
Cell Communication and Signaling

Review
Nck adapter proteins: functional versatility in T cells
Marcus Lettau, Jennifer Pieper and Ottmar Janssen

Address: 1University Hospital Schleswig-Holstein Campus Kiel, Institute of Immunology, Molecular Immunology, Arnold-Heller-Str 3, Bldg 17,
D-24105 Kiel, Germany

E-mail: Marcus Lettau* - lettau@immunologie.uni-kiel.de; Jennifer Pieper - Pieper.Immunologie@uksh-kiel.de;
Ottmar Janssen - ojanssen@email.uni-kiel.de
*Corresponding author

Published: 02 February 2009 Received: 2 December 2008

Cell Communication and Signaling 2009, 7:1 doi: 10.1186/1478-811X-7-1 Accepted: 2 February 2009

This article is available from: http://www.biosignaling.com/content/7/1/1

© 2009 Lettau et al; licensee BioMed Central Ltd.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Abstract

Nck is a ubiquitously expressed adapter protein that is almost exclusively built of one SH2 domain
and three SH3 domains. The two isoproteins of Nck are functionally redundant in many aspects and
differ in only few amino acids that are mostly located in the linker regions between the interaction
modules. Nck proteins connect receptor and non-receptor tyrosine kinases to the machinery of
actin reorganisation. Thereby, Nck regulates activation-dependent processes during cell
polarisation and migration and plays a crucial role in the signal transduction of a variety of
receptors including for instance PDGF-, HGF-, VEGF- and Ephrin receptors. In most cases, the SH2
domain mediates binding to the phosphorylated receptor or associated phosphoproteins, while
SH3 domain interactions lead to the formation of larger protein complexes. In T lymphocytes, Nck
plays a pivotal role in the T cell receptor (TCR)-induced reorganisation of the actin cytoskeleton
and the formation of the immunological synapse. However, in this context, two different
mechanisms and adapter complexes are discussed. In the first scenario, dependent on an activation-
induced conformational change in the CD3ε subunits, a direct binding of Nck to components of the
TCR/CD3 complex was shown. In the second scenario, Nck is recruited to the TCR complex via
phosphorylated Slp76, another central constituent of the membrane proximal activation complex.
Over the past years, a large number of putative Nck interactors have been identified in different
cellular systems that point to diverse additional functions of the adapter protein, e.g. in the control
of gene expression and proliferation.

The Nck family of adapter proteins
Nck (non-catalytic region of tyrosine kinase) proteins are
adapter proteins of 47 kDa that are almost exclusively
built of one SH2 domain and three SH3 domains (Fig. 1)
[1]. In human cells, the Nck family comprises two
members (Nck1/Ncka and Nck2/Nckb, also termed
Grb4). The human nck1 gene has been localised to the
locus 3q21 of chromosome 3 and the nck2 gene to 2q12
of chromosome 2. Nck1 andNck2 display 68% identity at
the amino acid level. Notably, the largest differences are
mainly located in the linker regions between the

interaction modules. Moreover, Nck1 and Nck2 are to
some extent functionally redundant and neither Nck1 nor
Nck2 knock-out mice exhibit an apparent phenotype
whereas double knock-out mice die in utero [2]. Never-
theless, some studies provided evidence for non-over-
lapping functions of Nck1 and Nck2 in certain cell types,
including for example an exclusive regulation of actin
polymerization in response to platelet-derived growth
factor (PDGF) and epidermal growth factor (EGF)
treatment by Nck2 in fibroblasts and breast carcinoma
cells (MTLn3) [3, 4]. Moreover, the SH2 domain of Nck2
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but not of Nck1 interacts with the docking protein
Disabled-1 [5]. In terms of more general functions, only
Nck2 has been implicated in the control of neuritogenesis
[6]. However, hardly any Nck1- or Nck2-specific down-
stream target has been identified so far. In fact, in many
instances the interactions have not been clearly attributed
to Nck1 or Nck2. Mostly, interactions proposed for one
Nck variant have not been tested with the respective other
isoprotein. In essence, the published data are somewhat
inconsistent regarding the question as to whether Nck1
and Nck2 binding partners overlap or rather diverge.
Therefore, in the following, Nck1 and Nck2 are generally
termed Nck, but readers should keep in mind that the
described functions/interaction partners are not necessa-
rily attributed to both isoproteins. Systematic studies are
still needed to shed light on common or distinct binding
partners and functions of Nck1 and Nck2.

Nck interaction partners and functional
implications
Being a prototypic adapter protein, the modular archi-
tecture of Nck allows for numerous protein-protein
interactions. Over the past years, more than 60 interac-
tion partners have been described in different cellular
systems (listed in tables 1 and 2 and reviewed in [1, 7]).
This short review does not discuss all potential interac-
tions but rather highlights some selected examples to

point to the diversity of processes that Nck adapters
are involved in.

SH2 domain
Src homology 2 (SH2) domains are modules that
comprise about 100 amino acids and interact with
phosphorylated tyrosine residues. Specificity is guided
by the amino acids surrounding the phosphotyrosine
(pY). Over the past years, Nck was shown to bind to
several tyrosine-phosphorylated proteins via its SH2
domain. Thus, Nck isoproteins associate with activated
receptor-tyrosine kinases such as the EGF receptor
(EGFR) [8, 9], vascular endothelial growth factor
receptor (VEGFR) [10-13], PDGF receptor (PDGFR) [3,
14, 15], hepatocyte growth factor receptor (HGFR) [16],
and with the Ephrin receptor EphB1 [17, 18]. Also via its
SH2 domain, Nck may associate with Dok (downstream
of kinase signaling) proteins which seem to play a
negative regulatory role in tyrosine kinase signaling
[19-21]. Moreover, Nck interacts with Git1 (G protein-
coupled receptor kinase interactor) [22] and Git2 [23],
two ADP ribosylation factor GTPase activating proteins
(Arf GAPs) that are functionally associated with cell
attachment, spreading and motility. Via binding to
phosphorylated nephrin, Nck coordinates cytoskeletal
dynamics to establish intercellular junctional
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Figure 1
Modular composition of Nck adapter proteins. Nck
adapters are proteins of 47 kDa that are built of three SH3
domains and a C-terminal SH2 domain linked by small spacer
regions. Nck1 displays 68% amino acid identity to Nck2. As
indicated in the figure, the differences are mainly located in
the linker regions between the interaction modules, whereas
the individual SH2 and SH3 domains show a high degree of
homology. Modular domains of Nck1 (NP_006140) and
Nck2 (AAH07195) have been assigned using the simple
modular architecture research tool SMART http://smart.
embl-heidelberg.de. The sequence homology between the
interaction modules and the linker regions was determined
using the SIM alignment tool for protein sequences http://
www.expasy.ch/tools/sim-prot.html. Percent values indicate
the degree of identity of the respective regions.

Table 1: SH2 domain interaction partners of Nck

Protein Reference

A36R viral protein [131]
Ack [132]
Bcr-Abl [109]
b-Dystroglycan [133]
BLNK [134]
Cas-L [135]
Caveolin-2 [136]
Disabled-1 [5]
Dok1 [137]
Dok2 [138, 139]
EGFR [8]
EphB1 (receptor for Ephrin B1) [17]
Ephrin B1 (EphB1 ligand) [27]
FAK [116]
Git1 [22]
Git2 [23]
HGFR [16]
IRS-1 [140]
IRS-3 [141]
Nephrin [24, 25]
P130Cas [142]
PDGFR [8]
RET [143]
Slp76 [26]
SOCS3 [144]
Tir (bacterial protein) [145]
TrkB [146]
VEGFR1 [11]
VEGFR2 [10]
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architecture in kidney podocytes [24, 25]. The SH2-
mediated interaction with Slp76 (SH2 domain-contain-
ing leukocyte protein of 76 kDa) [26] seems prerequisite
for the important adapter function of Nck in T cells (see
below).

It was suggested that the SH2 domains of Nck1 and Nck2
differ with respect to their binding properties, especially
since some non-overlapping functions have been
observed [3, 4, 6]. In case of the PDGFR, the phospho-
tyrosine residue pY751 was reported to be Nck1-specific
[14], whereas pY1009 was Nck2-specific [3]. Moreover,
only Nck2 associates with tyrosine-phosphorylated
Disabled-1, an important adapter protein involved in

brain cell positioning during development [5]. Likewise,
phosphorylated ephrin B1 (the ligand for EphB1) seems
to associate with the SH2 domain of Nck2 but not with
the Nck1 SH2 domain [27]. However, recent reports
providing structural insight into the Nck1 and Nck2 SH2
domains indicate that both binding modules are more or
less indistinguishable with respect to their binding
specificities and both recognize the consensus motif
pYDxV(AYST)x(DEC) [22]. The few differences in ligand
binding described so far might therefore rely on other
parts of the Nck molecule. Similar intramolecular
interactions that modulate SH2-mediated target recogni-
tion have been found to alter the affinity between Gads/
Slp76 and LAT [28]. In addition, it was also speculated
that SH2 interactions may be modulated by adjacent
SH3 domains and/or by the variable linker loops that
connect the individual binding domains in a given
protein. However, such intramolecular effects would
probably only mildly affect the overall pattern of
binding partners of Nck1 and Nck2, but rather modulate
the affinity of a given interaction.

SH3 domains
SH3 domains are globular modules of about 50–60
amino acids which mediate a rather constitutive binding
to proline-rich motifs in corresponding target proteins.
In many cases, interaction partners for individual SH3
domains have been identified, e.g. by pull down assays.
Also for the individual SH3 domains of Nck, several
associated proteins have been named (Table 2). Notably,
in such assays, the identified interaction partners exhibit
a clear preference for individual SH3 domains [1, 7].
Thus, the observation that several Nck ligands bind to
more than one SH3 domain of Nck suggests that a
cooperative interaction is necessary for tight complex
formation [29]. Nck utilizes the specificity of its
individual SH3 domains to facilitate multiple interac-
tions with different binding partners. Many of these
binding partners are functionally associated with the
regulation of the actin cytoskeleton including for
example the (neuronal) Wiskott-Aldrich Syndrome
protein ((N-)WASP) [30] and the WASP interacting
protein (WIP) [31]. It is well established that the
multidomain adapter protein WASP activates the Arp2/
3 (actin-related proteins 2/3) complex that finally
induces the formation of branched actin filament
networks [32]. Thus, Nck links receptor-induced activa-
tion signals to key regulators of the actin cytoskeleton.

Other interaction partners including for example the Son
of Sevenless homologue (Sos) and the Src-activated
during mitosis protein (Sam68) indicate distinct roles of
Nck in the control of cellular signaling, gene expression
and proliferation [1, 7]. Moreover, Nck binding to

Table 2: SH3 domain interaction partners of Nck

Protein Reference

Abl [107]
Ack1 [108]
ADAM15 [33]
Bcr-Abl [109]
Casein kinase 1 (g2) [110]
Cbl [26, 111]
CD3ε [34]
DCC [112]
DOCK180 [113]
Dopamine D4 receptor [114]
Dynamin [101]
eIF2b [105]
FAK [115, 116]
FasL [90, 91]
GC-NAP [117]
hnRNP� [118]
HPK1 [119]
IRS-1 [120]
NAP1BP [121]
NckAP1 [122]
NIK [123]
N-WASP [47]
PAK1 [73]
PAK3 [124]
PINCH [125]
PRK2 [126]
RalGPS [127]
R-Ras [102]
Sam68 [95]
SOCS7 [93]
Sos [99]
Synaptojanin [118]
TBK1 [128]
TNIK [129]
WASP [30]
WIP [31]
YAP65 [130]

Only in a few studies, interactions have been mapped to individual SH3
domains. In fact, several studies do not attribute a given interaction to
an individual SH3 domain. Moreover, SH3 domains which do not
contribute to a direct interaction might well influence binding in a
cooperative manner. Thus, the reader is encouraged to consult the
cited literature for further information on the Nck interacting protein
of interest.
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certain splice variants of the "a disintegrin and metallo-
protease" ADAM15 points to a role of Nck in malignancy
since these variants are selectively increased in breast
cancer cells [33]. The association of the SH3-1 domain
with a proline-rich stretch in the CD3ε subunit of the
T cell receptor (TCR) once more points to an important
role of Nck in TCR signaling (see below) [34].

Recent studies of the structural properties of individual
SH3 domains provided more insight into the ligand
binding preferences and specificities of the Nck1-1
(being the first and most N-terminal SH3 domain of
Nck1), Nck1-2, Nck2-2 and Nck2-3 SH3 domains [35,
36]. Although the two analyzed SH3 domains of Nck1
adopt the five-stranded b-barrel fold typical of SH3
domains, they differ with respect to the electrostatic
potentials of their surfaces. Whereas the Nck1-2 SH3
domain possesses a neutral and a highly negatively
charged region (and thus resembles the Nck2-3 SH3
domain in this respect), the Nck1-1 SH3 domain exhibits
a significantly weaker negative charge [35, 36]. The
structures of the Nck1-3 and the Nck2-1 (insoluble) SH3
domain have not been solved at high resolution yet.
However, the data obtained so far clearly underscore the
functional relatedness of the two isoproteins and the
individual properties of the single SH3 domains that
account for the observed differences in ligand binding.

Interestingly, only very recently it was described that Nck
might also associate with the inactive form of the
dsRNA-activated protein kinase PKR (see below). How-
ever, this novel type of interaction seems to be
independent of the Src homology domains and thus
offers a first indication for further potential protein-
protein interactions of Nck [37].

Nck and T cell effector function
Actin reorganisation in T cell activation
T cells play a central role in adaptive immunity by
enhancing or suppressing immune responses through
cytokine secretion or by eliminating virus-infected or
transformed cells. T cell activation and effector function
is tightly controlled and relies on fairly stable cell-cell
contacts especially during primary activation and com-
munication with antigen-presenting cells (APCs). Once a
T cell encounters its specific antigen on an APC in the
lymph nodes or spleen in an appropriate MHC context,
it rapidly reorients its cellular organelles to the contact
area in a process accompanied by complex structural and
cytoskeletal changes. The primary antigenic stimulation
ultimately results in cell cycle progression and clonal
expansion. The T cells leave the lymphoid tissue and
search the periphery for infected or transformed cells
carrying their cognate antigen. Upon recognition of a

target cell, the T cell again reorients its cellular content to
the intercellular contact zone. In this case, the secondary
stimulation results in a polarized secretion of meanwhile
matured cytolytic granules and/or cytokines into the
organized intracellular cleft (reviewed in [38, 39]).
Despite the complex architecture of the established
cellular contacts, cell-mediated cytotoxicity is a highly
dynamic process. A single T cell can eliminate multiple
targets consecutively, rapidly rearrange established con-
tacts and even form stimulatory and lytic synapses
simultaneously [40, 41]. Obviously, several independent
but coordinated cellular processes contribute to T cell
activation and effector function. These include an
integrin-mediated adhesion and contact stabilisation,
the formation of an immunological synapse (IS) with
defined central and peripheral signaling platforms, and
the establishment of a threshold-dependent cell polarity
for the directed secretion of cytokines and lytic granules.
It is clear that all these processes are strictly dependent
on rapid dynamic changes of the lymphocyte cytoskele-
ton. Accordingly, engagement of the TCR activates
multiple actin-regulatory proteins that work in concert
to drive actin polymerization at the IS [39, 42].

At the molecular level, TCR ligation results in the
activation of the T cell-specific Src-type kinases Fyn and
Lck which phosphorylate the crucial immunoreceptor
tyrosine-based activation motifs (ITAMs) within the
TCR-associated CD3-chains to serve as docking-sites for
the two SH2 domains of the Syk-type kinase ZAP70 (zeta
chain-associated protein of 70 kDa). Activated ZAP70
phosphorylates an array of key regulators of the
membrane-proximal activation complex including the
linker for the activation of T cells (LAT). As a
transmembrane adapter protein, LAT couples upstream
signaling of Lck/ZAP70 to downstream signaling events
including calcium flux, phosphatidylinositol turnover
and Ras activation. The adapter protein Gads (Grb2-like
adapter downstream of Shc) binds phosphorylated LAT
and subsequently recruits the scaffold protein Slp76 to
the activation complex [43-45]. Upon phosphorylation
by ZAP70, Slp76 binds the crucial guanine nucleotide
exchange factor Vav and Vav in turn activates the Rho
family GTPases Cdc42 and Rac. Rho family GTPases
consist of Rac, Cdc42 and Rho, small G proteins
activated by GEFs such as Vav and localized to the cell
membrane by prenylation. In their activated form, Rho
GTPases facilitate the regulation of actin filament
formation through effector proteins such as actin-related
proteins 2/3 (Arp2/3) and WASP family members
(reviewed in [39, 42]). The WASP family includes five
proteins: WASP, N-WASP, WAVE1, WAVE2 and WAVE3.
The expression of WASP is restricted to hematopoietic
tissues whereas N-WASP and WAVE 2 are ubiquitously
expressed. WAVE1 and WAVE3 are enriched in the brain
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but are also expressed throughout the mammalian body.
The main function of the multidomain adapter protein
WASP is the activation of the Arp2/3 complex that finally
leads to the formation of branched actin filament
networks. WASP is controlled by autoinhibition and is
activated by binding to Cdc42 via its GTPase-binding
domain. Activity can be further enhanced by phosphoi-
nositides binding to a basic region of the WASP
molecule. Interactions with proteins like WIP, intersectin
or Grb2 and also phosphorylation by Src kinases have
also been reported to affect WASP activity. However, in
most cases, the precise molecular mechanisms are only
poorly understood [32, 46]. Since Nck not only passively
interacts with WASP and could thus recruit WASP to
molecular activation clusters [30], but also somehow
modulates WASP activity [47], it was believed that this
adapter protein also plays an essential role in the
regulated activation-dependent reorganization of TCR-
associated signaling complexes and platforms.

Nck and TCR signaling: Slp76 and/or CD3ε
Although Nck is unanimously regarded as a linker
between the TCR and the cytoskeleton, it is still a matter
of debate, how exactly Nck associates with activation
clusters around the TCR/CD3 complex. As mentioned,
Nck has been shown to bind phosphorylated Slp76 via
its SH2 domain and to recruit WASP via SH3-mediated
interactions. In this scenario, Slp76 functions as a
scaffold bringing Nck and WASP into proximity with
Vav1 and Cdc42-GTP (Fig. 2) [26, 48, 49]. Of note, the
involved proteins do not necessarily need to be present
in a single complex. Instead separate tools may exist in
the cells, e.g. distinct molecules of Slp76 may associate
with either Vav or Nck.

Gil and coworkers, however, proposed that Nck directly
binds to a proline-rich sequence (PRS) within the CD3ε
chain that only gets available due to a conformational
change upon TCR ligation. This association is mediated
by the SH3-1 domain and it precedes tyrosine phos-
phorylation. The stable overexpression of Nck SH3-1-
EGFP negatively modulated cell spreading, IL-2-release
and synapse formation/maturation in Jurkat cells, pre-
sumably by preventing the association of endogenous
Nck with CD3ε. However, in this experimental setting,
the overexpressed SH3-1 domain may also block the
interaction of Nck with other binding partners besides
CD3ε. Moreover, transduction of peripheral blood
mononuclear cells with an antibody binding near the
CD3ε-PRS (mAb APA1.1) decreased proliferation after
TCR ligation compared to control-transduced cells, at
least underscoring the role of the CD3ε-PRS. The authors
proposed that the recruitment of Nck and associated
regulatory proteins such as WASP, WIP or Pak1 to CD3ε

displays an alternative means to link T cell activation to
the cytoskeleton independent of preceding tyrosine
phosphorylation [34]. However, the functional relevance
of this interaction was questioned when Barda-Saad and
colleagues showed that the TCR-induced tyrosine phos-
phorylation of LAT and Slp76 is indispensable for the
recruitment of Nck and WASP to induce actin polymer-
ization [48].

In addition, in a retrogenic approach, T cells expressing
CD3ε with a mutated proline-rich sequence (PRS) on a
CD3ε-null background developed normally. Although
the binding of Nck to CD3ε was completely abrogated,
there was no apparent defect in positive or negative
selection. Furthermore, the proliferative response of
T cells to staphylococcal enterotoxin B and to anti-CD3
mAb was normal, indicating that the interaction of CD3ε
with Nck (and/or other SH3 domain containing pro-
teins) might not be essential for T cell development and
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Figure 2
TCR-induced actin-reorganization: Nck binding to
phosphorylated Slp76. T cell activation is initiated by
antigen-presenting cells (APCs) containing stimulatory MHC-
peptide complexes. Src family protein tyrosine kinases
mediate phosphorylation of TCR associated ITAMs thereby
creating docking sites for the Syk-type kinase ZAP70. After
activation by Src kinases, ZAP70 phosphorylates LAT. LAT
contains nine tyrosine residues which, when phosphorylated,
act as docking sites for adaptor proteins such as Grb2 and
Gads. Slp76 is recruited to the membrane-proximal
activation complex through its interaction with the SH3
domains of LAT-associated Gads. Phosphorylated Slp76
associates with the SH2 domain of Nck. Nck then recruits
the multidomain adapter protein WASP. The GEF Vav, which
is also recruited by Slp76, promotes the GTP-loading of the
small Rho-GTPase Cdc42 that is critically involved in WASP
activation. WASP then activates the Arp2/3 complex that
initiates the formation of branched actin filament networks.
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T cell responses to strong antigens [50]. However, it was
more recently shown that TCR crosslinking and the
conformational change in the CD3ε subunit seem to be
required for full tyrosine phosphorylation of different
downstream effectors [51] and that the conformational
change is also transmitted to the cytoplasmic tails of the
other CD3 subunits that close up to form a compact
structure that allows for Nck binding [52].

In an earlier study, Risueno and colleagues could
demonstrate that the conformational change within
CD3ε is also elicited in vivo in the lymph nodes of
mice after antigen exposure. Employing the mAb
APA1.1, that recognizes an epitope within the activa-
tion-dependently exposed region of CD3ε, they further
showed that the conformational change depends on the
strength of the used agonist [53]. Moreover, using this
mAb, the conformational change could be clearly
observed in situ in double-positive thymocytes. These
were predominantly located in the cortex and the
corticomedullar junction in close contact with epithelial
and dendritic cells indicating a specific role of the CD3ε
cytoplasmic tail in thymocyte selection [54].

In another experimental setting using naïve and differ-
entiated murine CD8+ T cells, strong MHC (major
histocompatibility complex) agonists triggered cytokine
release in both cell types whereas weak agonists, only
affected differentiated cells. In this scenario, the respon-
siveness correlated with the ability of the agonist to elicit
a CD3ε conformational change as measured by the
ability of CD3ε to bind Nck. The mutation of the CD3ε
proline motif and the ITAM significantly impaired the
response to weak antigens in differentiated cells [55].
Interestingly, in this context, Nck binds to an uncom-
mon PxxDY motif that encompasses the ITAM of CD3ε
[56] and proline point mutations abrogate CD3ε ITAM
phosphorylation [55]. This might indicate that the CD3ε
motif serves to amplify low-avidity TCR signals by
promoting ITAM phosphorylation and subsequently
protein kinase C Θ (PKCΘ) recruitment and synapse
formation in at least certain clonotypes of differentiated
CD8+ T cells. Thus, this mechanism could contribute to
the higher relative sensitivity of effector T cells.

Notably, Src kinase (Lck)-mediated phosphorylation of
the tyrosine residue (Y166), which is shared by the ITAM
and the PxxDY motif, seems to be required for the
recruitment of the tandem SH2 cassettes of ZAP70,
which in turn forms one of the most crucial early events
in T cell activation. Conversely, tyrosine phosphoryla-
tion of the PxxDY motif abolishes Nck binding,
indicating that Y166 might serve as a molecular switch
to determine whether CD3ε is competent for SH3 or SH2
binding. This, however, would suggest that Nck binding

to CD3ε might rather be transient and lost before ZAP70
binding takes place [56]. Therefore, in a hypothetical
model, the binding of Nck to the exposed PxxDY via its
first SH3 domain allows the recruitment of other
signaling molecules containing proline-rich sequences
or phosphotyrosine residues via the second and/or third
SH3 or the SH2 domain, respectively. In turn, the
phosphorylation of CD3ε would at the same time
facilitate the binding of ZAP70 and the dissociation of
Nck [55].

In strong contrast, another report indicates that Nck
binding to PxxDY might rather inhibit a subsequent
phosphorylation of Y166 by Fyn and Lck [57]. However,
this was concluded from the structure of the Nck2 SH3-
1/CD3ε complex and experimentally demonstrated by
the ability of the SH3-1 domain of Nck2 to block the
tyrosine phosphorylation of a CD3ε peptide (aa 143–
183) by recombinant Fyn (and Lck) in an in vitro
phosphorylation assay. Moreover, in this study, Nck has
been implicated in negative modulation of TCR surface
expression [57]. Accordingly, the PxxDY motif encom-
passes a putative internalization motif (YxxI/L), albeit
this sequence has been described to behave only as a
weak internalization signal in the first report of CD3ε
endocytosis [58]. Nevertheless, overexpression of Nck
led to a decrease in TCR surface expression while
overexpression of a Nck SH3-1 mutant affected TCR
surface expression to a lesser degree [57].

A recent study employing a highly sophisticated mouse
model clarified some of the conflicting results described
before [59]. The authors established a knock-in mouse
where the critical CD3ε motif was replaced by another
sequence naturally occupying an analogous sequence in the
cytoplasmic tail of FcεR1g to assure an unaltered distance of
the CD3ε ITAM from the membrane and the neighbouring
CD3 subunits. Surprisingly, they observed a constitutive
association of the first Nck SH3 domain with CD3ε in
freshly isolated thymocytes and mature T cells. This
association was, however, further enhanced upon stimula-
tion. Moreover, TCR surface expression in double-positive
thymocytes was increased due to a reduced SLAP- (Src-like
adapter protein-) dependent degradation of CD3ζ. In
double-positive thymocytes, activated Lck initiates a signal-
ing cascade that involves phosphorylation of the CD3ζ
subunit of the TCR complex and results in the recruitment of
SLAP. SLAP functions as an adapter to target the E3
ubiquitin ligase activity of c-Cbl to phosphorylated CD3ζ
chains present in the fully assembled TCR for degradation
[60-64]. As a consequence, fewer TCR complexes recycle
back to the surface and TCR expression on double-positive
thymocytes is thus significantly lower than onmature T cells
[65]. Thus, during preselection of double-positive cells, the
CD3ε PRS might recruit Lck via Nck to control the
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phosphorylation of nearby CD3ζ subunits and SLAP-
dependent degradation of the TCR. However, a direct
interaction of Nck with Lck has not been demonstrated yet.
On the other hand, the CD3εΔPRS/ΔPRS double-positive cells
showed a decreased responsiveness to weak self pMHC
agonists compared to wild-type double-positive cells,
indicating that the CD3ε PRS enhances the signaling
capability, an effect also observed in previous studies [53,
55]. Also in this study, the CD3ε PRSwas dispensable for the
response to strong antigens. The authors suggest that by
associating with the CD3ε PRS, Lckmolecules would be pre-
coupled to the TCR complex and might thus confer higher
signaling competence to weak antigens whereas the PRS is
dispensable when stimulated with strong antigens. Such a
model would at least in part explain the observed ability of
double-positive cells to respond to weak antigens. Thus, the
CD3ε PRS obviously negatively modulates the sensitivity of
double-positive cells by downregulating cell surface TCR
and at the same time enhances their sensitivity to weak
antigens. The authors suggest an appealing explanation for
this in the first view apparent discrepancy taking into
account the peculiar features of double-positive thymocytes
during T cell development (Fig. 3). CD4+ CD8+double-
positive cells undergo TCRa gene rearrangements and only a

few double-positive cells that express an ab TCR capable of
low-affinity interactions with self peptides bound to MHC
molecules mature into single-positive cells during positive
selection. Double-positive cells that fail to recognize self
pMHC complexes undergo apoptosis as well as double- and
single-positive cells that bind self-antigens with high
affinity. Physiologically, the CD3ε PRS and SLAP may act
together to decrease the pool of cycling TCRs present in
double-positive cells and thus increase the sampling rate of
new TCRa chains that are sequentially synthesized. How-
ever, to permit positive selection of some of the TCR
complexes that are present on the cell surface with low copy
number, the CD3ε concurrently increases the signaling
output (Fig. 3A). Finally, positive selection and subsequent
ITAM phosphorylation might allow binding of ZAP70
thereby replacing Nck and SLAP and preventing further
SLAP/CD3ε PRS-dependent degradation of TCR/CD3 com-
plexes (Fig. 3B). This would result in the rapid upregulation
of TCR surface expression associated with the transition of
double-positive cells to single-positive thymocytes. How-
ever, such a potentially elegant mechanism has not yet been
experimentally confirmed in detail.

Nck and p21-activated kinases (PAKs)
Upon TCR ligation, two p21-activated kinases (PAK1
and PAK2) are activated [66-69]. In non-lymphoid cells,
PAK has been linked to various events associated with
cytoskeletal dynamics [70]. PAK activation contributes to
TCR-induced Erk activation, calcium flux and the NFAT
transcriptional response [67-69], although the precise
mechanism of PAK activation in T cells is still elusive.
Clearly, PAK requires Lck and ZAP70 for activation [67,
71]. Moreover, the interaction with the active forms of
the Rho GTPases Rac1 and Cdc42 also facilitates PAK
activation. Several lines of evidence suggest that Nck
recruits PAK to the plasma membrane in response to
growth factors including EGF and PDGF. In this scenario,
Nck associates with autophosphorylated tyrosine kinase
receptors via its SH2 domain and binds to the first
proline-rich region at the N-terminus of PAK via its
second SH3 domain [72, 73]. In T cells, a pathway
involving LAT, Slp76, Nck and Vav was suggested to
mediate recruitment and activation of PAK [49]. How-
ever, there is also evidence for an alternative pathway,
since a PAK mutant (not able to interact with Nck) can
still be activated [71]. PAK also interacts with the
guanine nucleotide exchange factor Pix (Pak-interacting
exchange factor) and the Arf GAP Git in a trimolecular
complex [71]. Pix has been identified as a GEF for Rac1
and Cdc42 [74, 75]. Pix itself interacts with the Git
family proteins Git1 and Git2 which in turn interact with
multiple other proteins including focal adhesion com-
plex proteins as FAK (focal adhesion kinase) and paxillin
[76, 77]. This PAK1/Pix/Git1 complex is rapidly recruited

SLAP

TCR
αααα ββββδδδδ γγγγ

εεεε εεεε

ζζζζ ζζζζ Nck

Lck

P
Cbl

Ub

TCRαααα ββββδδδδ γγγγ
εεεε εεεε
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SLAP
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CD4

noitceles evitisopgnilpmas RCT
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Figure 3
Suggested model for the function of the CD3ε PRS in
double-positive thymocytes. (A) Nck associates with
CD3ε in the absence of pMHC and recruits Lck, which
phosphorylates TCRζ. Subsequently, phosphorylated TCRζ
recruits SLAP, and SLAP-associated c-Cbl ubiquitinates (Ub)
TCRζ. This leads to the degradation of TCRζ and thus
increases the TCR sampling rate. (B) pMHC-mediated
ligation of the TCR results in more complete
phosphorylation of the CD3 ITAMS. In this context, the
interaction of CD3ε-bound Nck with Lck may be necessary
to prime the system and allow CD4 coreceptor-dependent
Lck to initiate a full activation response with phosphorylation
of the CD3ε ITAMS. This results in the recruitment of
ZAP70, the dissociation of Nck and SLAP and thus the
stabilization of TCR surface expression. (Figure accords with
models suggested in [59]).
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to the T cell/APC contact site independent of Slp76 and
Vav1. Moreover, this complex may be crucial for PAK
activation by recruiting it to the immunological synapse.
Altered membrane localization and thus an increase in
local concentration has been shown to be crucial for PAK
activation [78, 79]. In this scenario, the PAK/Pix/Git
complex is presumably recruited to the IS via integrins,
as Git interacts with paxillin, an important adapter
protein in integrin signaling [80]. Of note, since PAK
activation initially also requires Lck and ZAP70 but
within the PAK/Pix/Git complex seems to be indepen-
dent of Nck, Slp76 and LAT, this may represent a
very early event in TCR signaling. As the PAK/Pix/Git
complex translocates to the site of intercellular contact
within 1–3 minutes [81], PAK activation might thus be
involved in the early phase of initial contact and target
cell recognition. However, as recent data indicate that
Nck interacts with Git1 [22] and Git2 [23], Nck might be
also involved in the LAT, SLp76 and Vav-independent
activation of PAK.

Nck and SLAM-associated protein (SAP)
Costimulatory immunoreceptors of the SLAM (signaling
lymphocyte activation molecule) family are functionally
associated with TH2 cell priming, memory B cell
generation, antibody production, activation of natural
killer (NK) cells and NKT cell development. They
mediate their effects through interactions with members
of the SAP (Slam-associated protein) family (reviewed in
[82]). SAP mediates the recruitment of the Src kinase Fyn
to SLAM. SAP is a small cytosolic protein composed of a
single SH2 domain and a 28 aa C-terminal tail. Deletion
or mutation of SAP causes the X-linked lymphoproli-
ferative syndrome characterized by reduced NK and CTL
activity as well as decreased B cell function and impaired
NKT cell development. Interestingly, the SAP SH2
domain binds to the SH3 domain of Fyn and simulta-
neously to Y281 of SLAM in a phosphorylation-
independent manner. This not only recruits Fyn to
SLAM, but also activates its kinase activity enabling the
intense phosphorylation of SLAM, the recruitment of
further downstream proteins and thus propagates
signaling [82-86]. Recently, Nck has been shown to
interact with SAP via its second SH3 domain, but affinity
was greatly enhanced when the third SH3 domain was
also present. Interestingly, SAP depletion attenuated
Slp76 and Nck1 phosphorylation whereas SAP over-
expression enhanced Slp76 phosphorylation. In accor-
dance with the well-established role of Nck in initiating
activation-induced actin reorganisation in T cells, the
depletion of SAP resulted in decreased actin polymeriza-
tion. Moreover, SAP depletion was also accompanied by
a decrease in LAT phosphorylation, Erk activation and
cell proliferation, highlighting the role of SAP in T cell

activation. Of note, the exact role of its interaction with
Nck1 in this context has to be elucidated. Similar to Nck,
also SAP interacts with Pix [87] and could thus also
regulate the formation of a PAK/Pix/Nck complex.

Nck and FasL
Nck has also been functionally associated with the death
factor Fas ligand (FasL). The FasL is a type-2-transmem-
brane protein belonging to the tumor necrosis factor
(TNF) family of death factors. In cytotoxic T and NK
cells, FasL is stored in association with so-called secretory
lysosomes to avoid unwanted damage. Only upon
recognition of a target cell, these vesicles are transported
to the site of intercellular contact, thus releasing
cytotoxic molecules into the synapse and exposing FasL
locally on the plasma membrane [88, 89]. Nck interacts
with an extended proline-rich stretch within the cyto-
plasmic part of the FasL via its second and third SH3
domain [90, 91] and is critically involved in the
recruitment of FasL and/or its storage granules to the
cytotoxic immunological synapse (Fig. 4) [90].

Other aspects of Nck biology: nuclear
localization of Nck, cell-cycle arrest and
inhibition of translation
Only very recently, Nck has been described to translocate
to the nucleus upon cellular stress [92]. In this scenario,
the Nck-interacting protein SOCS7 [93, 94] (that in
contrast to Nck contains a NLS/NES) regulates the
nucleocytoplasmic distribution of Nck. Septins in turn
bind to SOCS7 and this interaction retains both SOCS7
and Nck in the cytoplasm. Following DNA damage, both
proteins accumulate in the nucleus. This accumulation is

Figure 4
Subcellular localization of Nck and the death factor
FasL in conjugates of Jurkat T cells and EBV-
transformed B-LCL. Upon target cell recognition the
death factor FasL is transported to the cytotoxic
immunological synapse where it colocalizes with Nck. Jurkat
T cells were transiently transfected with FasL, cocultured
with superantigen-pulsed B-LCL (*, B lymphoblastoid cell
line)), fixed, permeabilized and stained for FasL with anti-
FasL mAb NOK-1 and respective AlexaFluor488-conjugated
secondary antibodies and for Nck with an anti-Nck pAb and
corresponding AlexaFluor546-conjugated secondary
reagents.
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essential for morphological changes (e.g. the disintegra-
tion of stress fibers and loss of cell-polarity) and for the
activation of downstream members of the DNA damage
cascade and cell-cycle arrest. Thus, Nck somehow links a
DNA damage checkpoint to the actin cytoskeleton [92].
In this scenario, the depletion of Nck from the cytosol
presumably accounts for the observed effects rather than
a specific action within the nucleus. Nevertheless, it has
been shown, that the array of nuclear binding partners
significantly differs from cytosolic interactions [95].
However, only few nuclear Nck-interacting proteins
have been described so far.

Regarding such nuclear binding partners, Nck apparently
interacts with Sam68 [95]. Sam68 (Src activated during
mitosis) belongs to the STAR (signal transducers and
activators of RNA) family of RNA binding proteins
(reviewed in [96]). Sam68 has been functionally
associated with several aspects of RNA metabolism
including (regulated) splicing, regulation of RNA stabi-
lity and RNA transport/localization [96]. It contains
several proline-rich stretches enabling interactions with
SH3 domains. Furthermore, the C-terminal domain
contains several tyrosines that are subject to phosphor-
ylation by a variety of tyrosine kinases and then serve as
docking sites for SH2 domains. Both, the association
with binding partners and the observed tyrosine phos-
phorylation might negatively modulate the RNA binding
capability of Sam68 [96]. Furthermore, Sam68 contains
two nuclear localization sequences in its C-terminal part
and the nuclear localization of Sam68 seems to be
regulated by arginine methylation. Whereas hypomethy-
lated Sam68 is located in the cytoplasm, the methylated
form is predominantly found in the nucleus [97, 98].
Thus, Sam68 is an appealing molecule for transducing
information from signaling pathways to the RNA
machinery.

Interactions of Nck with Grb2, Sos [99-101] and R-Ras
[102] implicate that Nck might also be involved in Ras
activation and thus in cell proliferation in general.
Moreover, Nck participates in the cellular responses to
ER stress such as the inhibition of translation. In this
context, Nck is integrated into signaling pathways
regulating eIF2a (eukaryotic initiation factor 2a) phos-
phorylation [103, 104], providing a common mechan-
ism to downregulate protein synthesis in stressed cells.
Upon overexpression, Nck increases protein translation
[105] and impairs eIF2a phosphorylation and thus
stress-induced attenuation of translation [37]. Mechan-
istically, Nck directly interacts with the b-subunit of the
initiation factor eIF2 via its first and third SH3 domains
[105] and participates in the assembly of a complex
containing the serine/threonine protein phosphatase 1c
(PP1c) and thus promotes eIF2a dephosphorylation

[103, 106]. Moreover, Nck complexes with the eIF2a
kinase PKR and thus interferes with PKR activity. Again,
the precise molecular mechanism of this inhibition is
not yet clear. Taken together, Nck adapters are not only
employed in various cell conditions but also by different
cellular compartments to generate or modulate specific
cellular responses.

Conclusion
Over the past years, many different interaction partners
of Nck adapter proteins have been described (as
summarized in Tables 1 and 2[107-146]). Accordingly,
Nck has been associated with a plethora of diverse
processes including for instance cellular activation,
motility, and effector function but also axon guidance
and neuritogenesis, glomerular filtration barrier in the
kidney, responses to DNA damage and cell stress and the
development of mesodermal structures during develop-
ment. Obviously, Nck plays an important role in the
T cell compartment, participating in different and
interdependent pathways of T cell activation and effector
function during different stages of T cell selection and
maturation. In agreement with its functional versatility,
the double knock-out of the Nck adapters Nck1 and
Nck2 in mice results in early embryonic lethality,
whereas single knock-out mice have no apparent
phenotype. Although this indicates a functional redun-
dancy of the two isoproteins, some non-overlapping
functions have been described. Thus, systematic studies
are pending in order to clarify to which extent Nck
isoprotein interaction partners and functions overlap or
diverge in a given cellular system.
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ADAM: a disintegrin and metalloprotease; APC: antigen-
presenting cell; Arf: ADP ribosylation factor; Arp2/3:
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phoma; CTL: cytotoxic T lymphocyte; Dok: downstream
of tyrosine kinase; EGF(R): epidermal growth factor
(receptor); eIF: eukaryotic initiation factor; EphB1:
ephrin receptor B1; FasL: Fas ligand; FcεR1g, Fc: (frag-
ment, crystalizable)-epsilon receptor 1 gamma chain;
GAP: GTPase-activating protein; GEF: GDP exchange
factor; Git: G protein-coupled receptor kinase interactor;
Grb2: growth factor receptor-bound protein 2; HGF(R):
hepatocyte growth factor (receptor); ITAM: immunor-
eceptor tyrosine-based activation motif; LAT: linker of
activated T cells; Lck: leukocyte-specific protein tyrosine
kinase; mAb: monoclonal antibody; (p)MHC: (peptide-
loaded) major histocompatibility complex; Nck: non-
catalytic region of tyrosine kinase; NES: nuclear export
signal; NFAT: nuclear factor of activated T cells; NK:
natural killer; NLS: nuclear localization signal; PAK: p21-
activated kinase; PDGF(R): platelet-derived growth
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factor (receptor); Pix: PAK-interacting exchange factor;
PKC: protein kinase C; PKR: protein kinase RNA-
activated; PRS: proline-rich sequence; Sam68: Src-acti-
vated during mitosis, 68 kDa; SAP: SLAM-associated
protein; SH: Src homology; SLAM: signaling lymphocyte
activation molecule; SLAP: Src-like adapter protein;
Slp76: SH2 domain-containing leukocyte protein of 76
kDa; SOCS: suppressor of cytokine signaling; Sos: son of
sevenless; TCR: T cell receptor; (N-)WASP: (neuronal)
Wiskott-Aldrich syndrome protein; WAVE: WASP family
verprolin homologous; WIP: WASP-interacting protein;
ZAP70: zeta chain-associated protein of 70 kDa.

Competing interests
The authors declare that they have no competing
interests.

Authors' contributions
ML designed and wrote the manuscript and provided
original data presented as figures. JP contributed to the
discussion of Nck interaction partners and provided
figures. OJ critically supervised the work throughout the
writing process. All authors have read and approved the
final manuscript.

Acknowledgements
The laboratory for Molecular Immunology is supported by the DFG
(SFB415, project A9) and the Medical Faculty of the Christian-Albrechts-
University of Kiel (to OJ). ML is recipient of a competitive junior research
grant sponsored by the Medical Faculty of the Christian-Albrechts-
University. This work forms part of the Diploma thesis of JP.

References
1. Buday L, Wunderlich L and Tamas P: The Nck family of adapter

proteins: regulators of actin cytoskeleton. Cell Signal 2002,
14:723–731.

2. Bladt F, Aippersbach E, Gelkop S, Strasser GA, Nash P, Tafuri A,
Gertler FB and Pawson T: The murine Nck SH2/SH3 adaptors
are important for the development of mesoderm-derived
embryonic structures and for regulating the cellular actin
network. Mol Cell Biol 2003, 23:4586–4597.

3. Chen M, She H, Kim A, Woodley DT and Li W: Nckbeta adapter
regulates actin polymerization in NIH 3T3 fibroblasts in
response to platelet-derived growth factor bb. Mol Cell Biol
2000, 20:7867–7880.

4. Kempiak SJ, Yamaguchi H, Sarmiento C, Sidani M, Ghosh M, Eddy RJ,
Desmarais V, Way M, Condeelis J and Segall JE: A neural Wiskott-
Aldrich Syndrome protein-mediated pathway for localized
activation of actin polymerization that is regulated by
cortactin. J Biol Chem 2005, 280:5836–5842.

5. Pramatarova A, Ochalski PG, Chen K, Gropman A, Myers S, Min KT
and Howell BW: Nck beta interacts with tyrosine-phosphory-
lated disabled 1 and redistributes in Reelin-stimulated
neurons. Mol Cell Biol 2003, 23:7210–7221.

6. Guan S, Chen M, Woodley D and Li W: Nckbeta adapter
controls neuritogenesis by maintaining the cellular paxillin
level. Mol Cell Biol 2007, 27:6001–6011.

7. Li W, Fan J and Woodley DT: Nck/Dock: an adapter between
cell surface receptors and the actin cytoskeleton. Oncogene
2001, 20:6403–6417.

8. Li W, Hu P, Skolnik EY, Ullrich A and Schlessinger J: The SH2 and
SH3 domain-containing Nck protein is oncogenic and a
common target for phosphorylation by different surface
receptors. Mol Cell Biol 1992, 12:5824–5833.

9. Park D and Rhee SG: Phosphorylation of Nck in response to a
variety of receptors, phorbol myristate acetate, and cyclic
AMP. Mol Cell Biol 1992, 12:5816–5823.

10. Kroll J and Waltenberger J: The vascular endothelial growth
factor receptor KDR activates multiple signal transduction
pathways in porcine aortic endothelial cells. J Biol Chem 1997,
272:32521–32527.

11. Ito N, Wernstedt C, Engstrom U and Claesson-Welsh L: Identifica-
tion of vascular endothelial growth factor receptor-1
tyrosine phosphorylation sites and binding of SH2 domain-
containing molecules. J Biol Chem 1998, 273:23410–23418.

12. Igarashi K, Isohara T, Kato T, Shigeta K, Yamano T and Uno I:
Tyrosine 1213 of Flt-1 is a major binding site of Nck and
SHP-2. Biochem Biophys Res Commun 1998, 246:95–99.

13. Lamalice L, Houle F and Huot J: Phosphorylation of Tyr1214
within VEGFR-2 triggers the recruitment of Nck and
activation of Fyn leading to SAPK2/p38 activation and
endothelial cell migration in response to VEGF. J Biol Chem
2006, 281:34009–34020.

14. Nishimura R, Li W, Kashishian A, Mondino A, Zhou M, Cooper J and
Schlessinger J: Two signaling molecules share a phosphotyr-
osine-containing binding site in the platelet-derived growth
factor receptor. Mol Cell Biol 1993, 13:6889–6896.

15. Rivera GM, Antoku S, Gelkop S, Shin NY, Hanks SK, Pawson T and
Mayer BJ: Requirement of Nck adaptors for actin dynamics
and cell migration stimulated by platelet-derived growth
factor B. Proc Natl Acad Sci USA 2006, 103:9536–9541.

16. Kochhar KS and Iyer AP: Hepatocyte growth factor induces
activation of Nck and phospholipase C-gamma in lung
carcinoma cells. Cancer Lett 1996, 104:163–169.

17. Stein E, Huynh-Do U, Lane AA, Cerretti DP and Daniel TO: Nck
recruitment to Eph receptor, EphB1/ELK, couples ligand
activation to c-Jun kinase. J Biol Chem 1998, 273:1303–1308.

18. Vindis C, Teli T, Cerretti DP, Turner CE and Huynh-Do U: EphB1-
mediated cell migration requires the phosphorylation of
paxillin at Tyr-31/Tyr-118. J Biol Chem 2004, 279:27965–27970.

19. Lock P, Casagranda F and Dunn AR: Independent SH2-binding
sites mediate interaction of Dok-related protein with
RasGTPase-activating protein and Nck. J Biol Chem 1999,
274:22775–22784.

20. Becker E, Huynh-Do U, Holland S, Pawson T, Daniel TO and
Skolnik EY: Nck-interacting Ste20 kinase couples Eph recep-
tors to c-Jun N-terminal kinase and integrin activation. Mol
Cell Biol 2000, 20:1537–1545.

21. Lemay S, Davidson D, Latour S and Veillette A: Dok-3, a novel
adapter molecule involved in the negative regulation of
immunoreceptor signaling. Mol Cell Biol 2000, 20:2743–2754.

22. Frese S, Schubert WD, Findeis AC, Marquardt T, Roske YS,
Stradal TE and Heinz DW: The phosphotyrosine peptide
binding specificity of Nck1 and Nck2 Src homology 2
domains. J Biol Chem 2006, 281:18236–18245.

23. Brown MC, Cary LA, Jamieson JS, Cooper JA and Turner CE: Src
and FAK kinases cooperate to phosphorylate paxillin kinase
linker, stimulate its focal adhesion localization, and regulate
cell spreading and protrusiveness. Mol Biol Cell 2005,
16:4316–4328.

24. Verma R, Kovari I, Soofi A, Nihalani D, Patrie K and Holzman LB:
Nephrin ectodomain engagement results in Src kinase
activation, nephrin phosphorylation, Nck recruitment, and
actin polymerization. J Clin Invest 2006, 116:1346–1359.

25. Jones N, Blasutig IM, Eremina V, Ruston JM, Bladt F, Li H, Huang H,
Larose L, Li SS, Takano T, Quaggin SE and Pawson T: Nck adaptor
proteins link nephrin to the actin cytoskeleton of kidney
podocytes. Nature 2006, 440:818–823.

26. Wunderlich L, Farago A, Downward J and Buday L: Association of
Nck with tyrosine-phosphorylated SLP-76 in activated T
lymphocytes. Eur J Immunol 1999, 29:1068–1075.

27. Cowan CA and Henkemeyer M: The SH2/SH3 adaptor Grb4
transduces B-ephrin reverse signals. Nature 2001,
413:174–179.

28. Houtman JC, Higashimoto Y, Dimasi N, Cho S, Yamaguchi H,
Bowden B, Regan C, Malchiodi EL, Mariuzza R, Schuck P, Appella E
and Samelson LE: Binding specificity of multiprotein signaling
complexes is determined by both cooperative interactions
and affinity preferences. Biochemistry 2004, 43:4170–4178.

29. Wunderlich L, Goher A, Farago A, Downward J and Buday L:
Requirement of multiple SH3 domains of Nck for ligand
binding. Cell Signal 1999, 11:253–262.

30. Rivero-Lezcano OM, Marcilla A, Sameshima JH and Robbins KC:
Wiskott-Aldrich syndrome protein physically associates

Cell Communication and Signaling 2009, 7:1 http://www.biosignaling.com/content/7/1/1

Page 10 of 13
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/pubmed/12034353?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12034353?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12808099?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12808099?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12808099?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12808099?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11027258?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11027258?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11027258?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15579908?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15579908?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15579908?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15579908?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14517291?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14517291?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14517291?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17591694?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17591694?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17591694?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11607841?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11607841?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1333047?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1333047?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1333047?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1333047?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1333046?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1333046?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1333046?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9405464?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9405464?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9405464?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9722576?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9722576?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9722576?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9722576?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9600074?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9600074?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16966330?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16966330?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16966330?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16966330?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7692233?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7692233?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7692233?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16769879?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16769879?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16769879?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8665484?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8665484?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8665484?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9430661?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9430661?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9430661?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15107421?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15107421?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15107421?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10428862?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10428862?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10428862?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10669731?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10669731?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10733577?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10733577?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10733577?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16636066?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16636066?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16636066?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16000375?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16000375?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16000375?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16000375?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16543952?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16543952?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16543952?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16525419?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16525419?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16525419?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10229072?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10229072?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10229072?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11557983?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11557983?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15065860?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15065860?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15065860?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10372803?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10372803?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7565724?dopt=Abstract


with Nck through Src homology 3 domains. Mol Cell Biol 1995,
15:5725–5731.

31. Anton IM, Lu W, Mayer BJ, Ramesh N and Geha RS: The Wiskott-
Aldrich syndrome protein-interacting protein (WIP) binds
to the adaptor protein Nck. J Biol Chem 1998, 273:20992–20995.

32. Badour K, Zhang J and Siminovitch KA: Involvement of the
Wiskott-Aldrich syndrome protein and other actin regula-
tory adaptors in T cell activation. Semin Immunol 2004,
16:395–407.

33. Zhong JL, Poghosyan Z, Pennington CJ, Scott X, Handsley MM,
Warn A, Gavrilovic J, Honert K, Kruger A, Span PN, Sweep FC and
Edwards DR: Distinct functions of natural ADAM-15 cyto-
plasmic domain variants in human mammary carcinoma.
Mol Cancer Res 2008, 6:383–394.

34. Gil D, Schamel WW, Montoya M, Sanchez-Madrid F and Alarcon B:
Recruitment of Nck by CD3 epsilon reveals a ligand-induced
conformational change essential for T cell receptor signal-
ing and synapse formation. Cell 2002, 109:901–912.

35. Liu J, Li M, Ran X, Fan JS and Song J: Structural insight into the
binding diversity between the human Nck2 SH3 domains
and proline-rich proteins. Biochemistry 2006, 45:7171–7184.

36. Hake MJ, Choowongkomon K, Kostenko O, Carlin CR and
Sonnichsen FD: Specificity determinants of a novel Nck
interaction with the juxtamembrane domain of the epider-
mal growth factor receptor. Biochemistry 2008, 47:3096–3108.

37. Kebache S, Cardin E, Nguyen DT, Chevet E and Larose L: Nck-1
antagonizes the endoplasmic reticulum stress-induced inhi-
bition of translation. J Biol Chem 2004, 279:9662–9671.

38. Russell JH and Ley TJ: Lymphocyte-mediated cytotoxicity. Annu
Rev Immunol 2002, 20:323–370.

39. Burkhardt JK, Carrizosa E and Shaffer MH: The actin cytoskeleton
in T cell activation. Annu Rev Immunol 2008, 26:233–259.

40. Depoil D, Zaru R, Guiraud M, Chauveau A, Harriague J, Bismuth G,
Utzny C, Muller S and Valitutti S: Immunological synapses are
versatile structures enabling selective T cell polarization.
Immunity 2005, 22:185–194.

41. Wiedemann A, Depoil D, Faroudi M and Valitutti S: Cytotoxic T
lymphocytes kill multiple targets simultaneously via spatio-
temporal uncoupling of lytic and stimulatory synapses. Proc
Natl Acad Sci USA 2006, 103:10985–10990.

42. Fuller CL, Braciale VL and Samelson LE: All roads lead to actin:
the intimate relationship between TCR signaling and the
cytoskeleton. Immunol Rev 2003, 191:220–236.

43. Pitcher LA and van Oers NS: T-cell receptor signal transmis-
sion: who gives an ITAM?. Trends Immunol 2003, 24:554–560.

44. Mustelin T and Tasken K: Positive and negative regulation of T-
cell activation through kinases and phosphatases. Biochem J
2003, 371:15–27.

45. Horejsi V, Zhang W and Schraven B: Transmembrane adaptor
proteins: organizers of immunoreceptor signalling. Nat Rev
Immunol 2004, 4:603–616.

46. Takenawa T and Suetsugu S: The WASP-WAVE protein
network: connecting the membrane to the cytoskeleton.
Nat Rev Mol Cell Biol 2007, 8:37–48.

47. Rohatgi R, Nollau P, Ho HY, Kirschner MW and Mayer BJ: Nck and
phosphatidylinositol 4,5-bisphosphate synergistically acti-
vate actin polymerization through the N-WASP-Arp2/3
pathway. J Biol Chem 2001, 276:26448–26452.

48. Barda-Saad M, Braiman A, Titerence R, Bunnell SC, Barr VA and
Samelson LE: Dynamic molecular interactions linking the
T cell antigen receptor to the actin cytoskeleton. Nat Immunol
2005, 6:80–89.

49. Zeng R, Cannon JL, Abraham RT, Way M, Billadeau DD, Bubeck-
Wardenberg J and Burkhardt JK: SLP-76 coordinates Nck-
dependent Wiskott-Aldrich syndrome protein recruitment
with Vav-1/Cdc42-dependent Wiskott-Aldrich syndrome
protein activation at the T cell-APC contact site. J Immunol
2003, 171:1360–1368.

50. Szymczak AL, Workman CJ, Gil D, Dilioglou S, Vignali KM, Palmer E
and Vignali DA: The CD3epsilon proline-rich sequence, and its
interaction with Nck, is not required for T cell development
and function. J Immunol 2005, 175:270–275.

51. Minguet S, Swamy M, Alarcon B, Luescher IF and Schamel WW: Full
activation of the T cell receptor requires both clustering and
conformational changes at CD3. Immunity 2007, 26:43–54.

52. Risueno RM, Schamel WW and Alarcon B: T cell receptor
engagement triggers its CD3epsilon and CD3zeta subunits
to adopt a compact, locked conformation. PLoS ONE 2008, 3:
e1747.

53. Risueno RM, Gil D, Fernandez E, Sanchez-Madrid F and Alarcon B:
Ligand-induced conformational change in the T-cell recep-
tor associated with productive immune synapses. Blood 2005,
106:601–608.

54. Risueno RM, van Santen HM and Alarcon B: A conformational
change senses the strength of T cell receptor-ligand
interaction during thymic selection. Proc Natl Acad Sci USA
2006, 103:9625–9630.

55. Tailor P, Tsai S, Shameli A, Serra P, Wang J, Robbins S, Nagata M,
Szymczak-Workman AL, Vignali DA and Santamaria P: The proline-
rich sequence of CD3epsilon as an amplifier of low-avidity
TCR signaling. J Immunol 2008, 181:243–255.

56. Kesti T, Ruppelt A, Wang JH, Liss M, Wagner R, Tasken K and
Saksela K: Reciprocal regulation of SH3 and SH2 domain
binding via tyrosine phosphorylation of a common site in
CD3epsilon. J Immunol 2007, 179:878–885.

57. Takeuchi K, Yang H, Ng E, Park SY, Sun ZY, Reinherz EL and
Wagner G: Structural and functional evidence that Nck
interaction with CD3epsilon regulates T-cell receptor
activity. J Mol Biol 2008, 380:704–716.

58. Borroto A, Lama J, Niedergang F, utry-Varsat A, Alarcon B and
Alcover A: The CD3 epsilon subunit of the TCR contains
endocytosis signals. J Immunol 1999, 163:25–31.

59. Mingueneau M, Sansoni A, Gregoire C, Roncagalli R, Aguado E,
Weiss A, Malissen M and Malissen B: The proline-rich sequence
of CD3epsilon controls T cell antigen receptor expression
on and signaling potency in preselection CD4+CD8+
thymocytes. Nat Immunol 2008, 9:522–532.

60. Bonifacino JS, McCarthy SA, Maguire JE, Nakayama T, Singer DS,
Klausner RD and Singer A: Novel post-translational regulation
of TCR expression in CD4+CD8+ thymocytes influenced by
CD4. Nature 1990, 344:247–251.

61. Nakayama T, June CH, Munitz TI, Sheard M, McCarthy SA,
Sharrow SO, Samelson LE and Singer A: Inhibition of T cell
receptor expression and function in immature CD4+CD8+
cells by CD4. Science 1990, 249:1558–1561.

62. Wiest DL, Yuan L, Jefferson J, Benveniste P, Tsokos M, Klausner RD,
Glimcher LH, Samelson LE and Singer A: Regulation of T cell
receptor expression in immature CD4+CD8+ thymocytes
by p56lck tyrosine kinase: basis for differential signaling by
CD4 and CD8 in immature thymocytes expressing both
coreceptor molecules. J Exp Med 1993, 178:1701–1712.

63. Myers MD, Dragone LL and Weiss A: Src-like adaptor protein
down-regulates T cell receptor (TCR)-CD3 expression by
targeting TCRzeta for degradation. J Cell Biol 2005,
170:285–294.

64. Myers MD, Sosinowski T, Dragone LL, White C, Band H, Gu H and
Weiss A: Src-like adaptor protein regulates TCR expression
on thymocytes by linking the ubiquitin ligase c-Cbl to the
TCR complex. Nat Immunol 2006, 7:57–66.

65. Roehm N, Herron L, Cambier J, DiGuisto D, Haskins K, Kappler J
and Marrack P: The major histocompatibility complex-
restricted antigen receptor on T cells: distribution on
thymus and peripheral T cells. Cell 1984, 38:577–584.

66. Bubeck WJ, Pappu R, Bu JY, Mayer B, Chernoff J, Straus D and
Chan AC: Regulation of PAK activation and the T cell
cytoskeleton by the linker protein SLP-76. Immunity 1998,
9:607–616.

67. Yablonski D, Kane LP, Qian D and Weiss A: A Nck-Pak1 signaling
module is required for T-cell receptor-mediated activation
of NFAT, but not of JNK. EMBO J 1998, 17:5647–5657.

68. Chu P, Pardo J, Zhao H, Li CC, Pali E, Shen MM, Qu K, Yu SX,
Huang BC, Yu P, Masuda ES, Molineaux SM, Kolbinger F, Aversa G,
de VJ, Payan DG and Liao XC: Systematic identification of
regulatory proteins critical for T-cell activation. J Biol 2003,
2:21.

69. Chu PC, Wu J, Liao XC, Pardo J, Zhao H, Li C, Mendenhall MK,
Pali E, Shen M, Yu S, Taylor VC, Aversa G, Molineaux S, Payan DG
and Masuda ES: A novel role for p21-activated protein kinase 2
in T cell activation. J Immunol 2004, 172:7324–7334.

70. Bokoch GM: Biology of the p21-activated kinases. Annu Rev
Biochem 2003, 72:743–781.

71. Ku GM, Yablonski D, Manser E, Lim L and Weiss A: A PAK1-PIX-
PKL complex is activated by the T-cell receptor indepen-
dent of Nck, Slp-76 and LAT. EMBO J 2001, 20:457–465.

72. Galisteo ML, Chernoff J, Su YC, Skolnik EY and Schlessinger J: The
adaptor protein Nck links receptor tyrosine kinases with the
serine-threonine kinase Pak1. J B i o l Chem 1996,
271:20997–21000.

Cell Communication and Signaling 2009, 7:1 http://www.biosignaling.com/content/7/1/1

Page 11 of 13
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/pubmed/7565724?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9694849?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9694849?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9694849?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15541654?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15541654?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15541654?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18296648?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18296648?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12110186?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12110186?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12110186?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16752908?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16752908?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16752908?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18269246?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18269246?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18269246?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14676213?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14676213?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14676213?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11861606?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18304005?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18304005?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15723807?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15723807?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16832064?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16832064?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16832064?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12614363?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12614363?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12614363?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14552840?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14552840?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12485116?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12485116?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15286727?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15286727?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17183359?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17183359?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11340081?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11340081?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11340081?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11340081?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15558067?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15558067?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12874226?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12874226?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12874226?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12874226?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15972658?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15972658?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15972658?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17188005?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17188005?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17188005?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18320063?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18320063?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18320063?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15790785?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15790785?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16766661?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16766661?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16766661?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18566390?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18566390?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18566390?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17617578?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17617578?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17617578?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18555270?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18555270?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18555270?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10384095?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10384095?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18408722?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18408722?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18408722?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18408722?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1690353?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1690353?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1690353?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2120773?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2120773?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2120773?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8228817?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8228817?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8228817?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8228817?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8228817?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16027224?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16027224?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16027224?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16327786?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16327786?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16327786?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6331891?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6331891?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6331891?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9846482?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9846482?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9755165?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9755165?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9755165?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12974981?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12974981?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15187108?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15187108?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12676796?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11157752?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11157752?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11157752?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8798379?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8798379?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8798379?dopt=Abstract


73. Bokoch GM, Wang Y, Bohl BP, Sells MA, Quilliam LA and Knaus UG:
Interaction of the Nck adapter protein with p21-activated
kinase (PAK1). J Biol Chem 1996, 271:25746–25749.

74. Manser E, Loo TH, Koh CG, Zhao ZS, Chen XQ, Tan L, Tan I,
Leung T and Lim L: PAK kinases are directly coupled to the
PIX family of nucleotide exchange factors. Mol Cell 1998,
1:183–192.

75. Bagrodia S, Taylor SJ, Jordon KA, Van AL and Cerione RA: A novel
regulator of p21-activated kinases. J Biol Chem 1998,
273:23633–23636.

76. Bagrodia S, Bailey D, Lenard Z, Hart M, Guan JL, Premont RT,
Taylor SJ and Cerione RA: A tyrosine-phosphorylated protein
that binds to an important regulatory region on the cool
family of p21-activated kinase-binding proteins. J Biol Chem
1999, 274:22393–22400.

77. Turner CE, Brown MC, Perrotta JA, Riedy MC, Nikolopoulos SN,
McDonald AR, Bagrodia S, Thomas S and Leventhal PS: Paxillin LD4
motif binds PAK and PIX through a novel 95-kD ankyrin
repeat, ARF-GAP protein: A role in cytoskeletal remodel-
ing. J Cell Biol 1999, 145:851–863.

78. Daniels RH, Hall PS and Bokoch GM: Membrane targeting of
p21-activated kinase 1 (PAK1) induces neurite outgrowth
from PC12 cells. EMBO J 1998, 17:754–764.

79. Bokoch GM, Reilly AM, Daniels RH, King CC, Olivera A, Spiegel S
and Knaus UG: A GTPase-independent mechanism of p21-
activated kinase activation. Regulation by sphingosine and
other biologically active lipids. J B io l Chem 1998,
273:8137–8144.

80. Turner CE, West KA and Brown MC: Paxillin-ARF GAP
signaling and the cytoskeleton. Curr Opin Cell Biol 2001,
13:593–599.

81. Phee H, Abraham RT and Weiss A: Dynamic recruitment of
PAK1 to the immunological synapse is mediated by PIX
independently of SLP-76 and Vav1. Nat Immunol 2005,
6:608–617.

82. Veillette A: Immune regulation by SLAM family receptors and
SAP-related adaptors. Nat Rev Immunol 2006, 6:56–66.

83. Li C, Iosef C, Jia CY, Gkourasas T, Han VK and Shun-Cheng LS:
Disease-causing SAP mutants are defective in ligand binding
and protein folding. Biochemistry 2003, 42:14885–14892.

84. Li C, Iosef C, Jia CY, Han VK and Li SS: Dual functional roles for
the X-linked lymphoproliferative syndrome gene product
SAP/SH2D1A in signaling through the signaling lymphocyte
activation molecule (SLAM) family of immune receptors. J
Biol Chem 2003, 278:3852–3859.

85. Latour S, Roncagalli R, Chen R, Bakinowski M, Shi X,
Schwartzberg PL, Davidson D and Veillette A: Binding of SAP
SH2 domain to FynT SH3 domain reveals a novel mechan-
ism of receptor signalling in immune regulation. Nat Cell Biol
2003, 5:149–154.

86. Chan B, Lanyi A, Song HK, Griesbach J, Simarro-Grande M, Poy F,
Howie D, Sumegi J, Terhorst C and Eck MJ: SAP couples Fyn to
SLAM immune receptors. Nat Cell Biol 2003, 5:155–160.

87. Gu C, Tangye SG, Sun X, Luo Y, Lin Z and Wu J: The X-linked
lymphoproliferative disease gene product SAP associates
with PAK-interacting exchange factor and participates in
T cell activation. Proc Natl Acad Sci USA 2006, 103:14447–14452.

88. Lettau M, Schmidt H, Kabelitz D and Janssen O: Secretory
lysosomes and their cargo in T and NK cells. Immunol Lett
2007, 108:10–19.

89. Lettau M, Paulsen M, Kabelitz D and Janssen O: Storage,
expression and function of Fas ligand, the key death factor
of immune cells. Curr Med Chem 2008, 15:1684–1696.

90. Lettau M, Qian J, Linkermann A, Latreille M, Larose L, Kabelitz D and
Janssen O: The adaptor protein Nck interacts with Fas ligand:
Guiding the death factor to the cytotoxic immunological
synapse. Proc Natl Acad Sci USA 2006, 103:5911–5916.

91. Wenzel J, Sanzenbacher R, Ghadimi M, Lewitzky M, Zhou Q,
Kaplan DR, Kabelitz D, Feller SM and Janssen O: Multiple
interactions of the cytosolic polyproline region of the
CD95 ligand: hints for the reverse signal transduction
capacity of a death factor. FEBS Lett 2001, 509:255–262.

92. Kremer BE, Adang LA and Macara IG: Septins regulate actin
organization and cell-cycle arrest through nuclear accumu-
lation of NCK mediated by SOCS7. Cell 2007, 130:837–850.

93. Matuoka K, Miki H, Takahashi K and Takenawa T: A novel ligand
for an SH3 domain of the adaptor protein Nck bears an SH2
domain and nuclear signaling motifs. Biochem Biophys Res
Commun 1997, 239:488–492.

94. Martens N, Wery M, Wang P, Braet F, Gertler A, Hooghe R,
Vandenhaute J and Hooghe-Peters EL: The suppressor of
cytokine signaling (SOCS)-7 interacts with the actin cytos-
keleton through vinexin. Exp Cell Res 2004, 298:239–248.

95. Lawe DC, Hahn C and Wong AJ: The Nck SH2/SH3 adaptor
protein is present in the nucleus and associates with the
nuclear protein SAM68. Oncogene 1997, 14:223–231.

96. Najib S, Martin-Romero C, Gonzalez-Yanes C and Sanchez-
Margalet V: Role of Sam68 as an adaptor protein in signal
transduction. Cell Mol Life Sci 2005, 62:36–43.

97. Cote J, Boisvert FM, Boulanger MC, Bedford MT and Richard S:
Sam68 RNA binding protein is an in vivo substrate for
protein arginine N-methyltransferase 1. Mol Biol Cell 2003,
14:274–287.

98. Ishidate T, Yoshihara S, Kawasaki Y, Roy BC, Toyoshima K and
Akiyama T: Identification of a novel nuclear localization signal
in Sam68. FEBS Lett 1997, 409:237–241.

99. Hu Q, Milfay D and Williams LT: Binding of NCK to SOS and
activation of ras-dependent gene expression. Mol Cell Biol
1995, 15:1169–1174.

100. Okada S and Pessin JE: Interactions between Src homology
(SH) 2/SH3 adapter proteins and the guanylnucleotide
exchange factor SOS are differentially regulated by insulin
and epidermal growth factor. J B io l Chem 1996,
271:25533–25538.

101. Wunderlich L, Farago A and Buday L: Characterization of
interactions of Nck with Sos and dynamin. Cell Signal 1999,
11:25–29.

102. Wang B, Zou JX, Ek-Rylander B and Ruoslahti E: R-Ras contains a
proline-rich site that binds to SH3 domains and is required
for integrin activation by R-Ras. J Biol Chem 2000,
275:5222–5227.

103. Cardin E, Latreille M, Khoury C, Greenwood MT and Larose L:Nck-
1 selectively modulates eIF2alphaSer51 phosphorylation by
a subset of eIF2alpha-kinases. FEBS J 2007, 274:5865–5875.

104. Cardin E and Larose L: Nck-1 interacts with PKR and
modulates its activation by dsRNA. Biochem Biophys Res
Commun 2008, 377:231–235.

105. Kebache S, Zuo D, Chevet E and Larose L: Modulation of protein
translation by Nck-1. Proc Natl Acad Sci USA 2002, 99:5406–5411.

106. Latreille M and Larose L: Nck in a complex containing the
catalytic subunit of protein phosphatase 1 regulates eukar-
yotic initiation factor 2alpha signaling and cell survival to
endoplasmic ret iculum stress. J B io l Chem 2006,
281:26633–26644.

107. Ren R, Ye ZS and Baltimore D: Abl protein-tyrosine kinase
selects the Crk adapter as a substrate using SH3-binding
sites. Genes Dev 1994, 8:783–795.

108. Teo M, Tan L, Lim L and Manser E: The tyrosine kinase ACK1
associates with clathrin-coated vesicles through a binding
motif shared by arrestin and other adaptors. J Biol Chem 2001,
276:18392–18398.

109. Coutinho S, Jahn T, Lewitzky M, Feller S, Hutzler P, Peschel C and
Duyster J: Characterization of Ggrb4, an adapter protein
interacting with Bcr-Abl. Blood 2000, 96:618–624.

110. Lussier G and Larose L: A casein kinase I activity is
constitutively associated with Nck. J Biol Chem 1997,
272:2688–2694.

111. Rivero-Lezcano OM, Sameshima JH, Marcilla A and Robbins KC:
Physical association between Src homology 3 elements and
the protein product of the c-cbl proto-oncogene. J Biol Chem
1994, 269:17363–17366.

112. Li X, Meriane M, Triki I, Shekarabi M, Kennedy TE, Larose L and
Lamarche-Vane N: The adaptor protein Nck-1 couples the
netrin-1 receptor DCC (deleted in colorectal cancer) to the
activation of the small GTPase Rac1 through an atypical
mechanism. J Biol Chem 2002, 277:37788–37797.

113. Tu Y, Kucik DF and Wu C: Identification and kinetic analysis of
the interaction between Nck-2 and DOCK180. FEBS Lett 2001,
491:193–199.

114. Oldenhof J, Vickery R, Anafi M, Oak J, Ray A, Schoots O, Pawson T,
von ZM and Van Tol HH: SH3 binding domains in the dopamine
D4 receptor. Biochemistry 1998, 37:15726–15736.

115. Choudhury GG, Marra F and Abboud HE: Thrombin stimulates
association of src homology domain containing adaptor
protein Nck with pp125FAK. Am J Physiol 1996, 270:F295–F300.

116. Goicoechea SM, Tu Y, Hua Y, Chen K, Shen TL, Guan JL and Wu C:
Nck-2 interacts with focal adhesion kinase and modulates
cell motility. Int J Biochem Cell Biol 2002, 34:791–805.

Cell Communication and Signaling 2009, 7:1 http://www.biosignaling.com/content/7/1/1

Page 12 of 13
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/pubmed/8824201?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8824201?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9659915?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9659915?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9726964?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9726964?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10428811?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10428811?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10428811?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10330411?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10330411?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10330411?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10330411?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9451000?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9451000?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9451000?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9525917?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9525917?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9525917?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11544028?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11544028?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15864311?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15864311?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15864311?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16493427?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16493427?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14674764?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14674764?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12458214?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12458214?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12458214?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12458214?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12545173?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12545173?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12545173?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12545174?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12545174?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16983070?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16983070?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16983070?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16983070?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17097742?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17097742?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18673218?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18673218?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18673218?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16595635?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16595635?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16595635?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11741599?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11741599?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11741599?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11741599?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17803907?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17803907?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17803907?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9344857?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9344857?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9344857?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15242778?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15242778?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15242778?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9010224?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9010224?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9010224?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15619005?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15619005?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12529443?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12529443?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9202153?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9202153?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7862111?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7862111?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8810325?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8810325?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8810325?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8810325?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10206341?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10206341?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10671570?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10671570?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10671570?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17944934?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17944934?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17944934?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18835251?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18835251?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11959995?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11959995?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16835242?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16835242?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16835242?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16835242?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7926767?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7926767?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7926767?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11278436?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11278436?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11278436?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10887126?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10887126?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9006905?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9006905?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7517397?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7517397?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12149262?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12149262?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12149262?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12149262?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11240126?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11240126?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9843378?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9843378?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8779890?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8779890?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8779890?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11950595?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11950595?dopt=Abstract


117. Zhao C, Ma H, Bossy-Wetzel E, Lipton SA, Zhang Z and Feng GS:
GC-GAP, a Rho family GTPase-activating protein that
interacts with signaling adapters Gab1 and Gab2. J Biol
Chem 2003, 278:34641–34653.

118. Zhao ZS, Manser E and Lim L: Interaction between PAK and
nck: a template for Nck targets and role of PAK autopho-
sphorylation. Mol Cell Biol 2000, 20:3906–3917.

119. Oehrl W, Kardinal C, Ruf S, Adermann K, Groffen J, Feng GS,
Blenis J, Tan TH and Feller SM: The germinal center kinase
(GCK)-related protein kinases HPK1 and KHS are candi-
dates for highly selective signal transducers of Crk family
adapter proteins. Oncogene 1998, 17:1893–1901.

120. Tu Y, Liang L, Frank SJ and Wu C: Src homology 3 domain-
dependent interaction of Nck-2 with insulin receptor
substrate-1. Biochem J 2001, 354:315–322.

121. Yamamoto A, Suzuki T and Sakaki Y: Isolation of hNap1BP which
interacts with human Nap1 (NCKAP1) whose expression is
down-regulated in Alzheimer's disease. Gene 2001,
271:159–169.

122. Kitamura T, Kitamura Y, Yonezawa K, Totty NF, Gout I, Hara K,
Waterfield MD, Sakaue M, Ogawa W and Kasuga M: Molecular
cloning of p125Nap1, a protein that associates with an SH3
domain of Nck. Biochem Biophys Res Commun 1996, 219:509–514.

123. Su YC, Han J, Xu S, Cobb M and Skolnik EY: NIK is a new Ste20-
related kinase that binds NCK and MEKK1 and activates the
SAPK/JNK cascade via a conserved regulatory domain.
EMBO J 1997, 16:1279–1290.

124. Bagrodia S, Taylor SJ, Creasy CL, Chernoff J and Cerione RA:
Identification of a mouse p21Cdc42/Rac activated kinase. J
Biol Chem 1995, 270:22731–22737.

125. Tu Y, Li F and Wu C: Nck-2, a novel Src homology2/3-
containing adaptor protein that interacts with the LIM-only
protein PINCH and components of growth factor receptor
kinase-signaling pathways. Mol Biol Cell 1998, 9:3367–3382.

126. Quilliam LA, Lambert QT, Mickelson-Young LA, Westwick JK,
Sparks AB, Kay BK, Jenkins NA, Gilbert DJ, Copeland NG and
Der CJ: Isolation of a NCK-associated kinase, PRK2, an SH3-
binding protein and potential effector of Rho protein
signaling. J Biol Chem 1996, 271:28772–28776.

127. Rebhun JF, Chen H and Quilliam LA: Identification and
characterization of a new family of guanine nucleotide
exchange factors for the ras-related GTPase Ral. J Biol Chem
2000, 275:13406–13410.

128. Chou MM and Hanafusa H: A novel ligand for SH3 domains.
The Nck adaptor protein binds to a serine/threonine kinase
via an SH3 domain. J Biol Chem 1995, 270:7359–7364.

129. Fu CA, Shen M, Huang BC, Lasaga J, Payan DG and Luo Y: TNIK, a
novel member of the germinal center kinase family that
activates the c-Jun N-terminal kinase pathway and regulates
the cytoskeleton. J Biol Chem 1999, 274:30729–30737.

130. Sudol M: Yes-associated protein (YAP65) is a proline-rich
phosphoprotein that binds to the SH3 domain of the Yes
proto-oncogene product. Oncogene 1994, 9:2145–2152.

131. Frischknecht F, Moreau V, Rottger S, Gonfloni S, Reckmann I,
Superti-Furga G and Way M: Actin-based motility of vaccinia
virus mimics receptor tyrosine kinase signalling. Nature 1999,
401:926–929.

132. Galisteo ML, Yang Y, Urena J and Schlessinger J: Activation of the
nonreceptor protein tyrosine kinase Ack by multiple
extracellular stimuli. Proc Nat l Acad Sci USA 2006,
103:9796–9801.

133. Sotgia F, Lee H, Bedford MT, Petrucci T, Sudol M and Lisanti MP:
Tyrosine phosphorylation of beta-dystroglycan at its WW
domain binding motif, PPxY, recruits SH2 domain contain-
ing proteins. Biochemistry 2001, 40:14585–14592.

134. Mizuno K, Tagawa Y, Mitomo K, Watanabe N, Katagiri T,
Ogimoto M and Yakura H: Src homology region 2 domain-
containing phosphatase 1 positively regulates B cell recep-
tor-induced apoptosis by modulating association of B cell
linker protein with Nck and activation of c-Jun NH2-
terminal kinase. J Immunol 2002, 169:778–786.

135. Minegishi M, Tachibana K, Sato T, Iwata S, Nojima Y and
Morimoto C: Structure and function of Cas-L, a 105-kD
Crk-associated substrate-related protein that is involved in
beta 1 integrin-mediated signaling in lymphocytes. J Exp Med
1996, 184:1365–1375.

136. Lee H, Park DS, Wang XB, Scherer PE, Schwartz PE and Lisanti MP:
Src-induced phosphorylation of caveolin-2 on tyrosine 19.
Phospho-caveolin-2 (Tyr(P)19) is localized near focal adhe-
sions, remains associated with lipid rafts/caveolae, but no

longer forms a high molecular mass hetero-oligomer with
caveolin-1. J Biol Chem 2002, 277:34556–34567.

137. Noguchi T, Matozaki T, Inagaki K, Tsuda M, Fukunaga K, Kitamura Y,
Kitamura T, Shii K, Yamanashi Y and Kasuga M: Tyrosine
phosphorylation of p62(Dok) induced by cell adhesion and
insulin: possible role in cell migration. EMBO J 1999,
18:1748–1760.

138. Jones N and Dumont DJ: The Tek/Tie2 receptor signals
through a novel Dok-related docking protein, Dok-R.
Oncogene 1998, 17:1097–1108.

139. Jones N and Dumont DJ: Recruitment of Dok-R to the EGF
receptor through its PTB domain is required for attenua-
tion of Erk MAP kinase activation. Curr Biol 1999, 9:1057–1060.

140. Lee CH, Li W, Nishimura R, Zhou M, Batzer AG, Myers MG Jr,
White MF, Schlessinger J and Skolnik EY: Nck associates with the
SH2 domain-docking protein IRS-1 in insulin-stimulated
cells. Proc Natl Acad Sci USA 1993, 90:11713–11717.

141. Xu P, Jacobs AR and Taylor SI: Interaction of insulin receptor
substrate 3 with insulin receptor, insulin receptor-related
receptor, insulin-like growth factor-1 receptor, and down-
stream signaling proteins. J Biol Chem 1999, 274:15262–15270.

142. Schlaepfer DD, Broome MA and Hunter T: Fibronectin-stimu-
lated signaling from a focal adhesion kinase-c-Src complex:
involvement of the Grb2, p130cas, and Nck adaptor
proteins. Mol Cell Biol 1997, 17:1702–1713.

143. Bocciardi R, Mograbi B, Pasini B, Borrello MG, Pierotti MA,
Bourget I, Fischer S, Romeo G and Rossi B: The multiple
endocrine neoplasia type 2B point mutation switches the
specificity of the Ret tyrosine kinase towards cellular
substrates that are susceptible to interact with Crk and
Nck. Oncogene 1997, 15:2257–2265.

144. Sitko JC, Guevara CI and Cacalano NA: Tyrosine-phosphorylated
SOCS3 interacts with the Nck and Crk-L adapter proteins
and regulates Nck activation. J B i o l Chem 2004,
279:37662–37669.

145. Gruenheid S, DeVinney R, Bladt F, Goosney D, Gelkop S, Gish GD,
Pawson T and Finlay BB: Enteropathogenic E. coli Tir binds Nck
to initiate actin pedestal formation in host cells. Nat Cell Biol
2001, 3:856–859.

146. Suzuki S, Mizutani M, Suzuki K, Yamada M, Kojima M, Hatanaka H and
Koizumi S: Brain-derived neurotrophic factor promotes
interaction of the Nck2 adaptor protein with the TrkB
tyrosine kinase receptor. Biochem Biophys Res Commun 2002,
294:1087–1092.

Publish with BioMed Central   and  every 
scientist can read your work free of charge

"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."

Sir Paul Nurse, Cancer Research UK

Your research papers will be:

available free of charge to the entire biomedical community

peer reviewed and published immediately upon acceptance

cited in PubMed and archived on PubMed Central 

yours — you keep the copyright

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

BioMedcentral

Cell Communication and Signaling 2009, 7:1 http://www.biosignaling.com/content/7/1/1

Page 13 of 13
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/pubmed/12819203?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12819203?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10805734?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10805734?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10805734?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9788432?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9788432?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9788432?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9788432?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11171109?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11171109?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11171109?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11418237?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11418237?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11418237?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8605018?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8605018?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8605018?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9135144?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9135144?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9135144?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7559398?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9843575?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9843575?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9843575?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9843575?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8910519?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8910519?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8910519?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10747847?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10747847?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10747847?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7706279?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7706279?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7706279?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10521462?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10521462?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10521462?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10521462?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8035999?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8035999?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8035999?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10553910?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10553910?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16777958?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16777958?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16777958?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11724572?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11724572?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11724572?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12097380?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12097380?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12097380?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12097380?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12097380?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8879209?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8879209?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8879209?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12091389?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12091389?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12091389?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12091389?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12091389?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10202139?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10202139?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10202139?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9764820?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9764820?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10508618?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10508618?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10508618?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8265614?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8265614?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8265614?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10329736?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10329736?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10329736?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10329736?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9032297?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9032297?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9032297?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9032297?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9393871?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9393871?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9393871?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9393871?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9393871?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15173187?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15173187?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15173187?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11533668?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11533668?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12074588?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12074588?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12074588?dopt=Abstract
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	The Nck family of adapter proteins
	Nck interaction partners and functional implications
	SH2 domain
	SH3 domains

	Nck and T cell effector function
	Actin reorganisation in T cell activation
	Nck and TCR signaling: Slp76 and/or CD3&epsi;
	Nck and p21-activated kinases (PAKs)
	Nck and SLAM-associated protein (SAP)
	Nck and FasL

	Other aspects of Nck biology: nuclear localization of Nck, cell-cycle arrest and inhibition of translation
	Conclusion
	Abbreviations
	Competing interests
	Authors' contributions
	Acknowledgements
	References

