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Abstract

Signal transduction pathways activated by receptor tyrosine kinases (RTK) play a critical role in 

many aspects of cell function. Adaptor proteins serve an important scaffolding function that 

facilitates key signaling transduction events downstream of RTKs. Recent work integrating both 

structural and functional genomic approaches has identified several adaptor proteins as new 

oncogenes. In this review, we focus on the discovery, structure and function, and therapeutic 

implication of three of these adaptor oncogenes, CRKL, GAB2, and FRS2. Each of the three genes 

is recurrently amplified in lung adenocarcinoma or ovarian cancer, and is essential to cancer cell 

lines that harbor such amplification. Overexpression of each gene is able to transform 

immortalized human cell lines in in vitro or in vivo models. These observations identify adaptor 

protein as a distinct class of oncogenes and potential therapeutic targets.

Introduction

Receptor tyrosine kinase (RTK) signaling plays key roles in development and cell 

physiology. Inappropriate activation of these signaling pathways contributes to the genesis 

and progression of many types of cancer. A prototypical RTK signaling pathway starts with 

activation by growth factor ligand binding which induces receptor dimerization (Lemmon 

and Schlessinger, 2010). This dimerization event facilitates the trans-phosphorylation of 

RTKs, which recruits and activates downstream signaling molecules. These molecules may 

be directly recruited by binding to RTKs, or indirectly recruited by adaptor proteins that 

form specific complexes with both the molecules and the associated RTKs. Adaptor proteins 

lack enzymatic activity but provide an important scaffolding function that facilitates key 

signaling transduction events and regulates signal specificity and amplification (Pawson and 
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Scott, 1997). As such, adaptor proteins exert temporal control over activated signaling 

pathways by and varying expression level and phosphorylation status.

The adaptor proteins are classified into two groups based on the structure and function 

(Gotoh, 2008). First group is comprised of docking proteins that have multiple tyrosine 

phosphorylation sites to bind downstream signaling proteins. Examples of this group include 

GRB2-associated binding protein (GAB), fibroblast growth factor receptor substrate 2 

(FRS2), insulin receptor substrate (IRS), Src homology 2-containing protein (SHC), and 

downstream of kinase (DOK)-family proteins (Fig. 1). This group of adaptor proteins often 

contains membrane localization domains and are also called membrane-linked docking 

proteins (MLDP). The second group is comprised of adaptor proteins with only Src 

homology 3 (SH3) and/or SH2 domains to bind signaling proteins, without a membrane 

localization structure or phosphorylation sites. Examples of the second group include GRB2, 

CRK, and NCK.

We and others have shown that several genes encoding adaptor proteins are recurrently 

amplified in lung adenocarcinomas and primary ovarian cancers and essential to 

proliferation and survival in cancer cells that harbor those amplifications (Brown et al., 

2008; Luo et al., 2008, 2015; Kim et al., 2010; Cheung et al., 2011a, 2011b; Wang et al., 

2012; Dunn et al., 2014). Overexpression of these genes in immortalized human cell lines 

promoted anchorage-independent growth and tumorigenesis. These studies suggest that 

adaptor protein-encoding genes are oncogenes in a subset of lung adenocarcinomas and 

ovarian cancers. In this review, we will focus on the discovery, structure and function, and 

therapeutic implications of CRKL, GAB2, and FRS2.

Structure and function of adaptor proteins

The CRK family consists of three members, CRKI, CRKII, and CRK-like protein (CRKL). 

CRKI and CRKII are alternative transcripts of CRK. The CRK family proteins integrate 

signals from multiple sources (Fig. 2) including growth factor receptors (Birge et al, 2009), 

integrin receptors (Cabodi et al, 2010), bacterial and viral pathogens (Weidow et al, 2000; 

Heikkinen et al., 2008), and apoptotic cells (Albert et al., 2000). Examples of the growth 

factor receptors that mediate signaling through CRK or CRKL include EGFRs, neurotrophin 

growth factor receptors (TrkA), IGF-R, PDGFRα, VEGFR, Met, and EphB2 receptor (Birge 

et al., 2009). CRK family also belongs to the category of intracellular integrin signaling 

adaptor proteins that include the Cas family, the IPP complex, and the Cap family (Cabodi et 

al, 2010). The integrin receptors, such as β1 integrin receptor, are enzymatically inactive 

receptors that upon binding the extracellular matrix (ECM), undergo conformational change 

and initiate signal transduction through intracellular adaptor proteins.

CRKL consists of an N-terminal SH2 domain followed by two SH3 domains (SH2-SH3N-

SH3C) (Fig. 1) (Feller, 2001). The SH2 domains of CRKL bind to a specific motif (Y-x-x-

P) present within the docking proteins such as p130CAS (also known as BCAR1), paxillin, 

and GRB2-associated binding protein (GAB). The N-terminal SH3 domain (SH3N) binds to 

proteins that contain a proline-rich motif (P-x-x-P-x-K), such as Son of Sevenless (SOS), 

RAPGEF1 (also known as C3G), p85, and BCR-ABL1 (Nichols et al., 1994; Oda et al, 

1994; Feller et al., 1995; Sattler et al., 1997). The protein complexes formed by CRKL and 
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these binding partners are important for many biological processes such as cell proliferation, 

survival, adhesion and migration (Feller, 2001; Birge et al, 2009).

GAB2 belongs to an evolutionary conserved family of three proteins, GAB 1, GAB2, and 

GAB3. Three family members share 40%–50% sequence homology but each member also 

has unique structural motifs that allow specific signaling to downstream receptors (Gu and 

Neel, 2003). GAB2 protein contains highly conserved structural motifs that include an N-

terminal Pleckstrin homology (PH) domain, central proline-rich domains, and multiple 

tyrosine residues (Fig. 1) (Gu et al, 1998). The PH domain plays a role in membrane 

localization of GAB2 through binding to cell membrane phospholipids. The central proline-

rich domains serve as a docking site for SH3 domain-containing proteins such as GRB2. 

GRB2 is the primary upstream regulator of GAB2 and binds to GAB2 through its C-

terminal “canonical” (P-x-x-P-x-R) or “atypical” (P-x-x-x-R-x-x-K-P) SH3-binding motifs 

(Lock et al, 2000).

GRB2 is the main upstream regulator of GAB2 and indirectly recruits GAB2 to a wide 

variety of activated membrane receptors. These receptors include receptor tyrosine kinases 

such as EGFR, KIT, cytokine receptors (interleukin receptors, erythropoietin, 

thrombopoietin), Fc receptors, T- and B-cell antigen receptors, and G-protein coupled 

receptors (Nishida and Hirano, 2003). Certain receptors, such as IL-2 and IL-3 receptors that 

do not have GRB2 binding sites, require an additional bridging protein such as SHC to 

activate the GRB2-GAB2 complex. Multiple tyrosine residues on GAB2 are phosphorylated 

by activated cell membrane receptors, then interact with SH2 domain-containing 

downstream proteins such as SHP2 and p85 that propagate downstream signaling pathways, 

such as the RAS-MAPK and PI3K-AKT signaling pathways. GAB2 also form complexes 

with other downstream effectors including phospholipase C-γ (PLC- γ), CRK, SHC, and 

SHIP (Gu et al, 1998). However, the functional significance of these complexes is not well 

characterized.

FRS2 (FGF receptor substrate 2) family of adaptor proteins has two members, FRS2α and 

FRS2β Two proteins are similar in structure, both contain an N-terminal myristoylation site, 

a C-terminal phosphotyrosine binding (PTB) domain, and tyrosine phosphorylation sites 

(Fig. 1) (Gotoh, 2008). The N-terminal myristoylation site involves a consensus sequence 

(M-G-x-x-x-S/T) for constitutive binding to the membrane lipids (Eswarakumar et al., 

2005). The PTB domain is able to bind to phosphorylated tyrosine residues on cell surface 

receptors.

FRS2 serves as a docking protein for a limited species of receptor tyrosine kinases (Fig. 2), 

including FGF receptors, neurotrophin receptors (TrkA and TrkB), RET, and ALK receptors 

(Gotoh, 2008). The specificity of receptor binding relies on the PTB domain that binds to the 

juxtamembrane domains of different RTKs. In crystallographic studies, the highly conserved 

peptide sequence of the FRS2 PTB domain was shown to form two distinct conformations 

when binding to either FGFR receptor or TrkA receptor (Yan et al, 2002). FRS2a contains 

six tyrosine phosphorylation sites and FRS2β contains five tyrosine phosphorylation sites. 

Upon activation by the RTK, the phosphorylated tyrosine residues on FRS2 can bind to the 

SH2 domain of GRB2 (Gotoh et al., 2004; Kouhara et al, 1997). As described previously, 
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GRB2 binds and recruit downstream effectors such as GAB1 to activate PI3K-AKT 

pathway, and SOS, a guanine nucleotide exchange factor, to activate RAS-MAPK pathway. 

These signaling pathways lead to expression of target genes that control cellular functions 

such as proliferation, survival, migration, and differentiation.

Identifying therapeutic targets through integrated genomics approach

The Cancer Genome Atlas (TCGA) project has provided an initial survey of genetic and 

epigenetic alterations that occur in various cancer types. However, only a subset of the large 

number of these alterations contributes to the cancer phenotype, mixed with other benign 

alterations as results of the genomic instability in cancer cells. To decipher which molecular 

events are important in driving cancer initiation and/or progression, understanding the 

function of these altered alleles in cancer is necessary.

In parallel to the genome characterization efforts, our laboratory initiated Project Achilles, a 

systematic effort to identify cancer dependencies (Luo et al., 2008; Cheung et al., 2011a). 

We have performed a genome-scale, pooled short hairpin RNA (shRNA) screen in over 200 

cancer cell lines to look for genes that are essential to cancer cell survival. By integrating 

genetic and lineage background information in cell lines and primary tumors with functional 

data (Bell et al., 2011; Barretina et al., 2012), this complementary approach has identified 

previously unknown ovarian cancer lineage-specific dependencies such as PAX8 (Cheung et 

al., 2011a). PAX8 is focally amplified in 16% of HGSOCs and expressed at a higher level in 

ovarian cancer cell lines than non-ovarian cell lines. Through Project Achilles, PAX8 has 

found to be an essential gene for ovarian cancer cell survival. Suppression of PAX8 with 

individual shRNAs targeting PAX8 induced apoptosis selectively in ovarian cancer cells. 

The evidence strongly suggests PAX8 as a lineage-specific oncogene and a potential 

therapeutic target in HGSOC.

RNA interference represents one of the many approaches to functionally annotate the cancer 

genome (Boehm and Hahn, 2011). Gain-of-function approaches with overexpression 

systems can also be used to explore gene functions in cancer. An increasingly complete 

collection of human ORFs (open reading frames) has become available (Park et al., 2005; 

Lamesch et al., 2007; Yang et al., 2011) for genome-scale high-throughput screen in 

mammalian cells. The most recent collection includes 16,100 fully sequenced human ORFs, 

representing over 13,500 human genes (Yang et al., 2011). Gain of function screens using 

human ORF expression libraries has provided insights into oncogenic RAS signaling and 

resistance to MAPK pathway inhibition (Johannessen et al., 2013; Shao et al., 2014).

Recently discovered adaptor proteins as oncogenes

CRKL—Previous studies have identified a recurrent high-level and focal amplification peak 

on chromosome 22q11.21 in 3% of 371 primary lung adenocarcinomas (Weir et al., 2007; 

Kim et al., 2010). Broader copy number gain spanning that region was found in another 13% 

of tumors. The focal amplicon contains five genes including CRKL, PI4KA, ZNF74, THAP7, 

and LZTR1. Out of 84 non-small cell lung cancer (NSCLC) cell lines, three cell lines with 

CRKL amplification confirmed by fluorescence in situ hybridization (FISH) were selected to 

study the functional significance. Interestingly, a mutually exclusive relationship between 
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amplifications of CRKL and EGFR was observed in both primary lung adenocarcinomas and 

the 84 NSCLC cell line collection at the Dana-Farber Cancer Institute (Cheung et al., 

2011b).

We and others showed that NSCLC cells that harbor CRKL amplifications are dependent on 

CRKL expression for proliferation and survival and suppression of CRKL induces apoptosis 

(Cheung et al., 2011b; Kim et al., 2010). In addition, suppression of CRKL in tumors derived 

from CRKL-amplified NSCLC cell lines induced tumor regression in vivo. Overexpression 

of CRKL in immortalized but nontumorigenic human airway epithelial cells (AALE) 

induced anchorage-independent growth and cooperated with NF1 to induce tumor formation 

in vivo (Cheung et al., 2011b). The ability of CRKL overexpression to induce cell 

transformation in AALE cells is dependent on the integrity of the N-terminal SH3 domain 

(SH3N). These experimental observations demonstrate CRKL as a NSCLC oncogene and 

modulating CRKL activity by targeting the SH3N domain may carry therapeutic potential in 

a subset of NSCLC patients.

CRKL is known to regulate signaling through interactions of its SH3 domain with proline-

rich motif containing proteins, such as SOS, C3G, and p85 (Tanaka et al., 1994; Gotoh et al., 

1995; Sattler et al., 1997). In the case of CRKL-induced cell transformation, CRKL forms 

complexes with SOS1 and C3G and activates SOS1-RAS-RAF-ERK and SRC-C3G-RAP1 

signaling pathways (Cheung et al., 2011b). The authors found that overexpression of CRKL 

in AALE cells consistently increased phosphor-T185/Y187 ERK1/2 levels and the 

expression of constitutively active RAP1 could partially rescue NSCLC cells from 

proliferation inhibition induced by CRKL suppression. These findings suggest RAS and 

RAP1 signaling plays an important role in proliferation of NSCLC cells with CRKL 

amplifications.

Besides its role in de novo oncogenesis, CRKL amplification may contribute to acquired 

resistance to targeted therapy in NSCLC. In a patient whose tumors exhibited initial 

response to EGFR inhibitor therapy but subsequently developed acquired resistance, CRKL 

amplification was found in the resistant tumor sample but not in the pretreatment sample 

(Cheung et al., 2011b). Further studies showed SOS1-dependent MAPK signaling 

contributes to CRKL-induced gefitinib resistance (Cheung et al., 2011b). These observations 

implicate CRKL copy number gain as a new genetic event after treatment and a mechanism 

of acquired resistance to EGFR inhibitors in NSCLCs.

CRK-family proteins have been studied using genetically engineered mouse models. 

Homozygous Crkl knockout in 129/Sv and C57BL/6 backgrounds results in embryonic 

lethality that resembles 22q11 deletion syndrome, also known as DiGeorge syndrome (Guris 

et al., 2001). In a transgenic mouse model for breast cancer, the mammary tumor virus 

(MMTV)-CRK transgene induced focal mammary tumor development with a 15-month 

latency. The finding suggests a role for CRK in breast cancer progression in vivo (Fathers et 

al., 2010). Others have shown that in mice harboring null mutation in the Crkl locus, CRKL 

is required for the transformation function of BCR-ABL fusion protein (p210) in chronic 

myeloid leukemia (Seo et al., 2010).
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CRKL and several interacting proteins have been implicated in human cancer. When 

overexpressed in fibroblasts, CRKL is phosphorylated and transforms fibroblasts in a RAS-

dependent fashion (Senechal et al., 1996). CRKL is also a well validated substrate of the 

BCR-ABL tyrosine kinase in patients with chronic myelogenous leukemia. Mutations in the 

CRKL-binding site in BCR-ABL suppresses transformation activity by 2–3 fold, while a 

double mutation in CRKL- and GRB2-binding sites reduced the transforming ability of 

BCR-ABL protein by 15-fold. In neuroblastomas, ALK activating mutations have shown to 

activate RAP1 through CRKL-C3G complexes (Schonherr et al., 2010).

Other members of the CRK family of adaptor proteins have been shown to be overexpressed 

in lung adenocarcinoma, human colon cancers, malignant glioblastoma (Nishihara et al., 

2002; Miller et al., 2003; Takino et al., 2003). High level of CRK expression is associated 

with an aggressive phenotype, poor prognosis and shorter survival in lung adenocarcinoma 

patients (Miller et al., 2003). The CRK family proteins have been reported to induce 

transformation, migration and invasion (Cabodi et al., 2010). CRK mediates transformation 

through increasing p130CAS-associated activity of Src family kinases (Sakai et al., 1997). 

In glioblastoma cells, CRK overexpression increases cell migration and invasion through 

DOCK1-associated early attachment to laminin, cell motility, and growth (Takino et al., 

2003). Together these studies suggest that CRKL contributes to the pathogenesis of several 

cancers, both as a direct oncogene and as a key effector of other oncogenic events.

GAB2—The oncogenic potential of GAB2 was found through an in vivo screen of 

recurrently amplified genes in ovarian cancer to identify genes that induce tumors (Dunn et 

al., 2014). Using an immortalized human embryonic kidney cell line, we screened a total of 

587 open reading frames (ORFs) representing 455 genes amplified in ovarian cancers were 

introduced to nude mice in a pooled format. Out of the 455 genes screened, 25 unique 

ovarian cancer ORF sequences were recovered and GAB2 was the only ORF that was 

present in all three tumors formed from the starting pool. In addition, GAB2 was 

significantly enriched in the tumors compared to the starting pool, representing over 95% of 

ORF sequences in two out of the three tumors.

The 11q14 chromosomal region of focal copy number gain containing GAB2 was observed 

in 24.2% of 562 primary ovarian cancers characterized by TCGA project (Bell et al., 2011). 

The 11q14 amplicon is also the fourth most frequently amplified region in ovarian cancer. 

The peak of the amplified region contains GAB2, KCTD21 and USP35 and is telomeric to 

CCND1 and PAK1. GAB2 expression has been shown to be required for the survival of 

ovarian cancer cell lines that overexpress GAB2 (Dunn et al., 2014).

GAB2-associated transformation and dependency in ovarian cancer is mediated by the 

activation of the PI3K-AKT signaling pathway (Dunn et al., 2014). We observed that GAB2 

overexpression in IOSE cells induced serine 473 phosphorylation of AKT1. In addition, 

ovarian cancer cell lines that have GAB2 overexpression or amplification are sensitive to 

PI3K pathway inhibition. This finding is consistent with the screen results using the HA1E-

M model, which facilitates identification of oncogenes that activates the PI3K pathway. The 

mean IC50 of GDC-0941, a PI3K small molecular inhibitor, in cell lines that harbor GAB2 

amplification/overexpression is comparable to cell lines with activating mutations of 

Luo and Hahn Page 6

J Genet Genomics. Author manuscript; available in PMC 2016 October 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



PIK3CA or loss of PTEN (Dunn et al., 2014). Although GAB2 also binds SHP2, which in 

turn leads to the activation of ERK signaling, GAB2-amplified or overexpressed ovarian 

cancer cell lines do not exhibit increased sensitivity to MEK inhibitors (Dunn et al., 2014). 

These observations implicate GAB2 as a potential target in the subset of ovarian cancers that 

harbor 11q14 amplifications.

Amplification of chromosomal region 11q13-14.1 which contains GAB2 has been observed 

in several human malignancies (Schwab, 1998). CCND1, located on 11q13.2, has long been 

considered as the driving oncogene on the amplicon. However, the large size of the 

amplified region and narrow peaks that are telomeric and distinct from CCND1 suggest that 

several genes may be selected in this amplicon (Adams et al., 2012). Thus amplifications of 

11q13-14.1 may involve both CCND1 and GAB2.

Beyond these studies in high grade serous ovarian cancers, several studies suggest that 

GAB2 acts as a proto-oncogene in breast cancer, ovarian cancer, and melanoma (Bentires-

Alj et al., 2006; Brown et al., 2008; Horst et al., 2009). GAB2 overexpression in an 

immortalized human mammary epithelial cell line (MCF10A) induced increased 

proliferation and altered dependency on EGF and other growth factors (Brummer et al., 

2006). GAB2 cooperates with ERBB2 to transform primary mammary epithelial cells 

through activation of downstream GAB2-SHP2-ERK signaling (Bentires-Alj et al., 2006). In 

MMTV-ErbB2 transgenic model models, homozygous deletion of Gab2 had a modest effect 

on the initiation and progression of mammary tumors but significantly suppressed the 

development of lung metastases. The GAB2-deficient tumor cells showed decreased 

migration in vitro, which is mediated by the impaired activation of Mek/Erk signaling but 

not the PI3K-Akt pathway (Ke et al., 2007). The study suggests a possible role of GAB2 in 

breast cancer metastasis.

In ovarian cancer, GAB2 overexpression has also been observed in serous 

cystadenocarcinomas (Wang et al., 2012). In addition, silencing GAB2 in GAB2-

overexpressed cell lines inhibits migration and invasion and causes upregulation of E-

cadherin, and this effect is mediated by activating the GAB2-PI3K-ZEB1 signaling pathway 

and epithelial-to-mesenchymal (EMT) transition (Wang et al., 2012). These studies suggest 

GAB2 as a key regulator in the GAB2-PI3K-ZEB1 pathway in the initiation and progression 

of ovarian cancer and other cancer types, and serves as a potential therapeutic target with 

existing PI3K inhibitors.

FRS2—FRS2 was identified as one of the 50 genes that are recurrently amplified in high-

grade serous ovarian cancer (HGSOC) and essential for ovarian cancer cell line survival 

(Luo et al., 2015). Analysis of 489 HGSOC primary tumors identified 31 focal 

amplifications that encode 1825 genes, including known ovarian oncogenes such as CCNE1 

and MYC (Bell et al., 2011). In parallel, 582 genes were identified from a genome-scale, 

loss-of-function study (Project Achilles) as genes that are essential to ovarian cancer cell 

line proliferation and survival. Among 50 genes that are both amplified and essential in 

ovarian cancer, FRS2 exhibited unique features such as high frequency of amplification and 

scored highly among the 55,000 short hairpin RNAs tested in Project Achilles. The 12q15 

chromosomal region containing FRS2 is focally amplified in 12.5% of 559 primary 
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HGSOCs characterized by the Cancer Genome Atlas project. A structurally similar 

chromosomal region is amplified in other cancer types such as breast adenocarcinoma, lung 

adenocarcinoma, lung squamous carcinoma, and head and neck squamous cell carcinomas. 

Similar to CRKL and GAB2, we observed a mutually exclusive relationship between FRS2 

amplification and FGFR1, FGFR2, FGFR3 amplifications in primary ovarian tumors.

We found that FRS2-amplified ovarian cancer cell lines are dependent on FRS2 expression 

and FRS2 suppression in 12q15 amplified cell lines induced apoptotic cell death. 

Furthermore, FRS2 overexpression in immortalized human embryonic kidney and ovarian 

epithelial cell lines conferred the ability to grow in an anchorage independent manner and as 

tumors in nude mice. FRS2, an adaptor protein predominantly in the FGFR pathway, 

facilitates downstream activation of RAS-MAPK pathway in immortalized ovarian epithelial 

cells. These observations identify FRS2 as an oncogene in a subset of HGSOC that harbor 

FRS2 amplifications.

Frs2 homozygous deletion results in early embryonic lethality in mice, likely due to the 

ubiquitous expression of Frs2 and the crucial role of FGF signaling in development (Gotoh 

et al., 2005). In FGF19-induced hepatocellular carcinoma transgenic model, an anti-FGF19 

antibody (1A6) was shown to inhibit FGF19 binding to FGFR4 and FGF19-induced FRS2 

and MAPK phosphorylation (Desnoyers et al., 2008).

Besides ovarian cancer, several recent studies have linked FRS2 and 12q15 amplification to 

high-grade liposarcomas. (Wang et al., 2011; Zhang et al., 2013). An amplified region 

containing FRS2 gene was found via high-resolution SNP/copy number variation microarray 

of 47 well- differentiated and dedifferentiated liposarcomas (Wang et al., 2011). 

Furthermore, a separate study demonstrated sensitivity of FRS2-amplified high-grade 

liposarcoma cell lines to FRS2 suppression through shRNAs (Zhang et al., 2013). In 40 

glioma tumor samples, FRS2 is among 10 genes that are recurrently amplified and 

overexpressed (Fischer et al., 2008). These studies suggest that FRS2 has an emerging role 

in several cancer types through regulating key signaling pathways downstream of FGFRs.

Adaptor protein as a new class of oncogenes

Here we described the identification, structure and function, and therapeutic implication of 

three oncogenes that encode separate adaptor proteins in signal transduction pathways. Each 

gene was discovered through comprehensive approaches of cancer genome characterization, 

identification of cancer dependencies through loss-of-function genetics, and gain-of-function 

study of genes that induce transformation.

This new class of oncogenes represents a functionally distinct group from the well-known 

kinase oncogenes. Unlike kinases, the intrinsic activity of the adaptor protein comes from its 

ability to form complexes with upstream and downstream proteins and facilitate signal 

transduction. Therefore the oncogenic potential of the adaptor protein is limited to the 

stoichiometric ratio between its binding partners and itself. To date, these adaptor proteins 

are overexpressed, often by increased copy number, but not mutated. Other genetic 

alterations such as mutations or translocations involving CRKL, GAB2, and FRS2 exist 
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based on the TCGA analysis of over 20 cancer types (unpublished data), but the functional 

significance of these sequence alterations has not been reported and remains obscure.

A common feature of three oncogenes described in this paper is the mutual exclusive 

relationship with their upstream or downstream signaling partners. A statistically significant 

mutually exclusive relationship has been observed between amplifications of CRKL and 

EGFR, amplification of GAB2 and either PIK3CA amplification or PTEN loss, and 

amplifications of FRS2 and FGFR1, FGFR2, or FGFR3 (Cheung et al., 2011a; Dunn et al., 

2014; Luo et al., 2015). This pattern of mutual exclusivity is also observed among other 

oncogenes within the same signaling pathway, such as KRAS and EGFR mutations, or TP53 

and MDM2 mutations. These observations implicate a level of functional redundancy 

between two genetic alterations and suggest that adaptor protein can independently drive 

oncogenesis without aberrant upstream or downstream kinase activity.

Therapeutic approaches to targeting adaptor proteins

Adaptor proteins lack tyrosine or serine/threonine kinase domains and present a unique 

challenge to rationalized drug design. Traditional approaches for targeting activated RTK 

pathway fall into two categories: small molecule inhibitors that target the ATP-binding site 

and monoclonal antibodies that bind to the extracellular domain of RTKs. However, neither 

of these approaches can be applied to adaptor proteins. A new approach to cancer therapy 

has been the development of small molecules targeting protein-protein interactions (Wells 

and McClendon, 2007). Targeting protein-protein interface has been difficult in the past due 

to several reasons. The interaction surface is often smooth and void of any clefts and pockets 

for drug binding. The surface often comprises non-contiguous amino acid residues in the 

polymer chain. Peptides derived from short contiguous chain are poor chemical starting 

sequences. Furthermore, protein-protein interaction surfaces are relatively large (1500-3000 

square angstroms) compared to protein-small molecule interactions (300-1000 square 

angstroms) (Sato and Gotoh, 2009).

Despite the challenges, several studies have discovered small subsets of contact surface 

amino acid residues, named “hotspots”, are critical for the protein-protein interaction 

(Clackson and Wells, 1995; Muller et al., 1997; Thanos et al., 2006; Moreira et al., 2007). 

ABT-737 is an example of newly emerged protein-protein interaction inhibitors that targets 

members of the B-cell lymphoma 2 (BCL-2) family. ABT-737 and its derivative ABT-263 

bind to the hydrophobic helical domains of BCL-XL, BCL-2 and BCL-W, which are 

important regulators of apoptotic cell death (Oltersdorf et al., 2005). ABT-263 (Navitoclax, 

Abbott Laboratories, USA) is currently undergoing Phase I/II trial for multiple lymphoid 

and solid malignancies.

Targeting adaptor proteins with protein-protein interaction inhibitor adds another layer of 

specificity toward targeted therapy. Conformations of the tyrosine kinase domain and serine/

threonine kinase domain are highly conserved across species, especially in the substrate-

binding region. Therefore kinase inhibitors are often non-specific and present with wide 

range of toxicities. Since certain adaptor proteins such as FRS2 demonstrate specificity 

toward tyrosine kinase receptors and adaptor proteins, inhibition of these adaptors may have 

limited toxicity and increased efficacy for patients compared to kinase inhibition.
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Fig. 1. 
Schematic representation of CRKL, GAB2, and FRS2.

The CRKL protein structure contains one SH2 (Src homology 2) domain that binds to 

p130CAS (also known as BCAR1), paxillin, and GAB1, and two SH3 (Src homology 3) 

domains (SH3N and SH3C) that interact with RAPGEF1, DOCK1, and SOS. Structural 

domains of GAB2 include an N-terminal PH (Pleckstrin homology) domain critical for 

membrane localization, central proline-rich (Pro-H) domains that interact with SH2 and SH3 

domain-containing proteins such as GRB2, and multiple phosphorylation sites are also 

present to bind to signaling partners such as PLC-γ, CRK, SHP2, and p85. FRS2α contains 

an N-terminal myristoylation site for membrane anchoring, a C-terminal phosphotyrosine 

binding (PTB) domain that interacts with limited species of receptors. It also includes 

multiple tyrosine phosphorylation sites that bind to SH2 domains of GRB2 and GAB1.
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Fig. 2. 
Overview of the signaling pathways associated with CRKL, GAB2, and FRS2.

CRKL is activated by multiple types of cell surface receptors including integrin receptors 

upon binding to extracellular matrix (ECM), cytokine receptors, and growth factor receptors. 

GAB2 and FRS2 are primarily activated by growth factor receptors. FRS2 exhibits more 

specificity towards fibroblast growth factor receptors and neutrophin receptors. All three 

adaptor proteins lead to Ras/MAPK and PI3K/AKT pathway activation that promote cancer 

initiation and progression.
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