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Traditional anti-cancer drugs preferentially kill rapidly growing tumour cells
rather than normal cells. However, most of these drugs have no preferential
selection towards cancer cells and are taken up by the whole body, resulting in
significant adverse side effects. Therapeutic molecules that could specifically
inhibit undesirable phenotypes are an attractive way of eliminating cancer cells.
There is a widespread effort to develop inhibitors against signal transduction
molecules that play a key role in the proliferative, migratory and invasive
properties of a cancer cell. Grb7 is an adaptor-type signalling protein that is
recruited via its Src-homology 2 (SH2) domain to a variety of tyrosine kinases.
Grb7 is overexpressed in breast, oesophageal and gastric cancers, and may
contribute to the invasive potential of cancer cells. Molecular interactions
involving Grb7 therefore provide attractive targets for therapeutic intervention.

The development of new therapeutic molecules
to target cancer cells has accelerated dramatically
in recent years, partly owing to the success of
genomic research in identifying target proteins
involved in key signalling pathways. In a wide
variety of cancer cells, these lead targets have
been shown to be present in altered forms or
have different expression levels that ultimately

play a role in cancer progression. Target-specific
inhibitors are believed to have a greater chance
of exerting efficacy without the systemic toxicity
associated with traditional methods of cancer
treatment (e.g. chemotherapy). Chemotherapeutic
agents target rapidly dividing cells, and thus
normal cells with high proliferation rates are
also affected. Several molecular therapeutics that
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target signal transduction pathways are currently
under evaluation. Although the targets are found
in normal cells, the drugs, in most cases, have been
remarkably nontoxic compared with conventional
treatments (Refs 1, 2, 3, 4). The theories of
developing molecular therapeutics became reality
when Herceptin (4D5; a humanised antibody
that targets ErbB2) and Glivec (Gleevec, STI571,
imatinibi; a signal transduction inhibitor that
targets Bcr–Abl) were approved by the U.S. Food
and Drug Administration (Refs 2, 5).

The focus of this review will be on developing
inhibitors to adaptor proteins containing Src-
homology 2 (SH2) domains, which mediate
important signal transmission functions within
cells. There are several SH2-domain-containing
proteins being considered as possible targets for
tumour-specific ligand-based therapy, including
Grb2, ZAP-70 and p56lck (Refs 6, 7, 8). Recently,
the Grb7 molecule has also been identified as a
possible target for therapeutic development
(Ref. 9), and this will form the focus of this review.

The SH2 domain
The term SH2 was first coined by Pawson and
colleagues when comparing the primary sequence
of Fps and Src tyrosine kinases (Refs 10, 11). SH2
domains are approximately 100 amino acids in
length and serve a crucial role by transmitting
intracellular signals downstream of receptor
tyrosine kinases (RTKs) and non-RTKs (Refs 10,
11). Many SH2 domains function by binding
phosphotyrosine (pY)-containing sequences (Refs
12, 13, 14). Although there are SH2 domains that
are able to bind to sites that are not tyrosine
phosphorylated, such as the SH2 domain in
SLAM-associated protein (SAP) (Ref. 15), the
binding affinity increases approximately fivefold
to a phosphorylated target (Ref. 12).

The sequence surrounding the pY residues
determines the particular binding specificity of a
given group of SH2-domain-containing proteins
(Ref. 16). Indeed, SH2 domains have a conserved
pocket that recognises pY and a more variable
pocket that confers specificity. In general, the
specificity of SH2-domain binding is determined
by residues C-terminal to the pY residue (e.g. pY-
hydrophilic-hydrophilic-I/P or pY-hydrophobic-
X-hydrophobic; where X is any amino acid)
(Ref. 16). However, groups of SH2-domain-
containing proteins have also been identified
that suggest the residues N-terminal to the pY
residue might also play a role (Refs 17, 18). The

SAP SH2 domain is unique because it has a large
binding site that recognises residues that are
both N-terminal and C-terminal to the tyrosine
residue (Ref. 12). Therefore, the specific
signalling pathway activated by a RTK is partially
dependent on their available SH2-domain binding
sites. The SH2 domain in Grb7 plays an important
role in binding to many different RTKs (Table 1)
and other tyrosine-phosphorylated proteins, and
is described in further detail below.

Grb7
Structure
The Grb7 family comprises Grb7, Grb10 and
Grb14, which all share significant sequence
homology. Each member of the Grb7 family
was identified using a technique known as
CORT (for ‘cloning of receptor targets’), an
expression/cloning system that uses a tyrosine-
phosphorylated receptor as a probe to screen an
expression library for proteins that contain
SH2 domains (Ref. 19). Grb7 was identified
using CORT screening of a mouse embryo
cDNA expression library with the tyrosine-
phosphorylated C-terminus of the epidermal
growth factor receptor (EGFR) (Ref. 20). All of the
Grb7 family members consist of three regions: an
N-terminal proline-rich region; a central GM (for
‘Grb and MIG’) region; and a C-terminal SH2
domain (Fig. 1). Grb2 has an SH2 domain and
similar binding partners to that of Grb7; however,
it is not part of the family because its other
domains are different, and will not be discussed
further in this review. For more background
information on Grb2 and other Grb molecules,
refer to Margolis et al. (Ref. 14).

The N-terminus of the Grb7 family shares the
least homology. However, it does have a highly
conserved motif (PS/AIPNPFPEL) flanked by two
clusters of basic residues. In general, proline-rich
regions are known for binding regulatory or
effector molecules with SH3 domains (e.g. Src
tyrosine kinase) or WW domains (e.g. Nedd4 E3
ubiquitin ligase), which can potentially bind
overlapping sites (Refs 13, 21). For example, the
proline-rich motif of Grb10 may provide a binding
site for the SH3 domains of c-Abl, Grb2 or Fyn in
vitro (Ref. 22). However, no proteins have yet been
identified that bind to this 90 amino acid region
of Grb7.

The central GM region, which is approximately
320 amino acids in length, shows significant
amino acid homology between the Grb7 family
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Table 1. Tyrosine kinases bound by the Grb7 SH2 domain

Tyrosine kinasea Function Tyrosine kinase motif Ref.
bound by Grb7 SH2b

EGFR Growth factor receptor Unknown 19
ErbB2 (pY1139) Growth factor receptor PQPE pYVN QPD 25
ErbB3 (pY1180) Growth factor receptor DEEYE pYMN RRR 59
ErbB3 (pY1243) Growth factor receptor DEDYE pYMN RQR 59
ErbB4 Growth factor receptor Unknown 59
Tek/Tie2 (pY1100) Endothelial receptor MLEERKT pYVN TTLYE 32

tyrosine kinase
cKit/stem cell receptor Receptor tyrosine kinase ASTNHI pYSN LANCS 76
(pY936)
FAK (pY397) Cytoplasmic tyrosine kinase SETDD pYAE IIDE 34
SHPTP-2 (pY580) Protein tyrosine phosphatase pYEN V 77
SHC (pY317) Adaptor protein pYVN V 25
PDGFRβ (pY716) Growth factor receptor RPPSAEL pYSN ALPVGVG 78
PDGFRβ (pY775) Growth factor receptor IESSNYMAP pYDN YVPSAPER 78
Ret Receptor tyrosine kinase Unknown 79
Insulin receptor Receptor tyrosine kinase Unknown 80
EphB1 (pY928) Receptor tyrosine kinase pYRD 81
Caveolin (pY14) Phosphoprotein GHL pYTV PI 82
RndI (pY74) GTPase YDNc 30

a The precise tyrosine residue of the Grb7 binding site on each target is given in parentheses.
b The phosphotyrosine residue (pY) is shown in bold within their precise binding motifs, many of which
contain a YXN motif.
c It has been suggested that RndI binds the Grb7 SH2 domain in a pY-independent manner (Ref. 30).

Abbreviations: EGFR, epidermal growth factor receptor; FAK, focal adhesion kinase; PDGFR, platelet-derived
growth factor receptor; SHPTP-2, SH2-containing protein tyrosine phosphatase; SH2, Src-homology 2.

and the Caenorhabditis elegans protein MIG-10
(Refs 23, 24, 25). Interestingly, MIG-10 is required
for the long-range migration of neuronal cells
during embryogenesis (Ref. 26). This conserved
sequence homology suggests that Grb7 might
also be involved in the migration process in
mammalian cells. Within the GM region,
additional regions have also been identified: the
Pleckstrin homology (PH) domain, a putative RA
(for ‘Ral GDS/AF6’ or ‘Ras-associating’) domain
and a functional region called BPS (for ‘between
the PH and SH2 domains’). The PH domain of
Grb7 binds to specific phosphoinositides (Ref. 27),
which might allow PH-domain-containing
proteins to respond to lipid messengers, for
example by relocation to membranes. The
function of the RA domain in Grb7 has not been
identified, although its presence suggests that
Grb7 might have a role in the Ras signalling
pathway and be important for cell proliferation

(Ref. 28). The practical importance of the RA
domain is unknown. He et al. suggest that the
sequence differences found in the BPS and SH2
domains of the Grb7 family members could be
responsible for their specificity for tyrosine kinase
receptors in different signalling pathways (Ref. 29).

The SH2 domain plays an important role in
the binding of Grb7 to many different RTKs and
other tyrosine-phosphorylated proteins. Table 1
lists identified target proteins and their precise
binding motifs, many of which contain a YXN
motif. One group has suggested that RndI binds
the Grb7 SH2 domain in a pY-independent
manner (Ref. 30). Although the Grb7 family
exhibits significant sequence homology and a
common overall structure, its members have
different binding selectivities. For example, the
SH2 domains of Grb14 and Grb7 share 67% amino
acid identity yet the Grb7 SH2 domain binds
strongly to ErbB2 and the Grb14 SH2 domain
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Domain structure of the Grb7 family
Expert Reviews in Molecular Medicine C 2003 Cambridge University Press
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Figure 1. Domain structure of the Grb7 family. Functional domains and motifs are displayed for Grb7,
Grb14 and mGrb10α. This figure depicts the N-terminal proline-rich region and PS/AIPNPFPEL motif, the GM
region containing the Pleckstrin homology (PH) domain and BPS domains, and the Src-homology 2 (SH2)
domain for each family member. The scale represents the size in amino acids. mGrb10α was the first of six
isoforms identified for Grb10 and has a specific insert that precedes the RA domain (not shown). Figure adapted
with thanks from a figure drawn by Rania Kairouz (PhD thesis, Garvan Institute of Medical Research, Sydney,
Australia).

binds only very weakly (Ref. 31). It is now
known that there are two important residues
(βD5 and βD6) within the putative βD strand
of the SH2 domain of Grb7 that are required to
bind to ErbB2. These residues are Tyr, Leu in
the Grb7 SH2 and Phe, Gln in the Grb14 SH2.
Substituting individual amino acids in the Grb14
SH2 domain with the corresponding residues
from Grb7 demonstrated that a Gln to Leu change
at the βD6 position imparted high-affinity ErbB2
interaction, paralleled by a marked increase in
affinity for the Tyr1139 phosphopeptide of
ErbB2. Similarly, Grb14 βD5/βD6 residues were
mutated to mimic the Grb7 βD5/βD6 residues
and resulted in binding of Grb14 to ErbB2
phosphopeptides. Although Grb14 does not
normally bind to ErbB2, suggesting different
binding properties, this is not true for all of
their target proteins. For example, Grb7 and
Grb14 have been shown to be potential in vivo
binding partners to Tek, an RTK restricted to
endothelial cells (Ref. 32). However, the
binding sites on Tek for Grb7 and Grb14 are
different. This further demonstrates the
binding selectivity of these SH2 domains.

Expression
In human tissues, Grb7 is expressed in the
pancreas, kidney, placenta, prostate and small
intestines (Ref. 22). By contrast, in mouse tissues,
Grb7 expression is more limited, and is found only
in kidney and liver (Ref. 19). Grb7 is localised in
both the cytoplasm and focal contacts found on
discrete regions of the plasma membrane (Ref. 33).
The localisation to focal contacts can be eliminated
by deleting the SH2 domain of Grb7, which
suggests the importance of the SH2 domain for
localisation. Recently, Shen et al. demonstrated
that the PH domain mediates Grb7 binding to
membrane phospholipids both in vitro and in
intact cells (Ref. 27). Additional studies are
required to gain a true understanding of Grb7
localisation.

Function?
Grb7 has been shown in numerous studies to
interact with a variety of cell-surface receptors
and other signalling molecules. Most of these
interactions occur through the interaction of the
SH2 domain of Grb7 and pY residues of activated
signalling target proteins (Table 1), and it is
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likely that these proteins are upstream regulators
of Grb7 function. Little is known about the
downstream effectors of Grb7 and the precise role
of this adaptor molecule. However, functional
studies utilising cellular models have generated
clues to help elucidate biological function,
including in cell migration and cancer.

The role of Grb7 in cell migration was
investigated after the identification of focal
adhesion kinase (FAK) as a binding partner (Ref.
34). FAK is part of the tyrosine kinase family that
activates integrin signal cascades regulating cell
migration, survival and proliferation (Refs 35, 36,
37, 38, 39). Grb7 binds to the phosphorylated
Tyr397 of FAK, which represents the major
docking site for recruitment of Src, phospholipase
Cγ1 (PLC-γ1) and phosphatidylinositol 3-kinase
(PI3-kinase) (Refs 40, 41, 42, 43, 44, 45). In cells that
overexpress FAK, Grb7 is localised to the focal
contacts and is tyrosine phosphorylated through
its cell-adhesion-dependent association with FAK
(Refs 33, 34). Overexpression of Grb7 in fibroblasts
enhances migration towards fibronectin, and
overexpression of a dominant-negative Grb7 SH2
domain reduces fibroblast migration (Ref. 33).
This study illustrates the crucial role Grb7 has in
cell migration with no effect on cell-cycle
progression. Moreover, expression of an antisense
Grb7 RNA construct in oesophageal carcinoma
cells markedly decreased EGF-stimulated cell
migration without altering cell proliferation
(Ref. 46).

The PH domain of Grb7 has been shown to
interact with phosphoinositides in vitro and in intact
cells. This interaction is important for mediating
cell migration, which is enhanced by cell adhesion
to fibronectin (Ref. 27). The phosphorylation of
Grb7 at focal contacts, rather than its association
with FAK, is necessary for stimulation of cell
migration. In addition, Shen et al. (Ref. 27)
demonstrated that Grb7 association with
phosphoinositides was increased both by FAK
binding to PI3-kinase via its pY397 residue and
by integrin-mediated cell adhesion. These studies
suggest that Grb7 is a downstream effector of PI3-
kinase in the regulation of cell migration (Ref. 27).

Grb7 and cancer
Upregulation of Grb7 is found in a subset of
breast, oesophageal and gastric cancers (Refs 25,
47, 48). Grb7 is an especially promising breast
cancer target as it maps closely to the gene
encoding ErbB2 on chromosome 17q and is

co-amplified and overexpressed with ErbB2 in a
subset of breast cancers (Ref. 25).

The importance of ErbB2 in breast cancer is
well established: (1) ErbB2 is overexpressed on
the tumour cells of approximately 30% of breast
cancer patients and in more than half of ductal
carcinoma in situ (an early form of breast cancer
that is intraductal and non-invasive at this stage),
which suggests that ErbB2 overexpression might
be an important initiating event in breast cancer
(Refs 49, 50); (2) ErbB2 expression is associated
with poor prognosis (Refs 50, 51, 52); and (3) ErbB2
has low expression on most normal tissues (Refs
53, 54, 55). Furthermore, blocking the function of
ErbB2 inhibits proliferation of cancer cells, as
demonstrated in preclinical (Refs 56, 57) and
clinical studies (Refs 2, 55).

A relatively recent study has demonstrated a
relationship between Grb7 and the ErbB family
of RTKs in human oesophageal and breast
cancers. Co-expression of Grb7 with either EGFR
or ErbB2 was detected in 31% of oesophageal
carcinomas and was significantly correlated
with extramucosal tumour invasion (Ref. 58).
Interestingly, there was no amplification of the
gene encoding Grb7 in oesophageal cancers but
Grb7 mRNA was found to be overexpressed in
43.8% of oesophageal tumours examined (Ref.
58). In addition, at least 70% of the ErbB2-
overexpressing breast tumours examined also
overexpressed Grb7 (Ref. 25). Moreover, in a
subgroup of human breast cancer cell lines, Grb7
associates and co-expresses with ErbB3 and
ErbB4, which are known to heterodimerise with
ErbB2 (Ref. 59).

The importance of Grb7 in tumour progression
has been suggested by several studies (Refs 34, 46,
47, 58). In one recent study, histological expression
of Grb7 in primary squamous cell oesophageal
tumours at the time of surgical resection
showed Grb7 to be overexpressed in 14 out of 31
oesophageal carcinomas as compared with adjacent
normal mucosa. The overexpression of Grb7 in
these histological sections was significantly
correlated with the presence of lymph node
metastases (Ref. 47). In addition, in an oesophageal
cancer cell line, Grb7 was shown to be
phosphorylated on tyrosine in response to EGF
treatment or attachment of the cells to extracellular
matrix proteins including fibronectin (Ref. 47).

Not only is Grb7 associated with tumour-
related molecules, but it has also been
demonstrated to have a direct role in cancer cell
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migration. The invasive role of Grb7 has also
been demonstrated for its isoform, Grb7V.
Grb7V is a novel splice variant lacking 88 bp in
its C-terminus, resulting in a frameshift and a
substitution of the SH2 domain for a short
hydrophobic sequence. In an oesophageal cancer
cell line, downregulation of both Grb7 and Grb7V
using antisense technology inhibited the invasive
properties of the cells in vitro (Ref. 46). Expression
of Grb7V is restricted to invasive and metastatic
oesophageal cancers, and increases in metastatic
deposits in the lymph nodes. It is also proposed
that Grb7V contributes to a more-invasive
phenotype in oesophageal cancers, possibly as a
result of its constitutive tyrosine phosphorylation
(Ref. 46). These findings support the idea that
Grb7 and Grb7V are involved in cell invasion and
metastatic progression of human oesophageal
cancer.

Development of Grb7-targeted
therapeutics

A tremendous research effort in the field of drug
discovery has been placed on the development of
small-molecule and peptidomimetic inhibitors to
signal transduction molecules (Refs 6, 7, 8). The
development of SH2 antagonists of Grb2, ZAP-
70 and p56lck has validated the idea that SH2-
specific inhibitors can effectively inhibit the
phenotypes associated with disease (Refs 6, 60).
For example, many different Grb2 inhibitors that
target the SH2 domain are being developed as
cancer therapeutic agents (Refs 53, 54, 55, 61, 62).
One molecule based on the pYIN peptide, which
is one of the shortest peptide sequences retaining
micromolar affinity for Grb2 SH2 (Ref. 63), led to
the development of CGP78850. This small-
molecule inhibitor blocks EGFR–Grb2 and Shc–
Grb2 binding in living cells, and inhibits growth
in RTK-transformed cell lines (Ref. 55). In
addition, CGP78850 and a pro-drug derivative,
referred to as CGP85793, are able to inhibit cell
motility in A431 cells (Ref. 64).

As discussed above, Grb7 shows several
promising features as a potential therapeutic
target in tumour cells. These features include its
overexpression in breast, oesophageal and gastric
cancers; its association with tumour-related
molecules; its role in cancer cell migration; and
its limited tissue distribution. In particular, its
limited tissue distribution is unlike that of many
other SH2-domain-containing proteins, which are
usually ubiquitously expressed (Ref. 14), and is a

distinct advantage for targeting therapeutics to
cancer cells. Grb7-specific inhibitors are in the
early stages of development. Peptide inhibitors
have recently been identified that bind to the SH2
domain of Grb7 and inhibit the association of Grb7
with the family of ErbB RTKs (Ref. 9). Importantly,
there was no detectable binding to the SH2
domain of the closely related family member
Grb14 or the SH2 domain of Grb2, which exhibits
an overlapping binding selectivity. Since there is
overlap in the binding targets of different SH2
domains, the ability to inhibit one SH2 domain
specifically will be advantageous for developing
target-specific therapeutics. Furthermore, these
peptides are the first non-phosphorylated cyclic
peptides identified as being able to bind to the
SH2 domain of Grb7, and have an advantage over
other ligands to SH2 domains in that they do not
possess a highly charged phosphate group. It is
believed that phosphate groups can lead to poor
cell penetration and predicted instability owing
to the presence of endogenous phosphatases. As
mentioned above, it has recently been suggested
that Grb7 SH2 is able to bind to a site (on RndI)
that is not phosphorylated (Ref. 30). All other
known cellular targets of the Grb7 SH2 bind via a
motif containing a pY residue.

Grb7 is an intracellular target; thus, in the
further development of these lead Grb7 ligands,
it will be important to introduce biologically
active peptides inside cells. Although it is
possible that Grb7-binding peptides might
spontaneously translocate through the cell
membrane owing to their small size, additional
modifications are likely to be required to enable
translocation. Adding a membrane-translocating
peptide sequence is a commonly used method for
translocation of peptides and even full-length
proteins into live cells (Refs 65, 66, 67, 68).
There have been several reports describing
specific membrane-translocating sequences that
effectively deliver peptides to the cytoplasm and
the nucleus (Refs 65, 66, 67, 68). Another possible
method of delivering peptide inhibitors into a
cell is by encapsulation of peptide ligands in
liposomes (Refs 69, 70). These peptide-delivery
systems are being evaluated to determine which
is the most effective at translocating the Grb7-
binding peptides across the cell membrane.

Concluding remarks
The improved survival of breast cancer patients
with the targeted therapeutic Herceptin, a
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humanised antibody against ErbB2 (Ref. 71),
marked a major developmental milestone of
targeted therapeutics. A significant reduction in
the size of the targeting ligand holds the promise
of further improved therapeutic value, as shown
by the greater tumour penetration of anti-ErbB2
single-chain (sc)Fv antibodies (25 kDa) compared
with that of full-sized (150 kDa) antibodies (Refs
72, 73, 74, 75). At 1–2 kDa,  peptide ligands are
even smaller, but still retain the selective binding
affinity to target molecules and might therefore
overcome several of the limitations of antibody
therapy. Since antibodies have poor penetration
across the cell membrane, peptide inhibitors are
ideal for targeting intracellular targets such as
Grb7.

Activation of RTKs recruits the SH2 domain
of Grb7 and activates an unkown downstream
pathway. Overexpression of Grb7 in some cancers
appears to initiate invasion and migration of
cancer cells. The possibility therefore exists
that Grb7-specific inhibitors that bind to the
SH2 domain will inhibit the function of Grb7
and, ultimately, the invasion and migration
phenotype of a cancer cell. Ongoing research in
our laboratory is being conducted to evaluate the
anti-migratory effects of the identified Grb7-
binding peptides in cancer cells overexpressing
Grb7. These Grb7-binding peptides will be further
evaluated as lead compounds for drugs that target
diseases where Grb7 is overexpressed and might
provide useful tools for the elucidation of Grb7
function.
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