amino acid (Ren et al., 1993), the consensus sequence for SH2 domains includes amino acids Cterminal to a phosphorylated tyrosine residue (pTyr) in a pTyr-Xaa-Xaa-Φ configuration
(Songyang et al., 1994), where Φ is any hydrophobic amino acid. PTB domains were found to be
similar to SH2 domains, in that both bind pTyr residues, except PTB domains bind residues Nterminal to a pTyr residue in a more stringent Asn-Pro-Xaa-pTyr configuration (Gustafson et al.,
1995). Interestingly, while the consensus sequences recognized by each of these binding domains
are very different, nuances between like domains exist as well. For instance, SH3 domains bind
the amino acid sequence Pro-Xaa-Xaa-Pro, but the domain is further broken into two classes, I
and II, which bind recognition motifs of Arg-Xaa-Xaa-Pro-Xaa-Xaa-Pro and Pro-Xaa-Xaa-Pro-

6

Xaa-Arg (Mayer, 2001). The resulting exclusivity and simultaneous flexibility of such binding
domains results in the dynamic regulation of signaling nodes by bridging pathway constituents
and downstream effectors, including RTKs and GTPases.

Rho small GTPases
The Ras superfamily of small GTPases are binary signaling switches that serve as
signaling hubs to nearly all cellular processes including, but not limited to, proliferation,
apoptosis, remodeling of the actin cytoskeleton, and secretion (Takei et al., 2001). In their active
state they are bound to a guanine triphosphate (GTP) nucleotide, which serves to stabilize the
protein and allow for interaction with effector protein binding partners (Vetter and Wittinghofer,
2001). Regulation of small GTPase activity is primarily controlled by three types of effector
proteins: GTPase-activating proteins (GAP), guanine nucleotide dissociation inhibitors (GDI),
and guanine nucleotide exchange factors (GEF) (Figure 2). GAP effectors function by binding to
and increasing the intrinsic hydrolytic conversion of GTP to guanine diphosphate (GDP) by
GTPases. The resulting conformational change from bound GDP disrupts GTPase-effectorscaffolding protein complexes and effectively inhibits or terminates the preceding signaling
event (Ross, 2008). In their deactivated state, GTPases may be reactivated by catalytic exchange
of GDP for GTP mediated through GEFs. Interaction with a GEF protein destabilizes the Gprotein-GDP interaction, and in doing so facilitates GDP-GTP exchange and reintroduces the
GTPase’s affinity for effector proteins (Bos et al., 2007). GDI proteins disrupt small GTPase
signal transduction in two ways: by preventing GTPase localization to the plasma membrane –
its functional position – and/or by inhibition of the catalytic exchange through GEFs (Ellenbroek
and Collard, 2007).
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Figure 2: Generalized schematic of GEF-GAP-GDI regulation of GTPase activation. A)
GEF proteins catalyze the exchange of GTPase-bound GDP for cytosolic GTP at the GTPase,
facilitating its transition to the active form. B) GAP proteins increase the intrinsic hydrolytic
activity of GTPases to hydrolyze GTPase-bound GTP to GDP C) GDIs inhibit or delay GEF
activation of GTPases.
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Functionally, small GTPases are indispensable to cell signal transduction. When bound to
GTP, Ras GTPases – named for the initial observation of their homology to rat sarcoma virus
genes (Der et al., 1982) – facilitate the activation of signaling events through the MAP kinase
cascade, or through phosphatidylinositol-3 kinase (PI3K) activation of protein kinase B
(PKB/Akt), driving gene expression for proliferation and cell survival (Mitin et al., 2005). The
Rho (Ras homology) family of GTPases regulates actin cytoskeleton remodeling, with effects on
cell polarity, shape, and motility through activation of the Arp2/3 complex (Ridley, 2006). As
centralized signaling hubs with so many ties to essential cell functions, GTPases are often linked
to neoplastic phenotypes. Mutations in Ras GTPases are frequently observed in cancers, but
mutations in Rho GTPases are mostly benign with altered Rho activity primarily linked to
deregulation of their upstream constituents (Alan and Lundquist, 2013).

Vav2 is a widely expressed GEF family protein
The Vav family of GEFs is a set of versatile proteins important in signal transduction
(Billadeau, 2009). Three members of the Vav family have been described in literature thus far,
Vav1 (Katzav et al., 1989; Katzav, 1991), Vav2 (Schuebel et al., 1996), and Vav3 (Movilla and
Bustelo, 1999; Zeng et al., 2000). Vav1 is primarily expressed in cell lineages derived from bone
marrow, and while its removal from animal models results in normal development, major
deficiencies in immune cell function are observed in the same animals (Schuebel et al., 1996;
Turner, 2002). Vav3 is more widely expressed than Vav1 (Zeng et al., 2000), and when knocked
out in mice, normal development is observed; however, unlike Vav1 (Zhang et al., 1994; Fischer
et al., 1998) only minor defects appear in immune cell function (Sauzeau et al., 2006).
Interestingly, additional complications arise including tachycardia, hypertension, extensive
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cardiovascular remodeling and hyperactivity of the sympathetic nervous system (Sauzeau et al.,
2006). Vav2 shares 63% nucleic acid and 55% amino acid identity to Vav1 (Schuebel et al.,
1996) but has a more diverse expression profile (Turner and Billadeau 2002). In addition to
tachycardia and hypertension as with Vav3 knockouts, Vav2 removal results in defects in the
arterial walls of the heart and in the kidneys (Doody et al., 2001; Tedford et al., 2001, Sauzeau et
al., 2007). Notably, when all three Vav proteins are perturbed, complications seen as a result of
Vav1 removal are exacerbated, indicating some degree of compensatory effect by Vav2 and
Vav3 (Turner and Billadeau, 2002, Fugikawa et al., 2003).

The GEF activity of Vav2 contributes to, and is sometimes required for, Rho regulated
transcription, cell survival, proliferation, and migration (Booden et al., 2002; Palmby et al., 2002;
Sauzeau et al., 2006) through Rac1, RhoA, and Cdc42 stimulation (Abe et al., 2000; Marignani
and Carpenter, 2001). Vav2 shares a structural modularity common to the Vav family (Figure 3)
(Billadeau, 2009). At the amino-terminus are the calponin homology actin-binding domain (CH)
and an acidic (Ac) region. Previous studies have shown that in the deactivated state, these two
regions inhibit GTPase binding activity, but upon phosphorylation the autoinhibition of Vav
proteins is rescinded, promoting interaction with GTPases (Movilla and Bustelo, 1999; Zugaza et
al., 2002). Following the CH and Ac regions is a GEF-specific cassette composed of a Dbl
homology (DH) domain and a Pleckstrin homology (PH) domain. The DH domain is named for
the first GEF discovered, and is chiefly responsible in facilitating the GEF-GTPase interaction.
The PH domain helps mediate the interaction by binding either to the GTPase directly or to
phosphoinositides within the plasma membrane for membrane localization (Bottomley et al.,
1998; Han et al., 1998; Brooden et al., 2002; Palmby et al., 2002). The cysteine rich (CR) region
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Figure 3: Modularity of Vav family proteins at inactive and active states. From the amino to
carboxyl termini, regions of interest include the calponin homology actin-binding (CH) domain,
the acidic (Ac) region, the Dbl homology (DH) domain, a Pleckstrin homology (PH) domain, a
cysteine rich (CR) domain, and lastly an SH2 domain flanked by two SH3 domains. Upon
phosphorylation, Vav proteins undergo a conformational change, altering the position of the Ac
and CH regions to allow the DH domain to bind Rho GTPases (Billadeau, 2009).
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stabilizes Vav proteins in their inactive state, and augments Vav GEF function when the proteins
are active (Zugaza et al., 2002; Heo et al., 2005). Lastly, at the carboxy terminus lies an SH2
domain flanked by two SH3 domains (Katzav et al., 1993). The SH2 domain of Vav2 recognizes
and binds a pTyr-Xaa-Glu-Pro motif and is responsible for binding RTKs. Specifically, Vav2
may interact with EGFR to delay receptor internalization and degradation (Thalappilly et al.,
2010). The SH3 domains of Vav2 specifically bind proline rich motifs. Interestingly, but as yet
unidentified in Vav2, the amino terminal SH3 domain of Vav1 binds a proline rich motif within
Vav1, which exposes hydrophobic regions within the SH3 domain recognized and bound by the
SH3 domain of Grb2 (Nishida et al., 2001; Ogura et al., 2002). The broad range of domains and
signaling regions within this family of effector proteins alludes to their dynamic participation in
multiple signaling cascades.

Thematically, deregulation of Vav2 has been linked to various neoplastic phenotypes.
Prolactin receptor-stimulated Vav2 activation of Rac1 through Nek3 serine kinase was observed
to contribute to malignant breast cancer survival and motility (Miller et al., 2005).
Overexpression of Vav2 has been observed to stimulate both Rac1 and Cdc42 in keratinocytes to
cause increased invasion (Lai et al., 2008; Patel et al., 2007) and in fibroblasts to induce
lamellipodia formation (Marignani and Carpenter, 2001). Vav2 has also been linked to EGFR
stimulation (Liu and Burridge, 2000) in malignancies of ovarian cancers with prevalent Rac1 and
Ras activation (Bourguignon et al., 2001).

Shc family of adaptor proteins
The Src homology and collagen (Shc) family of phosphotyrosine adaptor proteins are
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participants in a wide range of signaling events as scaffolding proteins to activated RTKs
(Ravichandran, 2001; Wills and Jones, 2012). There are four members within the Shc family,
each with two or more alternate identifiers: ShcA/Shc (Pelicci et al., 1992), ShcB/Sli/Sck,
ShcC/Rai/N-Shc (O’Bryan et al., 1996; Nakamura et al., 1996; Pelicci et al., 1996), and
ShcD/RaLP (Jones et al., 2007; Fagiani et al., 2007). Differential mRNA splicing and alternate
translation initiation codon usage produce isoforms of 46kDa, 52kDa, and 66kDa for ShcA
(Pelicci et al., 1992); 52kDa, and 64kDa for ShcC (O’Bryan et al., 1996); and 49kDa, 59kDa,
and 69kDa for ShcD (Jones et al., 2007). The Shc class of proteins share a common modularity
(Figure 4), which includes a collagen homology 1 (CH1) region flanked by a carboxy-terminal
SH2 domain and a PTB domain. The presence of both domains is characteristic, albeit not
unique, to the Shc family (Ravichandran, 2001). The possible consensus binding motifs for Shc
family SH2 and PTB domains remain as yet undetermined; however, ShcA has been well
characterized and represents a potential model in this context. Functionally, the SH2 and PTB
domains are both able to bind phosphorylated tyrosine residues of RTK or other adaptor proteins,
as mentioned previously; however, where the binding pocket of the ShcA SH2 domain
recognizes residues downstream of a phosphorylated tyrosine residue (pTyr–Φ–Xaa–
Ile/Leu/Met, where Φ is a hydrophobic amino acid, and Xaa is any amino acid) (Songyang
1994), the binding pocket of the ShcA PTB domain recognizes residues upstream of a
phosphorylated tyrosine (Asn–Pro–Xaa–pTyr–Ile, where the presence of Ile is not necessary, but
increases affinity) (Van der Geer et al., 1996). The longer isoforms of the Shc family – p66ShcA,
p64ShcC and p69ShcD – include an amino-terminal collagen homology 2 (CH2) region. This
CH2 region is proline rich, can be bound by SH3-containing proteins, and may act as substrate to
serine or threonine kinases (Migliaccio et al., 1999). The central CH1 region carries conserved
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Figure 4: Relative positioning of domains and regions for the members of the Shc family of
phosphotyrosine adaptor proteins and their isoforms. ShcD is the largest of the Shc family,
with novel features including four additional phosphotyrosine residues (yellow circles), and an
extended proline rich (red line) CH2 region. ShcD potentially shares conserved cysteine (pink
circle) and serine (green circle) residues observed in p66ShcA, but lacks the adaptin binding
motif (purple box) observed in all other Shc members (Wills and Jones, 2012).
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features as well, including phosphorylatable tyrosines (Wills and Jones, 2012), which fit the
consensus sequence necessary for binding proteins containing SH2 domains (Van der Geer et al.,
1996), and an adaptin binding motif (RDLFDMKPFE) linked to clathrin-mediated endocytosis
(Okabayashi et al., 1996)

As previously mentioned, ShcA is the best characterized of the Shc family proteins
(Ravichandran, 2001; Wills and Jones, 2012). Three isoforms of ShcA are encoded by alternate
mRNA splicing (p66ShcA) or differential translational start codon usage (p46ShcA, p54ShcA)
and share identical sequences, except for their amino termini. The amino CH2 region of
p66ShcA contributes to its size, making it the largest of the three isoforms. Structurally, the CH2
region contains a phosphorylatable serine residue (Migliaccio et al., 1999), a cysteine residue
linked to disulphide bridge formation and tetramerization in mitochondria (Gertz et al., 2008),
and a cytochrome c binding region which can also generate reactive oxygen species (ROS)
(Giorgio et al., 2005). The features of the CH2 region have linked p66ShcA to the regulation of
stress-induced apoptosis through the metabolism of ROS (Trinei et al., 2002), and cytochrome c
release from mitochondria (Giorgio et al., 2005). While the CH2 is absent from the p46ShcA
isoform, p54ShcA has a reduced CH2 region containing a non-functional cytochrome c binding
motif (Giorgio et al., 2005). Additional cell signaling properties of ShcA arise following
stimulation of the EGFR. While all three isoforms of ShcA are phosphorylated upon binding to
stimulated EGFR and may each bind Grb2, only the p52ShcA and p46ShcA isoforms have been
shown to facilitate Ras-activated MAP kinase activity (Migliaccio et al., 1997).

Expression profiles for ShcA have revealed that the protein is ubiquitously expressed
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with limited protein found in the adult nervous system (Cattaneo and Pelicci, 1998; Conti et al.,
1997; Ponti et al., 2005; Hawley et al., 2011). In contrast to the cytoplasmic localization of the
larger isoforms or of the stress-induced migration of p66ShcA to the mitochondria, the smallest
of the isoforms, p46ShcA, is most notably localized at the mitochondrial matrix (Ventura et al.,
2004). During embryonic development, ShcA has been shown to be essential in fetal survival,
where ShcA knockout mice succumb to extensive cardiovascular defects by embryonic day 11.5
(Lai and Pawson, 2000).

While ShcA is an indispensible participant to various essential pathways, its isoforms
have also been implicated in aberrant signaling events. The smaller isoforms of ShcA have been
linked to Huntington’s disease and Alzheimer’s disease through down-regulation or upregulation, respectively, consequently affecting the activation of downstream effector proteins
(Gines et al., 2010; Russo et al., 2002). Up-regulation of the larger p66 isoform has also been
linked to tumourigenic properties of prostate cancers (Veeramani et al., 2005) and unique means
of ROS generation (Alam et al., 2009; Veeramani et al., 2008; Rajendran et al., 2010). Similarly,
increased phosphorylation of p66ShcA has been linked to breast cancer aggressivity and patient
relapse (Davol et al., 2003).

Specifically, tyrosine residues of the CH1 region facilitate

downstream interactions instrumental in angiogenesis, invasion, and motility (Ursini-Siegel et
al., 2008), while the SH2 domain is pivotal in 14-3-3/PI3K complex-mediated cell survival
(Ursini-Siegel et al., 2012).

ShcB and ShcC have also been the focus of numerous characterization studies. ShcB
mRNA utilizes only one known start codon, producing a protein of approximately 68kDa, while
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ShcC produces two isoforms of 52kDa and 64kDa (Kavanaugh and Williams, 1994; Nakamura
et al., 1996; Pelicci et al., 1996; O’Bryan et al., 1996). Structurally, the phosphorylatable tyrosine
residues and adaptin binding motif observed in the CH1 region and characteristics within the
CH2 region of p66ShcA remain conserved in ShcB and ShcC; however, subtle differences
between these family members exist. The CH1 region of ShcC has three additional tyrosine
residues involved in phosphotyrosine-mediated signaling, and the CH2 region cysteine
responsible for tetramerization of p66ShcA is present in ShcB but absent from both the p64ShcC
and truncated CH2 region of p52ShcC (Wills et al., 2014). Expression studies have revealed that,
unlike the ubiquitous expression of ShcA, both ShcB and ShcC are primarily restricted to
neuronal tissue of the adult central nervous system (CNS), with low level expression of ShcB in
the heart, liver, pancreas, prostate, uterus, ovary, and testis (Pelicci et al., 1996; Nakamura et al.,
1998; Sakai et al., 2000; Ratcliffe et al., 2002), while ShcC has been observed in lymphocytes
and regions of the gastrointestinal tract (Villanacci et al., 2008; Savino et al., 2009). Additionally
and unique to ShcB, most photoreceptors, optic nerves, and olfactory nerve fibres express ShcB
(Ponti et al., 2005).

While definitive functional roles for ShcB and ShcC have yet to be determined, knockout
experiments for ShcB in mice reveal reduced populations of sensory neurons (Sakai et al., 2000).
Additionally, compound knockouts for both ShcB and ShcC indicate some overlap in function,
specifically in the survival and development of post-mitotic sympathetic neurons (Sakai et al.,
2000). With ShcA expression present in early CNS development and ShcB and ShcC expression
later in CNS development, it has been hypothesized that ShcA may be important for neuronal
cell proliferation while ShcB and ShcC are important for cell maintenance (Sakai et al., 2000;
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Hawley et al., 2011).

Like ShcA, ShcC and to a lesser extent ShcB have been implicated in aberrant signaling
in tumourigenic cell types. Cell-based experiments of thyroid carcinoma cell lines show that
ShcC isoforms recruit PI3K to ligand-activated RET receptors, where the RTK increases PI3K
and AKT activation and as a result promotes cell survival (Pelicci et al., 2002; De Falco et al.,
2005). Additionally, an increase in ShcC mRNA transcription and protein translation are positive
prognostic indicators of advanced stage neuroblastoma, while ShcB expression was found in
early stages of the cancer (Terui et al., 2005).

ShcD summary
ShcD is the most recently identified member of the mammalian Shc family of
phosphotyrosine adaptor proteins. This adaptor protein is most similar to p66ShcA but remains
structurally and, so far as we know, functionally unique. ShcD is approximately 69kDa and
shares the Shc modularity of CH2-PTB-CH1-SH2 (Fagiani et al., 2007; Jones et al., 2007). The
CH2 region of ShcD lacks the cytochrome c-binding motif seen within the p66ShcA CH2 region
(Fagiani et al., 2007) and the CH1 region adaptin-binding motif found in other Shc family
members (Jones et al., 2007). However, the slightly extended CH2 region of ShcD contains a
number of proline rich motifs fitting the Pro-Xaa-Xaa-Pro recognition sites of SH3 domains
(Fagiani et al., 2007; Jones et al., 2007). Additionally, ShcD has four novel phosphorylatable
tyrosine residues, three in its CH1 region and one in its CH2 region, with a total of seven
compared to the three in ShcA and ShcB, and the six in ShcC (Jones et al., 2007). The novel
tyrosine residues of ShcD have been shown to facilitate Grb2 binding, specifically Y424, which
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when mutated, substantially decreases the ShcD:Grb2 interaction (Jones et al., 2007). The
interaction with Grb2 implicates ShcD in Sos-mediated GTPase activation, which may in turn
affect downstream effectors. Interestingly, ShcD has been identified as a binding partner to the
RTKs TrkA (Wills and Jones, 2008), TrkB (You et al., 2010), and EGFR (Wills et al., 2014),
each of which are upstream precursors to the Ras pathway (Schubbert et al., 2007). While other
Shc members have been documented as binding Trk receptors via their PTB domains (Liu et al.,
2001), Wills and Jones (2008) found that both the PTB and SH2 domains of ShcD were
physically capable of binding TrkA, but observed that when the SH2 domain was rendered
inactive, the PTB-binding was interrupted as well (Wills and Jones, 2008). A similar interaction
was reported by You et al. (2010) for TrkB, and demonstrated that ShcD expression prolonged
TrkB induced MAP kinase activation (You et al., 2010). Lastly, Wills et al (2014) revealed that,
while the PTB domain

of ShcD

can

bind

and, interestingly,

stimulates

EGFR

autophosphorylation in the absence of EGF ligand, ShcD expression does not affect downstream
Ras pathway constituents (Wills et al., 2014).

Similar to ShcA and ShcC, ShcD transcripts reveal alternative in-frame translational start
sites, which form protein isoforms with approximate molecular weights of 69kDa, 59kDa, and
49kDa (Jones et al., 2007; Fagiani et al., 2007). The three isoforms of ShcD are identical, except
for a reduced CH2 region in the p59ShcD isoform and its complete absence from the p49ShcD
isoform (Jones et al., 2007). The CH2 region of ShcD has been identified as necessary for
cytoplasmic localization of the p69 isoform, while its absence forces ShcD protein to aggregate
at and in the nucleus (Ahmed and Prigent, 2014). Nuclear fractions have been shown to increase
upon oxidative stress, and the p69 isoform has been linked to transcriptional activation (Ahmed

19

and Prigent, 2014), which may suggest some comparable or even compensatory function to the
role of p66ShcA in the oxidative stress response. Additionally, ShcD binds to the juxtamembrane
region of muscle specific kinase (MuSK) via its PTB domain at the post-synaptic regions of the
neuromuscular junction (NMJ) (Jones et al., 2007). The NMJ is the site of axonal action potential
propagation, and without proper signaling motor function would be impaired. ShcD is the only
Shc protein to exhibit this interaction and may be essential at the NMJ, implying some nonredundant functions between Shc family members (Jones et al., 2007).

The signaling potential of ShcD is further suggested by expression profiles of various
tissues during embryonic development. ShcD protein is widely expressed during embryogenesis,
but becomes largely restricted to the brain over time (Hawley et al., 2011). Interestingly, as
compared to other Shc family members, ShcD exhibits an abundance of protein expression in the
epithelial layer of the gut (Hawley et al., 2011). At maturity, ShcD expression is primarily found
within the brain with marginally enhanced expression in the cerebellum (Hawley et al., 2011;
Jones et al., 2007). ShcD expression has also been observed in epidermal tissue, in muscle tissue
at the aforementioned NMJ (Jones et al., 2007), and in metastatic melanoma (Fagiani et al.,
2007), where ShcD expression has been shown to regulate an invasive metastatic phenotype.
Additionally, ShcD has been observed in primary brain tumours, where increased ShcD
expression coincides with aberrant EGFR phosphorylation (Wills et al., 2014). Recently, the
transient expression of ShcD has been detected in the transition of naïve embryonic stem cells to
pluripotent epiblast stem cells, with continued expression upon differentiation to neural cell lines
(Turco et al., 2012), which is consistent with previous discoveries of ShcD expression in the
mouse brain (Jones et al., 2007; Hawley et al., 2011). The effect of ShcD expression has also
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been examined in the context of the Ras pathway. Interestingly, the downstream Ras pathway
constituents Erk1/2 are more actively phosphorylated in ShcD-negative embryonic stem cells
(Turco et al., 2012) but remain unaffected in ShcD-silenced metastatic melanoma (Fagiani et al.,
2007). These seemingly conflicting observations may suggest an as yet undetermined indirect
and/or tissue specific role for ShcD expression in the Ras pathway and related processes.

While a great deal of progress has been made in characterizing a role for ShcD in
embryonic development and tumourigenesis, how ShcD is involved or the importance of ShcD
expression remain unanswered. The continued examination of ShcD presents an opportunity to
explore the signaling events with which it has been associated and further define the protein’s
physiological role in signal transduction.
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Rationale and project aims
Classic research on the Shc family has primarily focused on ShcA; however, with the
identification of ShcB, ShcC, and ShcD in recent years, a more broad understanding of their
individual signaling potential and physiological roles is emerging (Ravichandran, 2001; Wills
and Jones, 2012). In particular, ShcD has been linked to roles in embryonic development
(Hawley et al., 2011; Turco et al., 2012) and tumourigenesis (Fagiani et al., 2007; Wills et al.,
2014), and some of the protein’s molecular mechanisms have been elucidated in detail (Jones et
al., 2007; Ahmed and Prigent, 2014; Wills et al., 2014). Interestingly, our lab has recently
identified a putative interaction between ShcD and the Rho GTPase GEF Vav2, which may
suggest a role for ShcD in GTPase signal transduction. Additionally, while a number of cell
models with which to study endogenous ShcD expression have been previously used, including
mouse myoblast cells (Jones et al., 2007), various metastatic melanoma (Fagiani et al., 2007),
and embryonic stem cells (Turco et al., 2012), these cell types are either too slow growing or
they readily differentiate and lose ShcD expression over time. Furthermore, an in vivo loss of
function model is non-existent, but would provide a necessary tool in defining a physiologically
relevant role for ShcD in mammals. To address these deficiencies, the purpose of this project has
been to further investigate a role for ShcD in signal transduction through the following aims:

Aim 1: To identify a cell model with which to study endogenous ShcD expression.
Aim 2: To evaluate and map the putative ShcD interaction with the Rho GTPase GEF Vav2.
Aim 3: To generate a knockout mouse model to study the effects of ShcD expression in vivo.
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CHAPTER 2: MATERIALS AND METHODS
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Cell culture
Cell lines were cultured in HyClone Dulbecco's Modified Eagle’s Medium
(DMEM)/High glucose media supplemented with 10% heat inactivated FBS, 1% penicillin
streptomycin, and incubated at 37°C in 5% CO2. At confluence, cells were lifted using 0.25%
trypsin with 5mM EDTA and diluted 1 in 4 before overnight culture and subsequent transfection.
A maximum of 12µg of DNA was transiently transfected using 20µL polyethyleneimine (PEI) in
700µL serum free media. To allow for sufficient protein expression, cells were incubated for at
least 36 hours prior to experimentation. Numerous cell lines used in this work were graciously
provided to us by faculty of the University of Guelph, including Dr. Brenda Coomber (SW620,
MCF7, MDAMB231), Dr. George Harauz (N19), Dr. Richard Mosser (HT29, HCT116), and Dr.
Terrance Van Raay (SW480). Cell lines commercially obtained included HEK293T, COS-1 and
C2C12 from ATCC.

Where applicable, 36 hours post-transfection cells were serum starved for 12 hours, then
stimulated with EGF ligand (Peprotech Canada, Dollard des Ormeaux, QC, Canada). EGF
aliquots diluted in sterile molecular grade water to a concentration of 50 ng/uL were used 1:1000
in 2mL of the DMEM media without FBS, and incubated under the above conditions for an
additional 10 minutes.

RT-PCR reactions for ShcD detection in cell lines
Mouse and human cell lines were lysed in the RNA extraction reagent TRIzol
(Invitrogen, Carlsbad, CA, USA), adhering to the manufacturer’s instructions. Following RNA
isolation and rehydration, 2ug of RNA samples were treated with 1uL of DNase I (Fermentas) in
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10X DNase I buffer with RNA-free ddH2O filling the extra volume. Digestion reactions
proceeded for 30 minutes at 37oC, and then samples were incubated at 65oC for 10 minutes after
adding 1uL of 50mM EDTA. Following DNase I digestion, cDNA was generated by RT-PCR
using qScript cDNA Supermix (Quanta Biosciences, Gaithersburg, MD, USA), adhering to the
manufacturer’s suggested protocol. Subsequent PCR reactions for mouse and human ShcD and
beta actin were performed using the appropriate primers from Table 1 and the associated
thermocycler timing protocol in Table 2.

Constructs
Carboxy terminal, triple flag epitopes were added or omitted to full length – human
ShcA, ShcC and ShcD, and mouse ShcB and ShcD – truncation, and point mutation substitution
– PTB* (R315Q) and SH2* (R548K) Y6F (Y374F, Y375F, Y403F, Y413F, Y424F, Y465F) –
are described in Jones et al (2007) (Figure 5). Human Vav2 cDNA, containing a carboxyl T7
epitope and cloned into a pCMV5 plasmid vector, was graciously provided by Dr. Paola
Marignani (Dalhousie University, Halifax, NS, Canada).

Antibodies
Primary antibodies used for these experiments included commercial monoclonal mouse
anti-Flag M2 (Sigma-Aldrich, Oakville, ON, Canada; F1804-1MG), monoclonal mouse anti-T7
(Novagen, Millipore, #69522), and mouse anti-GAPDH (ABM, Richmond, BC, Canada,
#G041). Our polyclonal rabbit anti-ShcD CH2 was generated previously (Jones et al., 2007)
using a GST-CH2 fusion protein and resulting sera was purified by Aminolink Plus or SulfoLink
columns (Pierce). Rabbit anti-Vav2 was kindly donated to us by Dr. Paola Marignani (Dalhousie
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Figure 5: Schematic representation of carboxyl triple flag-tagged ShcD constructs. A wild
type ShcD construct was modified by PCR to generate all subsequent ShcD constructs: All 6
tyrosine residues of the CH1 region (Y374F, Y375F, Y403F, Y413F, Y424F, Y465F) were
changed to phenylalanine (red circles) in the Y6F construct; single amino acid changes of
arginine to lysine (R548K), or arginine to glutamine (R315Q) were generated to interrupt the
respective binding pockets of the SH2 and PTB domains (red X’s); ShcD truncations were
derived from the amino half (CH2PTB) or carboxyl half (CH1SH2) of ShcD (Jones et al., 2007).
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University, Halifax, NS, Canada). Secondary antibodies included horseradish peroxidase (HRP)conjugated goat anti-rabbit and HRP-conjugated goat anti-mouse (both Bio-Rad Laboratories,
Mississauga, ON, Canada)

Immunoblots
48 hours post-transfection, cells were collected on ice in 1mL PBS and centrifuged at
3000rpm for 2 minutes at 4°C. The pelleted cells were lysed in 650µL of PLC lysis buffer
containing protease and phosphatase inhibitors (PLC+) – 10µg/mL of aprotinin and leupeptin,
with 1mM of sodium orthovanadate and phenylmethylsulfonyl fluoride. Lysates were
centrifuged at 13000rpm for 10 minutes at 4°C to separate insoluble cell particulate. After
separation from the pellet, a volume of 2x or 5x sodium dodecyl sulfate (SDS) was added to an
aliquot of the supernatant and heated at 100°C for 5 minutes before 15µL of the solution was run
on a 10% acrylamide gel for 90 minutes at 170V. Proteins were transferred to Immobilon PVDF
Transfer Membrane (Millipore Corp, Billerica, MA, USA; #ipvh00010) using semi-dry transfer
at 250mA for 40 minutes. Membranes were blocked with 5% milk or bovine serum albumin in
TBST for 30 minutes before primary antibody was applied at a 1:1000 dilution and incubated at
4°C. 24 hours after antibody incubation and subsequent TBST washes, secondary antibody was
applied at a 1:10000 dilution for 1 hour. Pierce ECL Western Blotting Substrate (Thermo
Scientific, Rockford, IL, USA; #32106) was applied for 3 minutes, and exposures of 20 seconds,
5 minutes, and overnight were developed.

After confirmation of protein expression by immunoblot, co-immunoprecipitations were
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performed by adding 300uL cell lysate, 0.5-1uL primary antibody, and 400uL PLC+ to 50100uL of a 10% sepharose bead slurry conjugated to either rabbit anti-mouse IgG or protein A
(GE Healthcare, Piscataway, NJ, USA). In subsequent experiments, beads were blocked in 5%
BSA (Roshe) overnight prior to immunoprecipitation. Slurries were placed at 4oC on a nutator
for 3 hours, centrifuged at 1000 rpm for 1 minute, and aspirated to 100uL. A volume of 800uL
PLC was added, mixed, and the wash cycle was repeated twice more. On the final wash, slurry
volume was aspirated down to 20-30uL and an equal volume of 2xSDS was added. An
immunoblot was then performed as described above.

Creation of a conditional ShcD targeting vector and generation of a ShcD knockout mouse.
The conditional ShcD targeting alleles were directed to exon2 or exon7 of mouse ShcD.
They were designed by PCR to contain two loxP sites encompassing a neomycin resistance
cassette flanked by two FRT sites. The artificial alleles were derived from genomic DNA of the
mouse embryonic cell line R1 (129X1x129S1) and confirmed by Southern hybridization. The
vector was linearized and electroporated into R1 embryonic stem cells. Cells were selected for
geneticin resistance, with successful genome integration detected by PCR, and chimeric
offspring were generated by blastocyst injection to albino ICR CD-1 mice (Charles River).
Chimera were intercrossed for successful germline transmission as observed by black-eyed, nonalbino pups. Subsequent mice were bred on the resulting 129/ICR mixed background for
homozygosity of the desired ShcDFlx;neo+ allele. The neomycin resistance gene was excised by
crossing ShcDFlx;neo+ mice to those expressing a FlpO+ recombinase (Jackson Labs, Bar Harbor,
Maine, USA). Resulting FlpO+, ShcDFlx/+ mice were bred to littermates for removal of the FlpO
recombinase. Mice homozygous for the floxed ShcD allele (ShcDFlx/Flx) resulting from this cross
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were bred to EIIaCre+ mice (Jackson Labs, Bar Harbor, Maine, USA), to obtain Cre+, ShcDFlx/+
heterozygotes. These mice will be back-crossed to ShcDFlx/Flx mice, to derive Cre+, ShcDFlx/Flx
mice, resulting in ShcD exon excision.

Mouse genotyping
Mice were weaned and ear notched 3 weeks after birth. Genomic DNA was isolated from
ear notched tissue samples in 75uL alkaline buffer (25mM NaOH, 0.2mM EDTA, pH 12.0) for
30 minutes at 95oC. Tissue was vortexed until colourless, cooled on ice to approximately 4oC,
and then 75uL acidic buffer (40mM Tris-HCl, pH 5.0) was mixed into solution. PCR reactions
for mouse genotyping at each stage of breeding were performed using 3 uL isolated DNA in
22uL of DreamTaq (Fermentas, Burlington, ON, Canada) reaction mix (1uL forward primer, 1uL
reverse primer, 1uL dNTPs, 2.5uL DreamTaq Buffer, 16.3uL ddH2O, 0.2uL DreamTaq enzyme).
Primer sequences used for genotyping are given in table 1, and corresponding thermocycler
conditions given in table 2. PCR reactions were resolved using up to 20uL of amplicon in 2%
agarose (Invitrogen) gels at 100V for 30 minutes.
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Primer ID & Sequence
E2 wt fwd – 5’ CCAGGCTACCCTGTTCATCTCTAAG 3’
E2 wt/mut rvs – 5’ GGATTTGAGCCCAGCATTAC 3’
E2/E7 mut fwd – 5’ GAAGACAATAGCAGGCATGC 3’
E2 wt/mut rvs – 5’ GGATTTGAGCCCAGCATTAC 3’
E7 wt fwd – 5’ CCGAAATGGAAGAGTAAAACAG 3’
E7 wt/mut rvs – 5’ GATAATGTGGGGAAAGGTACAC 3’
E2/E7 mut fwd – 5’ GAAGACAATAGCAGGCATGC 3’
E7 wt/mut rvs – 5’ GATAATGTGGGGAAAGGTACAC 3’
ROSA fwd – 5’ AAAGTCGCTCTGAGTTGTTAT 3’
ROSA mut rev – 5’ GCGAAGAGTTTGTCCTCAACC 3’
E2 wt fwd – 5’ CCAGGCTACCCTGTTCATCTCTAAG 3’
E2 wt/mut rvs – 5’ GGATTTGAGCCCAGCATTAC 3’
E7 wt fwd – 5’ CCGAAATGGAAGAGTAAAACAG 3’
E7 wt/mut rvs – 5’ GATAATGTGGGGAAAGGTACAC 3’
ROSA fwd – 5’ AAAGTCGCTCTGAGTTGTTAT 3’
ROSA wt rvs – 5’ GGAGCGGGAGAAATGGATATG 3’
Cre fwd – 5’ GTTATAAGCAATCCCCAGAAATG 3’
Cre rvs – 5’ GGCAGTAAAAACTATCCAGCAA 3’
E2 wt fwd – 5’ CCAGGCTACCCTGTTCATCTCTAAG 3’
E2 Cre fwd – 5’ GCTTCCTCTGACATTTGTAC 3’
E2 wt/mut rvs – 5’ GGATTTGAGCCCAGCATTAC 3’
E7 wt fwd – 5’ CCGAAATGGAAGAGTAAAACAG 3’
E7 Cre fwd – 5’ GCCCTAAATATCTGCCTTGATACC 3’
E7 wt/mut rvs – 5’ GATAATGTGGGGAAAGGTACAC 3’
hShcD fwd – 5’ CCAGACGACGAGGCGATTTA 3’
hShcD rvs – 5’ AGCCCATGTACCTCACACAG 3’
mShcD fwd – 5’ GCAGGCCCACCTCTTTGCGT 3’
mShcD rvs – 5’ TGGCACGCTCGTTGGTTGAC 3’
hβactin fwd – 5’ AGCCTCGCCTTTGCCGATCC 3’
hβactin rvs – 5’ GGGCAGCGGAACCGCTCATT 3’
mβactin fwd – 5’ CCAGCCTTCCTTCTTGGGTATGGA 3’
mβactin rvs – 5’ ACGCAGCTCAGTAACAGTCCGC 3’

Description

Amplicon size

E2 ShcDwt/wt

151bp

neomycin cassette
of E2 ShcDFlx;neo

268bp

E7 ShcDwt/wt

236bp

neomycin cassette
of E7 ShcDFlx;neo
Flp recombinase
present
Flp excision of E2
neomycin cassette
Flp excision of E7
neomycin cassette
Flp recombinase
absent
Cre recombinase
present

255bp
(151bp wt)
346bp
(236bp wt)

Cre excision of E2
ShcDFlx

186bp
(151bp wt)

Cre excision of E2
ShcDFlx

351bp
(236bp wt)

Detection of human
ShcD
Detection of mouse
ShcD
Detection of human
βactin
Detection of mouse
βactin

649bp cDNA
10kbp DNA
496bp cDNA
56kbp DNA
824bp cDNA
2.2kbp DNA
365bp cDNA
585bp DNA

381bp
350bp

650bp
200bp

Table 1: Primer combinations used in mouse genotyping PCR and cell line RT-PCR
reactions. PCR reactions for mouse genotyping of Flp and Cre recombinase excision also
produce amplicons of wildtype (wt) DNA. RT-PCR reactions of isolated RNA samples may
produce amplicons generated from mRNA (cDNA) or from genomic contamination (DNA).
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Description

Temperature (oC)

Step

25
42
85

Time
(minutes)
5
30
5

Number of
cycles
1
1
1
1

qScript RT-PCR reaction

Annealing
Extension
Enzyme inactivation

Reactions for mouse
(left) and human (right)
ShcD and βactin RTPCR products

Initial denaturation
Denaturation
Annealing
Extension
Final Extension

95
95
58
72
72

95
95
65
72
72

4
0.5
0.5
1
5

Initial denaturation
Reactions for mouse
Denaturation
genotyping of ShcD
Annealing
alleles; exon2 (left),
Extension
exon7 (right)
Final Extension

95
94
58
72
72

95
94
57
72
72

5
0.5
0.5
0.75
5

Initial denaturation
Reactions for mouse Denaturation
genotyping
of
Cre Annealing
recombinase
Extension
Final Extension

95
94
61
72
72

5
0.5
1
1
5

Initial denaturation
Reactions for mouse
Denaturation
genotyping
of
Flp
Annealing
recombinase at ROSA
Extension
locus
Final Extension

95
94
61.5
72
72

5
1
1
1
5

Table 2: Thermocycler settings for PCR and RT-PCR reactions.
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35
1
1
35
1
1
35
1
1
35
1
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The GEF Vav2 is a putative ShcD binding partner
The GEF Vav2 is a putative binding partner to ShcD (Jones, unpublished). This initial
interaction was detected by an immunoaffinity mass spectrometry screen in unstimulated
HEK293 cells stably expressing flag-tagged ShcD cDNA (ShcD-flag). Binding to, or being
bound by, Vav2 suggests a role for ShcD in GTPase signaling which may affect essential and/or
tumourigenic cellular processes. To confirm the preliminary findings from our immunoaffinity
mass spectrometry screen, we transiently co-transfected HEK293T cells with ShcD-flag and
either T7-tagged Vav2 (Vav2-T7) or empty vector (pcDNA3). Immunoblots of cell lysates
revealed equal ShcD-flag and Vav2-T7 protein content, while immunoprecipitation of Vav2-T7
with ShcD-flag revealed a faint Vav2-T7 signal at 100kDa (Figure 6). Attempts to replicate these
data in 293T cells were met with inconsistent results, which may imply a weak, and/or stimulusdependent conditional interaction between the two proteins.

Confirmation of a Vav2:ShcD interaction in COS-1 cells
To investigate the potential effect of a stimulus on the ShcD:Vav2 interaction, we
replaced human embryonic kidney 293T cells with the EGFR-positive African green monkey
kidney cell line COS-1. ShcD-flag and Vav2-T7 were transiently transfected into COS-1 cells
together or separately, and stimulated with EGF ligand. Results obtained by immunoprecipitation
of cell lysates for Vav2-T7 with ShcD-flag were variable. The majority of our experiments
showed EGF-independent co-immunoprecipitation of Vav2-T7 with ShcD-flag (Figure 7A, 7B).
However, we also failed to co-immunoprecipitate Vav2-T7 in some experiments (data not
shown). Unexpectedly, we also obtained inconclusive results, where Vav2 was pulled down in
the absence of ShcD (Figure 7C). While these results suggest that ShcD and Vav2 proteins can
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Figure 6: ShcD pulldown of Vav2 in HEK293T cells. HEK293T cells were transfected with
combinations of flag-tagged ShcD, T7-tagged Vav2, and/or empty pcDNA3 plasmid vector.
Protein complexes were immunoprecipitated (IP) from whole cell lysates (wcl) using anti-flag
antibody, and subsequent immunoblots (IB) were completed with anti-flag or anti-T7 antibodies.
Vav2 is pulled down in the presence of ShcD, evident as a faint band at 100kDa on a membrane
originally developed with anti-flag and reblotted with anti-T7.
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Figure 7: EGF stimulated and unstimulated COS-1 cells exhibit a ShcD:Vav2 interaction.
COS-1 cells were transfected with combinations of ShcD-Flag, Vav2-T7, and empty vector
pcDNA3. Vav2-T7 protein was co-precipitated with ShcD-Flag protein using anti-Flag antibody.
Immunoblots using anti-Flag and anti-T7 reveal that (A) co-precipitation of Vav2-T7 with ShcD
is not contingent on EGF stimulation, and that (B) the interaction is reproducible. However,
while the visual increase in band intensity indicative of Vav2 is greater in +EGF samples than of
–EGF samples, the discrepancy between immunoblots of wcl (A) negates any content
comparison that could be made. With the introduction of EGF stimulation (C) Vav2-T7 may
precipitate even in the absence of ShcD, suggesting that EGF affects indiscriminate binding of
Vav2-T7 to the agarose beads.
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interact in COS-1 extracts, the successful pulldown of Vav2-T7 in the absence of ShcD-flag
suggests that either Vav2 or the T7 tag might bind non-specifically to agarose beads under some
conditions.

To examine the possibility that Vav2-T7 might indiscriminately bind agarose beads, we
performed a control precipitation experiment using agarose beads and lysates from COS-1 cells
transiently transfected with Vav2-T7, with and without both flag antibody and EGF stimulation.
We observed that Vav2-T7 was pulled down by the agarose beads, and that this anomaly was
unaffected by the presence of flag antibody or EGF ligand (Figure 8). While this observation
explains why Vav2-T7 was sometimes present in coIP immunoblots in the absence of ShcD-flag,
Vav2-T7 pulldown was ShcD-flag-dependent in some experiments (Figure 7A, 7B). To further
explore this phenomenon, we also performed an immunoprecipitation using anti-T7 antibody and
immunoblotted using anti-flag antibody. We observed a signal at 75kDa consistent with ShcD in
lysate containing both Vav2-T7 and full length ShcD-Flag (Figure 9) suggesting that, while
Vav2-T7 may bind to the agarose beads Vav2 protein also binds to ShcD. The ShcD truncations
used in parallel to full length ShcD revealed no obvious bands to indicate successful coprecipitation with Vav2 (Figure 9); however, the faint resolution of full length ShcD may suggest
limited amounts of these truncations were pulled down by Vav2, and remain undetected in this
immunoblot.

ShcD:Vav2 interaction exhibits dynamic binding depending on stimulus
Prior to this project, preliminary results using lysates prepared from EGF-stimulated
COS-1 cells revealed that the carboxy terminus of ShcD, specifically the SH2CH1 half of the
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Figure 8: Vav2-T7 binds to agarose beads in the presence or absence of Flag antibody.
Vav2-T7 and empty plasmid vector pcDNA3 were transfected to COS-1 cells. EGF stimulated
and non-stimulated lysates were collected and precipitated using agarose beads, with or without
Flag. Membranes were immunoblotted using Vav2, revealing bands at 100kDa in all Vav2-T7
lanes, suggesting that Vav2-T7 is binding the agarose beads used in the immunoprecipitation
experiments.
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Figure 9: Co-precipitation of ShcD with Vav2 reveals positive protein interaction in EGF
stimulated COS-1 cells. COS-1 cells were transfected with either full length or truncations of
the SH2CH1 and PTBCH2 regions of ShcD containing carboxyl Flag epitope tags, along with
T7-tagged Vav2. Cells were serum starved, treated with EGF ligand, and lysates were
immunoprecipitated with anti-T7 antibody. Immunoblots for anti-T7 reveal equal band
intensities of Vav2-T7, while immunoblots for anti-Flag reveal positive pulldown of full length
but not truncated ShcD protein.
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protein, was responsible for Vav2 binding in an EGF dependent manner. To map the putative
interaction of ShcD:Vav2 we transiently co-transfected COS-1 cells with Vav2-T7 and either
wildtype ShcD, Y6F ShcD containing six tyrosine to phenylalanine substitutions in the CH1
domain, or one of two truncations comprised of the carboxyl (SH2CH1) or amino (CH2PTB)
halves of the ShcD protein (Figure 10). Following immunoblots of cell lysates to examine equal
ShcD-flag and Vav2-T7 protein content, we performed co-immunoprecipitations of the flagtagged ShcD variants for Vav2-T7. We observed that without EGF stimulation, the intensities of
Vav2 bands were strongest in the lanes that also containing SH2CH1 polypeptide.
Comparatively, wt and Y6F lanes had equal amounts of Vav2 but less than that of SH2CH1. The
presence of Vav2 in the lane containing the truncated CH2PTB was reduced considerably when
compared to the other EGF-negative lanes (Figure 10). This observation suggests that the
SH2CH1 region of ShcD is responsible for interaction with Vav2 in an unstimulated COS-1
environment. Interestingly, upon EGF stimulation the amount of Vav2-T7 pulled down by the
truncated CH1SH2 was significantly reduced. Relative to band intensity of wt ShcD and the EGF
negative lanes, there is an increase of Vav2 in the CH2PTB and Y6F lanes. This observation is in
contrast to our preliminary data, but lends support to the hypothesis of a ShcD:Vav2 interaction,
and that this interaction may be affected by phosphorylation events.

The ShcD truncations map the ShcD:Vav2 interaction in COS-1 cells to either the SH2
domain or CH1 region in the absence of EGF stimulation, and to either the PTB domain or CH2
region in the presence of EGF stimulation. To narrow down the possible binding sites between
ShcD and Vav2, we transiently introduced either wt ShcD or one of three point mutations at the
PTB domain (PTB*), the SH2 domain (SH2*), or both domains (SH2*PTB*) along with Vav2
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Figure 10: Vav2 interaction mediated through ShcD PTBCH2 region in EGF stimulated
COS-1 cells, and through ShcD SH2CH1 region in non-EGF stimulated COS-1 cells. COS-1
cells were transfected with either full length, Y6F, and truncations of the SH2CH1 and PTBCH2
regions of ShcD containing carboxyl Flag epitopes, along with Vav2 containing a carboxyl T7
epitope. Cells were serum starved, treated with EGF ligand, and lysates were
immunoprecipitated with anti-Flag antibody. Anti-Flag immunoblots of anti-Flag IPs reveal
equal amounts of ShcD pulled down between samples, while anti-T7 immunoblots reveal
varying amounts of Vav2 co-precipitated. The presence of Vav2 protein is limited in the
PTBCH2 lane of unstimulated cells, while the Vav2 of the SH2CH1 lane is reduced upon EGF
stimulation. Comparatively, full length and Y6F ShcD proteins co-precipitated more Vav2 in
stimulated cells than unstimulated, with Y6F pulling down more Vav2 than that of full length
ShcD.
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into COS-1 cells. Following immunoblots of cell lysates to examine equal ShcD and Vav2
protein content, we performed immunoprecipitations of the ShcD variants for Vav2-T7.
Interestingly, under EGF stimulation we observed relatively equal levels of Vav2-T7 in all lanes
except for that of the double mutant, where the presence of Vav2-T7 was reduced considerably
(Figure 11). Results for this experiment were reproducible, however, additional experiments also
revealed inconclusive and negative results as observed by either a lack of Vav2-T7 bands
produced by IP or successful pulldown of Vav2-T7 from all cell lysates (data not shown). These
data nevertheless suggest that the ShcD PTB and SH2 domain act in a cooperative manner where
binding to Vav2 is concerned.

Detection of endogenous ShcD protein in cancer cell lines
Previously, ShcD was identified as a molecular marker for metastatic melanoma (Fagiani
et al., 2007). In addition, we have recently observed that ShcD may promote phosphorylation of
EGFR, and that ShcD expression and EGFR phosphorylation are upregulated in primary brain
tumours (Wills et al., 2014). To expand our understanding of tumourigenic ShcD signaling in
line with our earlier embryo profiling experiments demonstrating robust ShcD expression in gut
epithelia (Hawley et al., 2010), we profiled ShcD levels in colorectal cancer cell lines. Before
examining the endogenous expression of ShcD protein in colorectal cancers, we first required an
antibody specific to ShcD. Rabbit anti-ShcD CH2 antibody was generated previously (Jones et
al., 2007); however, a new purification of the sera needed to be characterized. Specificity of this
antibody to ShcD as compared to other Shc family members was performed by IP using antiFlag antibody with COS-1 cell lysates transiently expressing flag-tagged Shc family constructs.
Immunoblots using the ShcD CH2 antibody revealed bands at 75kDa in lanes containing only
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Figure 11: Mutation of both SH2 and PTB domains in ShcD impedes Vav2 interaction
under EGF stimulation. COS-1 cells were transfected with flag-tagged ShcD variants and T7tagged Vav2. Protein complexes were immunoprecipitated from lysates using anti-Flag antibody,
and subsequent immunoblots were completed with anti-Flag or anti-T7 antibodies. The fulllength ShcD protein and both single point mutants pulled down Vav2-T7. The double point
mutation, SH2*PTB*, of ShcD was less efficient at pulling down Vav2-T7 in EGF stimulated
COS-1 cells.
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ShcD (Figure 12).

Following the successful characterization of our ShcD antibody, we next chose cell lines
that exhibited fast generation times, were inexpensive to culture, and were potentially of interest
to other projects in our lab. HCT116 colorectal cells were chosen for their metastatic aggressivity
and inability to differentiate, whereas HT29 were chosen as a morphologically similar cell type
that exhibit a less aggressive phenotype with partial ability to differentiate (Yeung et al., 2010).
The additional colorectal cell lines SW480 and SW620 were similarly chosen for their metastatic
potential, but provide the added characteristic of originating from the same human source; where
SW480 cells were originally isolated from a primary tumour, SW620 cells were isolated from
the same individual at a secondary metastatic growth (Melcher et al., 2000). Additionally, with
ShcD protein expression identified in both the embryonic (Hawley et al., 2010) and adult mouse
brain, and in the myoblast cell line C2C12 (Jones et al., 2007), the temperature sensitive
immature oligodendrocyte N19 was chosen as a potential embryonic cell model, while the
myoblast C2C12 was chosen as a positive ShcD control. As additional controls, we also used
homogenized whole embryo tissue lysate of E14.5, and COS-1 cells transiently expressing
mouse or human ShcD orthologs. Each cell type was cultured, and whole cell lysates containing
equivalent protein content were examined by immunoblotting. The results revealed ShcD protein
in human colorectal adenocarcinoma cell lines SW480, SW620, HT29, and HCT116, and the
mouse oligodendroglial cell line N19 (Figure 13A). Additionally, we detected ShcD in the
mouse myoblast cell line C2C12 and in embryonic day 14.5 whole embryo lysate, consistent
with our lab’s previous findings (Jones et al., 2007; Hawley et al., 2010). Alternatively, we also
normalized total protein content visually by GAPDH detection, adjusting loaded volumes of

43

space

Figure 12: Rabbit polyclonal antibody is specific to ShcD protein and does not show
reactivity with other Shc family member proteins. COS-1 cells were transfected with flagtagged Shc family constructs, and immunoprecipitated from lysates using anti-flag antibody.
Subsequent immunoblots revealed successful pulldown of Shc family members by anti-Flag
antibody, and the specificity of the anti-ShcD CH2 antibody to mouse and human ShcD
orthologs.
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sample lysate accordingly. Resulting immunoblots using the anti-ShcD CH2 antibody confirmed
our initial observations (Figure 13B). Using either method of normalization revealed limited
ShcD protein in oligodendroglial and myoblast cells, but increased levels in colorectal cancers.

Detection of ShcD transcripts in cancer cell lines
To corroborate our detection of ShcD protein in commercially available cell lines, we
also performed RT-PCR on the aforementioned colorectal cancer cell lines and controls. Isolated
RNA samples were subjected to DNase digestion to remove genomic DNA contamination. RNA
samples were then used as templates to either generate cDNA, and in turn amplicons of ShcD
transcripts using ShcD specific primers, or to detect residual genomic DNA contamination with
primers directed to beta actin. Amplicons resulting from beta actin PCR reactions were observed
at predicted mRNA sizes of 824bp and 365bp for human and mouse, respectively (Figure 14).
Had genomic DNA been present, the resulting ShcD amplicons would have been 2.2kbp for
human samples and 585bp for mouse samples, and would not have been representative of mRNA
transcripts. Results suggest that the DNase digestion was successful in removing genomic DNA
from RNA samples. PCR reactions for human ShcD generated amplicons of 649bp in lanes
containing positive control, HT29, SW480, and SW620 RNA samples. In lanes containing RNA
samples from HCT116 cells or cell lines of mouse origin, no amplicons were observed (Figure
14). These observations, in conjunction with our immunoblot data for ShcD detection, strongly
suggest that ShcD is present in the colorectal adenocarcinoma cell lines tested. While HCT116
and C2C12 cell lines were positive for ShcD by western blot and negative by RT-PCR, the lack
of transcript detection may be indicative of low level transcription or a high rate of transcript
turnover in these cell lines.
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Figure 13: Detection of ShcD protein in colorectal cancer cell lines by immunoblot. (A)
Cancer cell lysates were collected and 58ug of total protein content, as determined by Bradford
assay, was used for SDS-PAGE. Immunoblots for ShcD using the anti-ShcDCH2 antibody
revealed comparative amounts of ShcD protein in colorectal cell lysates tested and positive
controls. (B) Cancer cell lysates were collected and relative protein content was visually
estimated by immunoblot for GAPDH. The subsequent immunoblot for anti-ShcDCH2 antibody
revealed positive results for ShcD protein expression in colorectal cell lysates tested and positive
controls.
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Figure 14: RT-PCR of DNase treated transcripts isolated from cell lines. RNA samples,
isolated from colorectal adenocarcinoma (HT29, HCT116, SW480, SW620), oligodendroglial
(N19), and myoblast (C2C12) cell lines, were subjected to DNase digestion, and each sample
was separated into two aliquots of equal concentration. The first set of aliquots were used to
generate cDNA of transcripts by RT-PCR, and the cDNA in turn used to generate amplicons
using ShcD primers. Amplicon bands of 649bp and 496bp were observed in human and mouse
ShcD transfected COS-1 control cells, respectively. Human cell lines HT29, SW480, and
SW620, but not HCT116 , N19 nor C2C12 cell lines expressed ShcD. The second set of aliquots
were not used to generate cDNA by RT-PCR, but were instead used for beta actin (ActB) PCR
reactions to detect genomic DNA contamination. The beta actin mouse primers would produce
amplicons of 365bp and 585bp for transcript and genomic nucleic acids, respectively, while the
human primers would produce amplicons of 824bp and 2259bp for transcript and genomic
nucleotides, respectively. Only amplicons corresponding to spliced transcripts were observed.
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Long term goals: Generation of a ShcD knockout mouse model
To examine the effects of ShcD on embryonic development and/or adult systemic
function, we have endeavoured to develop a ShcD knockout mouse model. To do this, we have
devised a breeding strategy (Figure 15) utilizing transgenic mice possessing an artificial ShcD
allele with modifications in either exon 2 or exon 7. Contained within the altered gene is a
neomycin resistance gene, flanked by 5’ and 3’ flippase recognition target (FRT) sites, which
may be specifically targeted by the flippase recombinase. Two locus of X-over P1 (loxP) sites
(Figure 16), which may be specifically targeted by Cre recombinase, flank the neomycin cassette
and targeted exon. These transgenic mice, homozygous for the altered ShcD sequence and
neomycin cassette (ShcDFlx;neo/Flx;neo), were our starting point. ShcDFlx;neo/Flx;neo mice (Figure 17A)
were bred to mice homozygous for Flp recombinase (Figure 17B). Expression of Flp in resulting
pups caused the excision of the FRT-flanked neomycin resistance cassette, left over from ES cell
culture. Successful removal of the neomycin resistance gene and the presence of Flp
recombinase (FlpO+; ShcDFlx/+) were detected by PCR using primers directed, respectively, to
sequences within the FRT-flanked region and to the FlpO insertion site in the ROSA locus
(Figure 18A, 18B). Neomycin-negative littermates, heterozygous for Flp were then intercrossed
to breed out expression of Flp recombinase (ShcDFlx/+ and ShcDFlx/Flx). Successful removal was
determined by PCR directed to the ROSA locus (Figure 18A, 18B). We next intercrossed Flpnegative littermates homozygous (ShcDFlx/Flx) and/or heterozygous (ShcDFlx/+) for the ShcD
floxed allele to obtain a colony of mice homozygous for the floxed allele. Confirmation of mouse
genotypes was again performed by PCR. The introduction of EIIa-Cre recombinase to our colony
was the final step in our breeding strategy. The adenovirus EIIa promoter facilitates Cre
expression at the zygote stage of embryonic development, thereby resulting in knockout of the
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Figure 15: Breeding strategy for the generation of a ShcD knockout mouse model. Mice
with successfully integrated artificial ShcD alleles (ShcDFlx;neo/Flx;neo) were bred to ShcD wildtype
mice carrying the FlpO recombinase under the ubiquitous ROSA26 promoter (FlpO+/+; ShcD+/+).
Expression of FlpO excises the neomycin cassette left from ES cell culture. FlpO positive, ShcD
heterozygous littermates (FlpO+; ShcDFlx/+) were intercrossed to breed out FlpO and produce
homozygosity for the ShcDFlx allele. Mice homozygous for the floxed ShcD allele (ShcDFlx/Flx)
were bred to ShcD wildtype mice carrying the Cre recombinase under the EIIa ubiquitous
promoter (Cre+/+; ShcD+/+). Expression of Cre excises floxed exons of ShcD in floxed
heterozygotes (Cre+; ShcDFlx/+). Cre positive floxed ShcD heterozygotes will be bred to floxed
ShcD homozygous mice to produce homozygosity. Resulting mice will possess Cre recombinase
and be homozygous for the floxed ShcD allele (Cre+; ShcDFlx/Flx), resulting in a ShcD knockout
mouse model.
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Figure 16: ShcD targeting vector and subsequent transgenic elements. The targeting vector
was designed using genomic cDNA of the mouse ES cell line R1. LoxP sites were inserted by
PCR to flank the exon of interest as well as the inserted 3’ neomycin resistance gene, which was
flanked by FRT sites and under control of EM7 and PGK promoters. Downstream from the 3’
arm of the targeting vector was the HSV-TK gene under the MC1 promoter and an ampicillin
resistance gene. Upon homologous recombination and successful germ line transmission, the
resulting mice were bred to FlpO+ mice as illustrated in Figure 15. Expression of Flp
recombinase targeted and excised the contents flanked by the FRT sites, removing the neomycin
resistance cassette. Flp recombinase was bred out of the mouse line, and Cre recombinase bred
in. The introduction of Cre to the mice results in recombination between loxP sites, and excision
of the flanked contents.
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Figure 17: Genotyping of transgenic ShcD allele and FlpO stock mouse. PCR reactions using
isolated mouse genomic DNA from multiple mice of our founder colony with indicated primer
sets and thermocycler protocols reveal bands at expected sizes, as outlined in Table 2. A)
Genomic DNA from transgenic mice homozygous for the artificial allele targeting exon 2
produced bands of 268bp, as compared to bands produced from wildtype exon 2 of 151bp.
Genomic DNA from transgenic mice homozygous for the artificial allele targeting exon 7
produced bands of 381bp, as compared to bands produced from wildtype exon 7 of 236bp. B)
Genomic DNA of FlpO positive mice wherein Flp recombinase was inserted into the ROSA
locus produced no amplicon (since FlpO insertion disrupts the ROSA locus), while wildtype
mice produced bands of 650bp.
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Figure 18: Genotyping of transgenic ShcD mice for presence of Cre recombinase, Flp
recombinase, and homozygosity of altered allele. PCR reactions using isolated mouse genomic
DNA with indicated primer sets and thermocycler protocol from Table 2 reveal bands at
predetermined sizes. (A) Screening for the successful removal of neomycin from the transgene
targeting exon 7 produced an amplicon of 346bp, while removal of neomycin from the transgene
targeting exon 2 (not shown) produced an amplicon of 255bp. Wildtype mouse DNA, where
ShcD was unaltered, produced amplicons of 236bp for exon 7, and 151bp for exon 2 (not
shown). DNA isolated from mice heterozygous for the altered ShcD allele, produced one band at
each of the two aforementioned amplicon sizes for either exon under examination. (B) PCR
reactions for the wildtype ROSA locus and the Flp-modified ROSA locus were used to
determine Flp hetero/homozygosity. Mouse DNA homozygous for Flp produced amplicons of
300bp, mouse DNA homozygous for the wildtype ROSA locus produced amplicons of 650bp,
and heterozygous mouse DNA produced both amplicon bands. (C) Detection of Cre recombinase
by PCR was revealed by amplicon bands of 200bp.
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floxed gene of interest in all cell types. As targeted floxed sequences are excised, the resulting
deletion is transmitted to the next generation (Lakso et al., 1996). Interestingly, paternally
transmitted EIIa-Cre can produce an expression mosaic, while maternally derived EIIa-Cre
provides systemic Cre expression (Heffner et al., 2012). As such, ShcDFlx/Flx male mice were
bred to female mice hemizygous for the Cre gene (Figure 18C) to obtain mice heterozygous for
the floxed ShcD allele and hemizygous for the Cre gene (Cre+; ShcDFlx/+). Our efforts will now
be focused on backcrossing females of this genotype to male mice homozygous for the floxed
ShcD allele. The desired effect of this cross is to obtain mice homozygous for the floxed allele
and positive for Cre, the expression of which will produce a systemic ShcD knockout mouse
model.
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CHAPTER 4: DISCUSSION AND CONCLUSION
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Discussion
ShcD is the most recently identified member of the Shc family of phosphotyrosine
adaptor proteins. While a number of studies have elucidated potential roles for ShcD in
embryonic development, cellular motility, and tumour growth, the protein’s signaling potential
remains largely unknown. Here we demonstrate that colorectal adenocarcinoma represent an
additional cell model with which to study ShcD signaling effects, and confirm a molecular
interaction with the GEF Vav2 in vitro. These data may provide insight into a potential role for
ShcD in Rho GTPase signaling pathways in cell biology.

The manipulation of an endogenous expression model is a powerful tool to explore
molecular interactions and subsequent cellular processes in a physiologically relevant manner.
Originally observed in regions of the mouse brain with some expression in the skin, skeletal
muscle (Jones et al., 2007) and gut epithelia (Hawley et al., 2010), ShcD expression has also
been observed in tumourigenic biopsies including astrocytoma (Wills et al., 2014) and melanoma
(Fagiani et al., 2007). Additionally, ShcD protein has been identified in various commercially
available cell lines including C2C12 myoblasts, metastatic melanoma, and transiently in
embryonic stem cells at their differentiation to epiblast stem cells. Consistent with our earlier in
vivo detection of robust ShcD expression in gut epithelia of embryonic mice, colorectal
adenocarcinoma cell lines were chosen to further expand our understanding of ShcD signaling
potential in a tumourigenic context. In this work, we have successfully demonstrated the
presence of ShcD transcripts and protein in human colorectal adenocarcinoma cell lines HT29,
HCT116, SW480, and SW620 (Figure 13, 14), providing additional cell model options for use in
studying ShcD signaling. Interestingly, the cell lines used in our experiments have a number of
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chromosomal abnormalities, including deletions, translocations, and duplicate chromosomes
(Roschke et al., 2002; Melcher et al., 2000). The only cell type to have extra copies of the SHC4containing chromosome 15, however, was HT29, yet the intensities of immunoblots for ShcD
appear unaltered between cell lines. Taken together with the limited intensity of transcript
detection (Figure 14), this suggests that the comparable ShcD expression observed between these
cells may be a result of endogenous expression in the gut rather than a product of tumourigenesis
and/or ShcD overexpression. It is plausible that ShcD transcription may remain static between
these colorectal cancers and non-cancerous gut epithelia, while the observed ShcD expression
may be a result of prolonged protein stability. In contrast, immuno assays of tissue from adult
mouse large and small intestines were negative for ShcD protein (Jones et al., 2007), suggesting
the renewed expression of ShcD upon tumourigenesis reminiscent of the robust expression
observed in embryonic mouse gut longitudinal muscle and cells of the mucosal layer (Hawley et
al., 2011). A comparison would need to be made between these human cell lines and their
normal counterparts in both protein and transcript content, but the observed ShcD expression,
rapid proliferation, motility, and survivability characteristics of these cell types make them ideal
as in vitro cell models with which to study ShcD signaling events.

In parallel to our expression analysis of ShcD in colorectal cancer cell lines, we also
examined the potential for ShcD to bind the Rho GTPase GEF Vav2. To this end, we partially
mapped the interaction to the CH2 region of ShcD. The protein engagement of ShcD and Vav2
was shown by immunoblot in overexpression models using 293T (Figure 6) and COS-1 (Figures
7, 9, 10, 11) cell lines. The interaction between the proteins exhibited distinct binding patterns,
depending on the presence or absence of EGF ligand and of ShcD variants used. In experiments
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using truncation mutants of ShcD, we observed the successful co-precipitation of Vav2 protein
with ShcD variants that contained an intact CH1SH2 carboxyl terminus in the absence of EGF
ligand. This suggested that either the SH2 domain of ShcD bound Vav2, that Vav2 bound the
CH1 region of ShcD, or that their interaction was bridged by an as yet undetermined shared
protein complex involving the SH2 and/or CH1 sections of ShcD. Curiously, in cells treated with
EGF ligand we recorded a switch in terminus binding where instead of the carboxyl end of
ShcD, Vav2 protein bound the amino terminal half of ShcD. Interestingly, George et al. (2008)
observed that phosphorylation of the CH1 region of p52ShcA was necessary for activation of the
SH2 domain. They hypothesized that a region proximal to but not part of the SH2 domain bound
the unphosphorylated CH1 region, which was sufficient in limiting SH2 binding affinity. Upon
tyrosine phosphorylation the site undergoes a conformational change, subsequently disrupting
the apparent autoinhibition to allow for SH2-mediated interactions (George et al., 2008). Our
observation of reduced Vav2 pull-down by SH2CH1 upon EGF stimulation as compared to
unstimulated samples may propose an opposite effect as observed with p52ShcA, where
autoinhibition may be caused by a conformational change due to tyrosine phosphorylation
(Figure 19). Further investigation is warranted, however, as structural data on ShcD is nonexistent at present.

Alternatively, the altered co-precipitation of Vav2 with ShcD truncations observed in the
presence or absence of EGF ligand may be the result of as yet undefined protein complexes
shared between both proteins. Indeed, prior to EGF stimulation no common intersection has been
documented; however, the ligand-activation of EGFR has been shown to facilitate binding of
both the ShcD PTB domain (Wills et al., 2014) and the Vav2 SH2 domain (Tamás et al., 2001) to
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Figure 19: Phosphotyrosine mediated deactivation of ShcD SH2 domain. A) The ShcD
tyrosine residue(s) of the CH1 region responsible for SH2 conformation are unphosphorylated,
and the ShcD SH2 binding pocket is active. B) The uninhibited ShcD SH2 domain is able to bind
phosphorylated tyrosine residues of the Vav2 Ac region. C) The PTB domain of ShcD binds
newly phosphorylated tyrosine residues of EGF stimulated EGFR. D) EGFR phosphorylates the
CH1 region of ShcD to alter the SH2 domain binding pocket and disrupt ShcD-Vav2 binding.
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the receptor. Further, the augmented Vav2 co-precipitation observed with our Y6F ShcD
construct may support several different scenarios presented in figure 20, in addition to the model
proposed in figure 19. In the absence of EGF ligand, the Y6F SH2 domain is involved in binding
directly or indirectly to Vav2, then upon EGF stimulation ShcD and Vav2 localize to and bind
the EGFR. The catalytic activity of the RTK would be ineffective on the Y6F ShcD variant, and
the original ShcD SH2-mediated Vav2 interaction would remain intact. The resulting Vav2 pulldown would be of EGFR-mediated localization of both proteins and of a potentially direct ShcDVav2 interaction (Figure 20).

Lastly, a third possibility exists where the SH3 domain(s) of Vav2 are responsible for
binding the CH2 region of ShcD. To further map the ShcD-Vav2 interaction, we utilized full
length ShcD constructs with PTB and/or SH2 domains inactivated by point mutations at R315Q
or R548K, respectively. We observed a static Vav2 presence when either domain was
independently altered as compared to wildtype ShcD, but a marked reduction of Vav2 protein
when we used a compound mutation of both tyrosine-binding domains (Figure 11). These results
suggest that the ShcD-Vav2 interaction is not mediated by either the PTB or SH2 domains of
ShcD under EGF stimulation. Instead these domains may assist in ShcD localization to a protein
complex containing Vav2, as previously mentioned, where either or both of the SH3 domains of
Vav2 may bind to the proline rich Pro-Xaa-Xaa-Pro motifs within the CH2 region of ShcD
(Figure 21).
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Figure 20: Possible scenarios depicting direct and indirect binding of ShcD and Vav2 with
and without EGF stimulation. A) In the absence of EGF ligand, ShcD and Vav2 are present in
the same protein complex. B) EGF stimulation recruits ShcD and Vav2 to the EGFR, abolishing
the initial ShcD SH2-mediated interaction after EGFR phosphorylation of the ShcD CH1
tyrosine residues. C) Y6F ShcD may bind both EGFR and Vav2 independently or
simultaneously, as autoinhibition of ShcD SH2 by phosphorylation of CH1 tyrosine residues
would be unresponsive due to replacement with phenylalanine residues. D) Instead of a direct
interaction, Y6F ShcD and Vav2 may be bridged by the initial protein complex.
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Figure 21: ShcD PTB and SH2 domains facilitate, but are not necessary for, the binding of
a Vav2 SH3 domain to the CH2 region of ShcD. A) ShcD PTB domain and Vav2 SH2 domain
facilitate the aggregation of the two proteins for ShcD CH2 and Vav2 SH3 interaction. B) ShcD
SH2 domain and a phosphorylated tyrosine-containing sequence of Ac region of Vav2 facilitate
the CH2-SH3 interaction. C) PTB and SH2 domains of ShcD are inhibited, but the CH2 region
may still be bound by a Vav2 SH3 domain.
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Future endeavours and conclusion
Thus far, we have demonstrated ShcD protein and transcript expression in commercial
colorectal adenocarcinoma cell lines, and further suggested the likelihood of a shared pathway
between ShcD and Vav2. As we previously noted, the possibility remains that the observed
ShcD-Vav2 interaction may be non-specific binding facilitated by agarose beads used in
immunoprecipitation experiments. Additional experiments should be performed to further
corroborate the means by which ShcD-Vav2 interact, to examine the effects of ShcD expression
on Vav2 GEF activity, and determine the effect of ShcD expression on cellular processes. To
clarify which region or domain of ShcD is responsible in binding Vav2, or whether their coprecipitation is the result of a shared protein complex, we could perform GST pull-down assays
using lysates from EGF stimulated and unstimulated Vav2-transfected cells with GST fusion
proteins of ShcD CH2, PTB, CH1, and SH2 segments. To further test our hypothesis of Vav2
binding to the CH2 region of ShcD under EGF stimulation, we could attempt to disrupt the
interaction by using a construct lacking the CH2 region, thereby containing only the PTB-CH1SH2 ShcD modules. Additionally, we could perform mutagenesis of the ShcD CH2 region to
interrupt the canonical Pro-Xaa-Xaa-Pro motifs recognized by SH3 domains of Vav2. We could
also perform FRET analysis on GFP-tagged ShcD and RFP-tagged Vav2 to confirm a direct
intracellular interaction. Our continued characterization of ShcD should also examine the impact
of ShcD expression on Vav2 activation of GTPase activity for Rac1, RhoA, and Cdc42. Finally,
we could examine the effects of ShcD on cell motility, invasion, and morphology using the
proliferative and motile colorectal cell lines previously mentioned, using RNA interference to
reduce ShcD expression.
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Our long-term goal for this project is to complete our breeding strategy and generate a
systemic ShcD knockout mouse model. Projected observations are expected to be either
embryonic lethal, which would suggest an essential role for ShcD during embryonic
development; or embryonic viability, which would suggest some degree of functional
redundancy with other Shc family members prior to E12.5, or with ShcB and/or ShcC in later
development. Additionally, we can use ShcDflx/flx mice to generate inducible ShcD knockouts to
investigate a physiological role for temporal ShcD expression in adult or foetal mice using mice
expressing Cre recombinase under a tetracycline-responsive promoter; to generate tissue specific
knockout mice to determine a functional role for ShcD in selective tissues using mice expressing
Cre recombinase under a tissue specific promoter; or to generate embryonic cell lines to study
ShcD in various primary cell types. Ideal tissues of interest for both in vivo and in vitro
knockouts are the cerebellum, gut epithelia, and skin, as ShcD expression has been identified in
these areas. This could be achieved with mice expressing Cre recombinase under the respective
promoters Pcp2 (Purkinje cell protein 2), Vil1 (villin 1), and KRT14 (keratin 14).

Cumulatively, this research has demonstrated a putative interaction between the
phosphotyrosine adaptor protein ShcD and the guanine nucleotide exchange factor Vav2, as well
as the expression of ShcD protein in commercially available colorectal adenocarcinoma cell
lines. While a significant amount of future research must still be conducted to further define a
functional role for ShcD in GTPase signal transduction or the tumourigenic processes of
colorectal cell lines, this project has provided novel insight into these fields of study and might
be used as a foundation with which to study ShcD expression in developmental and neoplastic
Rho GTPase signaling events.
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