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Abstract Proteins of the CAS (Crk-associated substrate)

family (BCAR1/p130Cas, NEDD9/HEF1/Cas-L, EFS/SIN

and CASS4/HEPL) are integral players in normal and

pathological cell biology. CAS proteins act as scaffolds to

regulate protein complexes controlling migration and

chemotaxis, apoptosis, cell cycle, and differentiation, and

have more recently been linked to a role in progenitor cell

function. Reflecting these complex functions, over-

expression of CAS proteins has now been strongly linked

to poor prognosis and increased metastasis in cancer, as

well as resistance to first-line chemotherapeutics in multi-

ple tumor types including breast and lung cancers,

glioblastoma, and melanoma. Further, CAS proteins have

also been linked to additional pathological conditions

including inflammatory disorders, Alzheimer’s and Par-

kinson’s disease, as well as developmental defects. This

review will explore the roles of the CAS proteins in normal

and pathological states in the context of the many mech-

anistic insights into CAS protein function that have

emerged in the past decade.

Keywords CAS � BCAR1 � NEDD9 � Scaffold �
Cancer � Invasion � Metastasis � Mitosis

Introduction

In the 15 years since identification of the first member of

the group, proteins of the CAS protein family (in mam-

mals, p130Cas/BCAR1, HEF1/NEDD9/Cas-L, EFS/SIN

and HEPL/CASS4; Table 1) have been recognized as

highly connected nodes in cellular signaling networks,

which play important modulatory roles in both normal and

pathological cell growth regulation. Although to date no

catalytic function has been identified for CAS proteins,

these proteins contain multiple protein interaction motifs,

which allow them to serve as scaffolds for a significant

number of partners, regulating their activity in time and

space. To date, CAS proteins have been most studied in the

context of control of cell migration and invasion in the

context of cancer, processes in which they have assumed

growing importance in the past 5 years. However, a

growing body of work on specific members of the CAS

family supports the broader mechanistic role of these

proteins in influencing cell cycle, differentiation, survival,

and involvement in additional disease-associated states

such as stroke and inflammatory response.

This article will review the current state of under-

standing of CAS protein biology as follows:

- Identification and nomenclature for CAS family

members

- Conserved and unique structural features, and intracel-

lular localization

- General abundance and transcriptional regulation of

CAS gene products

- Post-transcriptional and post-translational regulation of

CAS family members

- Biological functions of CAS proteins

- Cell attachment, migration, chemotaxis, and invasion
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- Apoptosis/anoikis

- Cell cycle control

- Ciliary resorption

- Osteoclast reorganization

- Microbial pathogenesis

- CAS proteins in development

- CAS functionality in cancer

- CAS proteins in other pathological states

- Summary and prospects

Identification and nomenclature

The designation CAS, for (Crk-associated substrate),

reflects the historical basis for identification of this group

of scaffolding proteins. Preliminary studies by the Parsons

group had identified an abundant cellular protein migrating

at 130 kDa that was hyperphosphorylated in v-Crk

(chicken tumor virus no. 10 regulator of kinase) and v-Src-

transformed cells [1, 2]. Sakai et al. [3] cloned this

founding family member, rat p130Cas, establishing that it

bound tightly to both v-Crk and v-Src, and was directly

phosphorylated by Src. The official gene name for the

ortholog group, BCAR1 (breast cancer resistance 1),

reflects the identification of the human p130Cas gene in a

retroviral insertion screen for genes that promote resistance

to tamoxifen [4]. Alternative rare designations for the

protein include CAS1, CASS1, and CRKAS. Human

BCAR1 localizes to chromosome 16q22-q23.

The second member of the group to be reported, EFS

(embryonal Fyn substrate; also known as CAS3, CASS3,

HEFS, SIN), was identified based on interactions with the

Src-family kinases Fyn and Yes, in a 1995 expression

library screen for proteins with high affinity for Src-family

SH3 domains [5], and in a subsequent similar screen,

which isolated the protein as SIN, for Src Interacting [6].

Human EFS localizes to chromosome 14q11-q12.

The third CAS protein (known alternatively as HEF1,

CASL, CAS-L, NEDD9, CAS2, and CASS2) was first

described in 1996. Law et al. [7] identified HEF1 (human

enhancer of filamentation 1) from a functional comple-

mentation/genetic screen, seeking for human genes that

promote filamentous growth in yeast, with the goal of

identify genes regulating cell cycle and polarity. The same

protein was identified later the same year as CAS-related

protein, lymphocyte type (CAS-L), a protein hyperphos-

phorylated on tyrosines upon integrin b1 stimulation in

T-lymphocytes [8]. The official gene name, NEDD9

(neural precursor cell expressed, developmentally down-

regulated 9) was assigned after recognition that a 30

untranslated region of a gene expressed exclusively in early

embryonic, but not adult, mouse brain [9] was orthologous

to the HEF1/CAS-L mRNAs. Human NEDD9 localizes to

chromosome 6p25-p24.

A fourth family member, CASS4 (HEF1-EFS-P130Cas-

like)/CAS4/CASS4, was identified only in 2008, based on

an extensive analysis of genomic and transcriptome

sequences, followed by confirmation that the protein was

expressed and acted similarly to other family members in

some cell types [10]. Human CASS4 localizes to chro-

mosome 20q13.2-q13.31.

An evolutionary analysis of conservation of the CAS

family, reported in [10], has determined that these four

family members are conserved from gnathostomes (jawed

vertebrates) through mammals. There is only one CAS

family member found in lower vertebrates, chordates, and

insects including Drosophila melanogaster. No protein

strongly homologous to the CAS group can be discerned in

Caenorhabditis elegans, Saccharomyces cerevisiae, or

other lower eukaryotes. In subsequent discussion, most

work describes studies performed on BCAR1 and NEDD9;

relatively few publications address the functions of EFS

and CASS4.

Conserved and unique structural features,

and intracellular localization

The size of the human CAS proteins ranges from 561 amino

acids for EFS to 870 amino acids for BCAR1. Characteris-

tically, CAS proteins migrate at a significantly higher

molecular weight than predicted from analysis of their

sequences: for example, BCAR1, MW 125 kDa, migrates at

130 kDa; NEDD9, MW 93 kDa, migrates as a doublet of

105 and 115 kDa. These apparently higher molecular

Table 1 The CAS gene family: Summary of gene ID, human chromosomal location, and murine gene knockout phenotype for four human

family members

Name(s) Gene

ID

Year

identified

Chromosomal

localization

Knockout phenotype in mice References

BCAR1/p130Cas/CASS1 9564 1994 16q23.1 Lethal at embryonic stage 11.5–12.5 due to cardiovascular defects [1–4]

EFS/Sin 10278 1995 14q11.2 Viable, fertile, aging mice incur Intestinal inflammation [5, 6]

NEDD9/HEF1/Cas-L 4739 1996 6p24.1 Viable, fertile, minor defects in maturation of immune system [7–9]

HEPL/CASS4 57091 2008 20q13.31 n/a [10]
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weights largely reflect the extensive phosphorylation of

CAS proteins, discussed below. CAS proteins conserve a

similar domain structure, characterized by four main ele-

ments (Fig. 1). Each CAS protein has an amino-terminal Src

homology 3 (SH3) domain, which confers binding to protein

substrates containing polyproline motifs, with the most

studied partners being FAK [7] and PYK2/RAFTK kinases

[11–18], but also C3G [19], PTP-PEST [20], PTP1B [21],

CIZ [22], and FRNK [23]. The structure of the BCAR1 SH3

domain has been solved at 1.1 Å, and compared to the SH3

domain of a-spectrin (PDB ID: 1SHG) [24]. High homology

among the CAS proteins in this region (for instance, 75%

amino acid identity, 92% similarity with NEDD9) suggests

the BCAR1 SH3 domain can be used to model the SH3

binding domains of the other family members.

Adjacent to the SH3 domain is a large region often

known as the ‘‘substrate domain’’ (SD). The most notable

feature of the SD is the presence of a large number of YxxP

motifs, which when phosphorylated by Src-family kinases

provide canonical binding sites for proteins containing SH2

domains such as Crk, Crk-L, and CRKII [3, 5, 7, 10, 12, 23,

25–27]. The number of motifs ranges between the different

family members, from a low of 8 (EFS) to 9–13 in the other

family members, with variance in the length of this region

accounting for the difference in length between the family

members [3, 5, 7, 10, 28]. Extensive biophysical studies by

the Sheetz group on BCAR1 suggest that this region is

intrinsically unstructured, and that mechanical forces

associated with stretching of the protein may induce an

opening that allows phosphorylation by regulatory kinases

and association with binding partners [29, 30].

Further downstream lies a domain that has relatively

little amino acid homology among the four family mem-

bers, but which is characteristically serine-rich. Structural

analysis of this domain on BCAR1 and NEDD9 reveals a

four-helix bundle [24, 31]. Computational modeling of this

region suggests that this bundle is likely conserved among

other family members [10], and provides a docking site for

a subset of CAS family partners (e.g., 14-3-3 proteins [32],

GRB2 [33]).

The carboxy-terminus of the CAS proteins is extremely

well conserved in primary amino acid sequence and pre-

dicted secondary structure among the CAS protein group,

but has little similarity to proteins outside this protein

family. There is no structural data available on this region

and efforts to study this domain are hindered by the

extreme toxicity of overexpressing this isolated domain in

cell culture [34] and the tendency of the isolated purified

domain to aggregate (unpublished). NEDD9 has been

shown to homodimerize, and to heterodimerize with

BCAR1 through this domain [35]. For all family members

except CASS4, the C-terminal domain contains a

YDYVHL motif [6, 7, 36], which is phosphorylated as an

important early event during cell adhesion, as discussed

below. A BCAR1 peptide encompassing this site has been

co-crystallized with the Src-family member LCK [37].

CAS proteins have been described to interact with a

considerable number of other proteins through this

region, including BCAR3/AND-34, which contains a

GDP-exchange factor (GEF)-like domain, and the BCAR3-

related protein CHAT-H [38, 39], as well as a subunit of

ubiquitin ligase APC/C, CDH1 and E3 ubiquitin ligase

AIP4 [40, 41]. One study established interactions between

the NEDD9 carboxy-terminus and a number of proteins

with helix-loop-helix (HLH) domains, and identified

sequence features within NEDD9 similar to those found in

HLH proteins such as ID2 [35]; these predictions have not

been rigorously examined at the structural level.

In contrast to these structural features, which are held in

common by all the proteins in the CAS family, BCAR1 and

Fig. 1 CAS protein structure and interactions. a CAS proteins

conserve a common structure marked by four discrete domains: SH3

domain, an unstructured substrate domain, a 4-helix bundle, and an

evolutionarily conserved C-terminal domain. Crystal structures have

been obtained for the SH3 domain (1wyx) of human BCAR1 and

4-helix bundle (1z23) of rat BCAR1 are shown. Secondary structure

predictions for the C-terminal domain are also shown; pattern of

a-helices has some features of a focal adhesion-targeting (FAT)

domain, but is not exactly the same. Amino acid sequences correspond

to those for human BCAR1, and vary slightly for other family members.

b For a number of important CAS interacting proteins, exact domains of

interaction have been mapped, and are shown. Proteins known to

interact with the substrate domain specifically through SH2/phospho-

tyrosine interactions are thus indicated. A poly-proline domain

common to BCAR1 and EFS is shown (Pro). See text for details
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EFS also contain polyproline motifs that are bound by

SRC-family kinases, and contribute to processive phos-

phorylation of BCAR1 and EFS by SRC [5, 42]. NEDD9

[34, 43, 44] and BCAR1 [45] contain internal caspase

cleavage sites that are used for processing and destruction

of these proteins during apoptosis; such motifs have not yet

been reported for other family members. Finally, a number

of critical phosphorylation sites have been identified that

regulate protein association, localization, and function;

these are discussed in the sections on cell signaling, below.

Three of the four CAS proteins have been shown to

localize to and function at focal adhesions [7, 10, 46]. In

addition, the SH3 domain of EFS/SIN binds to the first

proline rich-region of FAK, but has not been tested for

localization to focal adhesions [47, 48]. Structure–function

analysis has shown separate contributions of the SH3

domain and the carboxy-terminal domains of BCAR1 for

focal adhesion association, and provided evidence that

phosphorylation by SRC contributed to the localization

[49]. Although concentrated at focal adhesions, substantial

unanchored cytoplasmic pools of CAS proteins also exist,

and can be differentiated from the focal adhesion-associ-

ated pool based on differential phosphorylation (e.g., [50]);

specific adhesion-associated serines have recently been

identified [51]. One CAS protein, NEDD9, has uniquely

been shown to associate with centrosomes, the mitotic

apparatus, and the ciliary basal body (a structure derived

from centrosomes) [52, 53]. Structural domains governing

these NEDD9 localizations have not been established.

Finally, some reports have placed BCAR1 at cell–cell

junctions of polarized cells [54], or the caspase-cleaved

carboxy-terminal fragment of BCAR1 in the nucleus, act-

ing as a transcriptional repressor [55].

General abundance and transcriptional regulation

of CAS gene products

Among the CAS proteins, BCAR1 has been reported as

most ubiquitously expressed, whether in cultured cells or in

vivo [3, 56, 57]. Some early studies of BCAR1 versus

NEDD9 in the hematopoietic system suggested BCAR1

was more highly expressed in differentiated blood cells,

while NEDD9 was elevated in more immature precursors

[8, 12, 58, 59]. BCAR1 protein levels remain consistent

throughout the cell cycle [44]. In contrast to BCAR1, both

EFS and CASS4 have been reported to have extremely

restricted expression patterns. Expression of Efs/Sin is

primarily limited to T-lymphocytes, the thymus, brain, and

skeletal tissue [6]. CASS4 expression is highest in lung and

spleen with lower levels in many other tissues [10].

Essentially no studies have addressed transcriptional reg-

ulation of the BCAR1, EFS, and CASS4 proteins.

In contrast, the abundance of NEDD9 varies signifi-

cantly in different cell types and tissues, and under

different growth conditions. In normal human tissues,

highest levels of NEDD9 mRNA and protein are found

in the lung and kidney, in tissues rich in immature

lymphoid cells, and in the fetal brain (although down-

regulated in adult brain) [7–9]. In cell lines, NEDD9 is

abundant in tumor cells derived from epithelial lineages,

in lymphoma cell lines, and in glioblastomas [58, 60]; as

discussed below, this reflects the common genomic

amplification and/or transcriptional upregulation of

NEDD9 during cancer progression [61–66]. NEDD9

transcription was found to be highly upregulated in

gastrointestinal stromal tumor (GIST) cells selected for

imatinib resistance, although the mechanism of induction

is not known [61].

Several distinct transcription factors or growth condi-

tions have been specifically reported as controlling NEDD9

abundance. TGF-b induces transcription of NEDD9 mRNA

in human breast epithelial cells and in the T-lymphoblas-

toid H9 cell line [65]. TGF-b induction of NEDD9 gene

expression in human dermal fibroblasts is both dose- and

adhesion-dependent, and can result in an increase as high

as 16-fold of NEDD9 protein [66]. All-trans retinoic acid

(ATRA), a vitamin A derivative, upregulates NEDD9

transcription in human neuroblastoma cells [63, 64]. ATRA

induces heterodimerization of the receptors RAR and RXR,

which bind an ATRA response element located in the

NEDD9 promoter [63, 64]. In addition, progesterone

receptor A overexpression upregulates NEDD9 [67], while

estrogen treatment or estrogen receptor overexpression

downregulates NEDD9 in human breast [68] and osteo-

sarcoma [69] cell lines. In human progenitor cells derived

from bone marrow or obtained from umbilical cord blood,

hypoxia induces the upregulation of NEDD9 mRNA [70].

Serum stimulation induces NEDD9 accumulation and hy-

perphosphorylation as cells transition from quiescence to

initiation of cell cycle [44, 53]. Given recent papers sug-

gesting NEDD9 expression promotes a progenitor or stem

cell phenotype in some cell lineages [71, 72], the obser-

vation that the promoter of NEDD9 is bound significantly

by the pro-stem cell factor SOX2 is suggestive [73].

Another intriguing recent report indicated that the dioxin

signals through the aryl hydrocarbon receptor (AhR) to

strongly induce NEDD9 transcription, providing an unex-

pected connection to growth deregulation induced in

response to environmental pollutants [74]. Finally, NEDD9

has been reported to be the target of a microRNA regula-

tory module alternatively regulated in cancer cells, under

the control of miR-145 and miR-125b [75].

In sum, these studies may suggest that BCAR1 supports

essential/baseline functions of the CAS protein group,

CASS4 and EFS function in limited and specialized
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circumstances, and NEDD9 is adapted for response to

multiple dynamic stimuli.

Post-transcriptional and post-translational regulation

CAS proteins undergo significant and rapid changes in

phosphorylation in response to both intrinsic and external

cues. These changes in phosphorylation are integral to the

ability of the CAS proteins to act as scaffolding proteins, to

localize to specific cellular structures, and to regulate the

steady state levels of the proteins by influencing rate of

proteolysis. The most studied stimuli for phosphorylation

of CAS proteins in normal cells are cell attachment and

extrinsic forces; treatment with growth factors or hor-

mones; and cell cycle. Some of the CAS proteins (notably

NEDD9) are also regulated by targeted cleavage and pro-

teolytic degradation. Specific defects in regulation of these

processes relevant to cancer and other pathogenic states are

discussed separately, in ‘‘CAS proteins in cancer’’

Attachment and force

The first identified regulated phosphorylation process

involving CAS proteins was in the context of cellular

attachment to extracellular matrix, activation of integrins

and subsequent spreading [7, 11, 12, 14, 26, 33, 46–48, 76–

78]. As shown in Fig. 2, soon after cell attachment, integrin

signaling activates FAK (or depending on cell type, the

FAK paralog RAFTK/CAK-b/Pyk2) [79]. FAK binds

directly to CAS proteins, based in part on interactions

between the CAS SH3 domain and FAK polyproline

sequences. FAK phosphorylates CAS proteins (BCAR1,

NEDD9, EFS) directly on the C-terminal binding site

YDYVHL [77]. This creates a high affinity site for binding

by the SH2 domain of SRC-family kinases (including SRC,

LYN, FYN, and others), contributing to the recruitment of

these kinases. SRC kinases then rapidly phosphorylate

multiple tyrosine phosphorylation motifs within the CAS

SD, creating binding sites for proteins that promote cell

spreading, including most notably Crk and Crk-L.

While part of the initiation signal is integrin-directed

activation of the FAK and SRC kinases, an additional

signal for CAS hyperphosphorylation arises from the

physical stretching of the protein. Studies by the Sheetz

group determined that physical stretching induced force-

dependent association of BCAR1 with a membrane-asso-

ciated cytoskeletal matrix, and stretch-dependent

phosphorylation of BCAR1 by the FYN kinase [29, 30]. In

this model, association of the SH3 domain of BCAR1 with

FAK connects through talin to the actin cytoskeleton at the

N-terminus of BCAR1, while the C-terminus binds to

SRC-family kinases; extension of the molecule based by

forces generated in the extracellular environment promote-

force-dependent phosphorylation.

More recently, a second adhesion-dependent signaling

process was demonstrated for BCAR1 [51]. BCAR1 and

NEDD9 interact with a partner protein BCAR3 to mediate

anti-estrogen resistance, and to influence activation of the

Rap1 GTPase [39, 80, 81]. Following cell attachment,

BCAR3 supports the gradual emergence of a population of

BCAR1 phosphorylated on serines 139, 437, and 639 [51].

Appearance of this population correlates with spreading/

invasive morphology of cells; significance in terms of

association of BCAR1 with specific signaling partners is

not yet clear.

Although not studied in the same detail as BCAR1,

generally similar mechanisms are likely to apply to

NEDD9, EFS, and CASS4 [5, 7, 10, 28, 58], based on the

common domain structure and common motifs of these

proteins. Of note, the fact that CASS4 lacks a YDYVHL

motif but is nevertheless phosphorylated in a SRC-depen-

dent manner following adhesion implies that an initial

phosphorylation of this motif by FAK cannot be essential

in the attachment-dependent activation process [10]. Some

studies have suggested that a preferred partner of NEDD9

is RAFTK rather than FAK [11, 12]. Additional kinases

have been described as directly phosphorylating or pro-

moting the phosphorylation of NEDD9 or BCAR1,

Fig. 2 Upstream regulators of CAS mRNA and protein expression,

and protein activation. Signaling proteins inducing transcription of

CAS proteins, or influencing their phosphorylation or dephosphoryl-

ation, are indicated. In addition, some stimuli such as hypoxia induce

dynamic changes in CAS expression or modification, but specific

proteins mediating the responses are unknown. See text for details
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although not studied in as great detail. These include Abl,

binding and phosphorylating NEDD9 [7]; and BMX/ETK,

enhancing the phosphorylation of BCAR1 during cell

migration [82].

Growth factors and hormones

Over the past decade, a large number of extrinsic signals

have been identified as leading to rapid phosphorylation of

CAS proteins. Ligand engagement of receptor tyrosine

kinases (RTKs) including fibroblast growth factor 2

receptor (FGFR2) in breast cancer cells [83], vascular

endothelial growth factor receptor (VEGFR) in brain

microvascular endothelial cells [84] and multiple myeloma

cells [85], insulin growth factor receptor (IGFR) in aortic

smooth muscle cells [86], and macrophage colony stimu-

lating factor (M-CSF) in osteoclasts [87], have each been

reported to stimulate BCAR1. Activation of the platelet-

derived growth factor receptor (PDGFR) leads to NEDD9

phosphorylation in glioblastoma cell lines [60].

Activation of G-protein coupled receptors (GPCR) also

causes hyperphosphorylation of BCAR1 and NEDD9.

Neuropeptide GPCR agonists activate BCAR1 in neural

and endocrine cells [88]. Activation of the calcitonin

GPCR induces tyrosine phosphorylation of NEDD9 in

osteoclasts [89, 90]. Activation of the endothelin receptor

activates BCAR1 in cardiomyocytes [91]. Stimulation of

the muscarinic receptor causes tyrosine phosphorylation of

NEDD9 and BCAR1 in neuroblastoma cell lines [92].

Additional non-GPCR upstream activators include TGF-b,

which have been shown to dramatically increase tyrosine

phosphorylation of NEDD9 [66]; angiotensin II in vascular

smooth muscle cells [93], the chemokine CCL20/MIP-3a
in intestinal epithelial cells [94], and tamoxifen, in estrogen

receptor positive breast cancer epithelial cells [95].

Ischemia also causes hyperphosphorylation of NEDD9

in neurons of the cerebral cortex and hippocampus [96].

Glucose stimulates BCAR1 tyrosine phosphorylation in

pancreatic beta cells [97]. For many (although not all) of

the initiating signals discussed above, SRC-family kinases

have been clearly identified as inducing the tyrosine hy-

perphosphorylation. Changes in CAS serine or threonine

phosphorylation have generally been less investigated. For

a number of these signals, an intact actin cytoskeleton and

adherent cell status are necessary for the signal to propa-

gate (e.g., calcitonin-dependent NEDD9 phosphorylation

[96]); other stimuli act independent of focal adhesion

integrity and actin cytoskeleton (e.g., TGF-b).

Cell cycle

Both BCAR1 and NEDD9 are subject to cell cycle-regu-

lated phosphorylation. For BCAR1, serine and threonine

phosphorylation as cells enter mitosis results in disruption

of the association between BCAR1, SRC, and FAK, and is

thought to contribute to the disassembly of focal adhesions

as cells round [98, 99]. NEDD9 typically oscillates

between a faster migrating (*105 kDa) form in G1/S cells

to a slower migrating form in G2/M cells [44]. NEDD9 has

been defined as a partner, activator, and substrate for the

mitotic Aurora-A kinase [52], with the phosphorylation of

NEDD9 by Aurora-A leading to disruption of the Aurora-

A/NEDD9 complex. Whether EFS or CASS4 are subject to

cell cycle-regulated changes in phosphorylation is not

known.

Dephosphorylation

Balancing the action of kinases, a number of phosphatases

have been found to target CAS proteins. The transmem-

brane receptor-like protein tyrosine phosphatase (PTP)

LAR influences focal adhesion and actin cytoskeletal

dynamics, and induces apoptosis when overexpressed in

mammalian cells. LAR dephosphorylates BCAR1, induc-

ing its subsequent cleavage and degradation [100–102].

PTP-PEST, implicated in mitogenic and cell adhesion-

induced signaling, and in transformation by a variety of

oncogenes, binds the SH3 domain of BCAR1 [20, 24] and

dephosphorylates it [103], leading to decreased CAS–CRK

interactions [104]. Based on substrate trapping, PTP-PEST

also binds to NEDD9 and EFS [105], although these

interactions have been less investigated. In PTP-PEST

knockout mice, BCAR1 is hyperphosphorylated, indicating

physiological relevance as a PTP-PEST substrate [106].

PTP-1B, has also been found to bind to the SH3 domain of

BCAR1, and similarly dephosphorylate it [21]. The Src

homology 2 (SH2) domain containing PTP, SHP-2, binds

NEDD9 at focal adhesions, and inhibits extracellular

matrix-induced NEDD9 phosphorylation, limiting

NEDD9-dependent cell migration [107]. The stomach cell-

associated protein tyrosine phosphatase 1 (SCAP1)

dephosphorylates BCAR1 to inhibit cell growth and

motility in various transformed cell lines [108].

Protein phosphatase 2A (PP2A) binds and dephospho-

rylates both BCAR1 [109] and NEDD9 [110, 111]. PP2A

negatively regulates the mitotic phosphorylation of

BCAR1 [109]. PP2A is required for the de-adhesion-

induced conversion from p115 to p105 kDa NEDD9 [110],

potentially by targeting the Ser369 phosphorylation asso-

ciated with this conversion [111]. The PRL (phosphatases

of regenerating liver) subfamily of kinases are also linked

to positive regulation of tumor growth; overexpression of

PRL-1 was found to reduce BCAR1 levels [112], but

inhibition of PRL phosphatases with a small molecule,

thienopyridone, leads to BCAR1 cleavage [113]. The bio-

logical significance of this relationship requires more

1030 N. Tikhmyanova et al.



study. Insulin treatment induces the dephosphorylation of

BCAR1 [114], although the relevant phosphatase is not

known. Finally, the Yersinia species bacterium encode a

PTPase, YopH, that is required for bacterial uptake. YopH

targets BCAR1, dephosphorylating it at focal adhesions

[115–117], and promoting bacterial virulence, as discussed

below (see ‘‘Microbial pathogenesis’’).

Proteolysis

NEDD9 and BCAR1 are known targets of regulated pro-

teolysis. Most dramatically, both NEDD9 [34, 43, 44] and

BCAR1 [45, 118] are cleaved into fragments by caspases

following stimuli leading to cell death, including detach-

ment-induced cell death (anoikis). Exact sites of cleavage

have been mapped, and include a DLVD site at aa 363 and

a DDYD site at aa 630 on NEDD9 [43, 44] and a DVPD

site at aa 416 and a DSPD site at aa 746 on BCAR 1 [45],

with functional consequences of the cleavage discussed in

‘‘Apoptosis/anoikis’’.

NEDD9 is also subject to proteasomal degradation. This

occurs during the cell cycle [43], with NEDD9 protein

levels sharply reduced at the end of mitosis. The more

slowly migrating, p115-kDa, serine/threonine phosphory-

lated form of NEDD9 that accumulates in attached and in

G2/M cells has been described as more susceptible to

proteolytic degradation [110]. Conversion of p105 to p115

NEDD9 has been reported as triggered by a phosphoryla-

tion at aa S369 by a kinase inhibited by Hesperadin, with

this phosphorylation promoting proteasomal degradation

[111]. NEDD9 is also targeted for proteasomal degradation

by induced TGF-b signaling [65, 66]. In this context, the

degradation is mediated via direct interactions between

NEDD9, SMAD3, APC10, CDH1, and hITCH, which

promote ubiquitination and destruction of the protein

[40, 41].

Biological functions of CAS proteins

Cell attachment, migration, chemotaxis, and invasion

CAS proteins help mediate cell spreading [10, 57, 119] and

play an important role in driving cell migration [6, 119,

120] (Fig. 3). As noted above, CAS proteins are tyrosine-

phosphorylated by FAK and SRC during cell attachment to

the extracellular matrix [8, 11, 23, 26, 47, 121]. CAS pro-

teins concentrate at focal adhesions, although cytoplasmic

pools of the proteins exist; BCAR1 also concentrates at the

podosome in Src-transformed cells [49]. CAS proteins are

not required for formation of focal adhesions, and indeed,

focal adhesions become more prominent in fibroblasts

derived from BCAR1 null mice [57]. These results,

coupled with extensive data arising from knockdown

experiments, suggest CAS proteins function to regulate

focal adhesion turnover.

Extensive studies of integrin-dependent BCAR1 sig-

naling [11, 21, 23, 25, 26, 33, 47, 121–125] and NEDD9

signaling (particularly in lymphoid cells [7, 8, 12–18, 44,

58, 126–128]) have outlined a sequence of events follow-

ing integrin ligation. Briefly, subsequent to CAS protein

phosphorylation by the FAK or PYK22/RAFTK/CAK-b
kinases and SRC-family kinases, the multiple tyrosine-

phosphorylated YDxP motifs within the CAS substrate

domain provide binding sites for the adaptor proteins CRK

and CRKL. This complex in turn recruits C3G and

DOCK180, a GDP-exchange factor for the small GTPase

RAC. Activated RAC induces membrane ruffling and actin

cytoskeleton remodeling, and promotes cell migration

through ARP2/3 and PAK kinase activation, in a well-

defined downstream effector pathway (review in [129]).

Overexpression of the BCAR1 protein is sufficient to

trigger the activation of the downstream signaling cascade

and promote migration [120]. Overexpression of NEDD9

has variously been reported as pro-migratory [10, 60, 119]

and anti-migratory [130], which may reflect a difference in

required co-factors for migration, or confounding factors,

as discussed below in ‘‘CAS proteins in cancer’’. Although

integrin is the best-defined activator of CAS pro-motility

signaling cascade, the hyperphosphorylation of CAS pro-

teins induced by multiple growth factors, hormones, and

Fig. 3 CAS proteins in cell migration. Activation or overexpression

of CAS proteins activates multiple downstream effectors to promote

formation of filopodia, lamellipodia, pseudopodia, invadopodia, and

induce additional changes in the cytoskeleton that support migration.

See text for details
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physiological stimuli such as ischemia discussed in ‘‘Post-

transcriptional and post-translational regulation’’, couple

CAS-dependent migration to many additional processes.

For example, the urokinase-type plasminogen activator

receptor (uPAR) pathway interacts with DOCK180 at

integrin-associated complexes to activate Rac and induce

of mesynchymal cell morphology and motility [131].

BMX/ETK association with BCAR1 at membrane ruffles

enhances BCAR1 phosphorylation and cell motility again

triggering association with CRK [82].

Although the CAS-CRK-C3G/DOCK180 pathway was

defined first, other CAS-dependent promigratory effector

pathways have been established. Both BCAR1 and NEDD9

interact with Zyxin family proteins, including zyxin,

Ajuba, and TRIP6, to regulate cell motility [132–135].

Epistasis experiments with Ajuba null cells suggest that

Ajuba is upstream of BCAR1 [134]. Zyxin interacts both

with BCAR1 and a nucleocytoplasmic transcription factor,

CIZ/NMP4/ZNF384 [133], which independently binds

BCAR1 to induce the expression of multiple matrix

metalloproteinases [22]. It is likely these interactions sup-

port migration and invasion. Additionally, NEDD9

overexpression activates a number of genes associated with

promotion of cell migration and invasion (including

p38MAPK, ERK1/2, and JNK), and transcriptionally

upregulates MLCK, ROCK, NIK, matrix metalloproteases,

and others [119, 136].

Cellular protrusions are a dynamic part of cellular

reaction to ECM-substrate and are important for cellular

motility and environmental sensing. BCAR1 mediates fil-

opodia formation out of ‘‘growth cones’’ of neuroblastoma

cell lines through interaction with protein kinase C (PKC)

[137]. Moreover, BCAR1 and CrkII are essential for filo-

podia formation mediated by b1 integrin signaling [138],

and BCAR1 activation-associated phosphorylation increa-

ses invadopodia activity [139]. BCAR1 complex formation

with Crk is required for pseudopodia formation, and the

subsequent Rac1 recruitment and activation to positively

regulate BCAR1/Crk activity drives pseudopodia extension

[140]. Lamellipodia formation, which is important for

wound healing, is dependent on Rac1, BCAR1, and pax-

illin; all these proteins are sensitive to shear flow or sparse

cell number [141]. NEDD9 also activates the small GTPase

RhoA [142], which may contribute to NEDD9-dependent

cell migration. Interestingly, inhibition of the RhoA effector

Rho kinase in NEDD9-overexpressing cells instead

promotes neurite-like extensions and inhibits migration in

MCF-7 cells [143]. BCAR1 stimulates ERK1/2 and JNK

(but not p38MAPK) activation to promote angiotensin

II-mediated migration of vascular smooth muscle

cells [144]. In contrast, BCAR1 positively contributes

to TGF-b-mediated activation of p38MAPK during

TGF-b-dependent migration of tumor cells [145].

One of the important functions of focal adhesions and

cellular protrusions is mechano-sensing of the surrounding

physical environment. Increasing evidence indicates that

BCAR1 acts as mechano-sensor and responds to ECM

rigidity, tension, and stretching [30]. Binding of the SH3

domain to FAK, and the carboxy-terminal domain to Src-

family kinases, provides anchors for BCAR1 at focal

adhesions so that in cells without attachments, BCAR1 is

relaxed so that the substrate domain is unstructured and

inaccessible to kinases [30]. During ‘‘stretching’’ in the

process of integrin-engagement of extracellular matrix, the

substrate domain is pulled open and becomes phosphory-

lated [30]. Rigidity response induced by cell stretching

induces Fyn recruitment to the leading edge of the cell and

Fyn-dependent phosphorylation of BCAR1 that correlates

positively with increasingly rigid substrates such as fibro-

nectin [29]. Invadopodia number and activity both increase

with high ECM rigidity through activation of BCAR1 and

FAK [139]. The relationship of BCAR1 with ECM rigidity

indicates an important role for BCAR1 in mediating ECM

degradation. Indeed, membrane-type 1 matrix metallopro-

teinase (MT1-MMP) binds BCAR1 at the leading edge of

endothelial cells stimulated by sphingosine-1 phosphate

(S1P) [146]. Because NEDD9 conserves all relevant

structural features of BCAR1, NEDD9 may also be

important in invadopodia signaling and particular in

mechanical sensing of the ECM. The sensing of the ECM is

important not only for various migration signaling but also

for induction of apoptosis, should the cell become detached

from the ECM.

Leukocytes bind loosely to the endothelium where

cytokines induce integrin-engagement, allowing cells to

subsequently migrate to the underlying tissue [147]. Che-

motactic and immune receptor-mediated responses of

hematopoietic cells are also an important component of CAS

protein family signaling. NEDD9 was identified separately

as CAS-L for its critical role in integrin-mediated signaling

in T-lymphocytes [8], with NEDD9-induced cell migration

active in human lymphoid cells with activated T-cell

receptor (TCR/CD3), or following chemokine stimulation.

Soon after, NEDD9 and BCAR1 were both shown to regu-

late integrin-mediated chemotaxis of B-cells [12]. However,

BCAR1 expression is limited to only certain B-cells [12]

and, possibly, only adherent leukocytes [8]. In lymphocytes,

NEDD9 complexes with Lck and Fyn play an important role

as an effector of T-cell antigen receptor activation [127].

Integrin-engagement of leukocytes induces rapid phos-

phorylation of NEDD9 in the H9 T-cell line [14] as well as

the formation of a NEDD9-C3G-CRKL complex in B-cells

[58] and T-cells [16]. Independently from integrin stimula-

tion, TCR can activate NEDD9, inducing its interaction with

two complexes: BCAR3/SHEP-2/SH3D3D and CHAT-H/

SHEP-1/SH2D3C. CHAT-H association with NEDD9 at the
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leukocyte membrane directs CXCL12- or CCL21-induced

T-cell migration by activating the GTPase RAP1 [148].

BCAR3 and CHAT-H, which also interact with BCAR1,

have subsequently been found to collaborate with the CAS

proteins to regulate additional small GTPases beyond RAP1,

including RAC [38, 39, 81, 149], and are currently a topic of

intense interest.

Activation-associated phosphorylation of both BCAR1

and NEDD9 has been shown to control various aspects of

chemokine-induced chemotaxis in both B- and T-cells.

Indeed, NEDD9 phosphorylation is not only high in the

T-cells isolated from the synovial fluid of rheumatoid

arthritis patients, but CCL5/RANTES stimulation enhances

NEDD9 phosphorylation leading to enhanced and aberrant

chemotaxis [150]. BCAR1, FAK, and paxillin phosphory-

lation is induced in response to gastrin binding CCK2

receptors on colon cells [151]. The chemokine, stromal

cell-derived factor 1 alpha (SDF-1a, also CXCL12) causes

rapid and transient phosphorylation of BCAR1, paxillin,

and PYK2/RAFTK that can be sustained by co-treatment

with the chemokine stem cell factor/kit ligand (SCF/KL),

thereby resulting in enhanced chemotaxis [152]. The

stimulatory effect of SDF-1a on BCAR1 and other focal

adhesion components is dependent on protein kinase c

(PKC), PI3 K [153], as well as Janus kinase 2 (JAK2)

signaling [154]. Interaction of SDF-1a/CXCL12 and its

receptor CXCR4 is also partially mediated by the tyrosine

phosphatase CD45 via CD45-dependent effects on

BCAR1, FAK, and paxillin phosphorylation [155]. B- and

T-cells in mice lacking NEDD9 have specific defects in

CXCL12-, CXCL13-, and CCL21-dependent chemotaxis,

leading to a failure of B-cells to colonize the marginal zone

during immune system maturation, and other immune

defects [156].

Although the best studied, NEDD9 and BCAR1 are not

the only CAS proteins important in immune cell chemo-

taxis. Deletion of EFS/SIN in mice causes extreme over-

activation of T-cell-mediated inflammation response and

induces a phenotype of severe inflamed regions of the

small intestines similar to the phenotype of patients suf-

fering from Crohn’s disease [157]. Indeed, overexpression

of a truncated form of EFS/SIN that is constitutively

phosphorylated by the SRC-family kinase FYN prevents

thymocyte maturation to CD4 and CD8 positive T-cells.

The role of CASS4 has not yet been addressed, although it

is has been reported to be particularly abundant in immune

cells [10].

Apoptosis/anoikis

Cell death is associated with significant morphological

changes in cells. Cells induced to die by a variety of physi-

ological stimuli (both intrinsic and extrinsic) typically round

up and lose their contacts with substrate, with this severing of

contacts thought to contribute to the removal of dead cells

from organized tissues [158]. Separately, loss of epithelial

cell contact with substrate, and concurrent failure to ligate

integrins, independently triggers a cell death program termed

anoikis in non-transformed epithelial cells [159, 160].

Anoikis is thought to serve as a protective mechanism to limit

the dispersal of cells through the adult organism, and typi-

cally must be subverted during cell transformation [160]. As

CAS proteins play important roles in assembling and con-

tributing to the integrity of focal adhesions, elimination of

CAS protein function contributes to the rounding that occurs

in both apoptosis and anoikis (Fig. 4).

The most direct functional connection between CAS

proteins and apoptosis is in the generation of dominant

negative fragments that actively interfere with focal adhe-

sion integrity and survival-associated cell signaling. In

apoptosis induced by cell detachment or other pro-apoptotic

stimuli, NEDD9 is rapidly cleaved by caspases 3 and/or 7 at

a DDYD (627-630aa) site, producing a C-terminal p28

fragment [43]. Importantly, p28 overexpressed in MCF-7

Fig. 4 CAS proteins in apoptosis. Pro-apoptotic stimuli trigger

dephosphorylation and cleavage of CAS proteins, leading to direct

dominant-negative mediated focal adhesion disassembly, altering the

transcriptional balance between CAS-dependent pro- and anti-

survival factors. Overexpression of NEDD9 can induce cell cycle

checkpoints that trigger apoptosis through additional routes. See text

for details
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and HeLa cells causes rapid and complete disassembly of

focal adhesions, cell detachment, and apoptosis [34]. This

suggests NEDD9 may itself contribute to pro-apoptotic

behavior of cells by disrupting survival signaling. A similar

apoptotic cleavage product of BCAR1 releases a 31-kDa

fragment that has similarly been found to be independently

pro-apoptotic [55, 161]. It is possible that these fragments

have additional pro-apoptotic activities. Law et al. [35] first

identified that the p28 fragment encodes a capacity to bind a

subset of Id/E2A HLH proteins that regulate differentiation

and cell survival, and O’Neill and Golemis [34] determined

that disruption of these motifs abrogated the pro-apoptotic

function of p28. In studies of the BCAR1 p31 protein, Kim

et al. [55] showed that this fragment is able to repress E2A

transcription to regulate p21 and induce cell cycle arrest,

with subsequent work supporting the relevance of

CAS-HLH protein interactions to apoptosis [162]. As an

additional complication, some work has shown that factors

triggering cell death also lead to very rapid dephosphoryl-

ation of CAS proteins [34, 163]. This dephosphorylation

may contribute to the targeting of the CAS proteins

by caspases, although the mechanism remains to be eluci-

dated in detail. Interestingly, overexpression of SDF-1a/

CXCL12 causes anoikis through BCAR1 cleavage in colon

carcinoma cells that have used epigenetic silencing mech-

anisms to limit endogenous SDF-1a/CXCL12 expression

[164].

Overexpression of intact BCAR1 has been shown to be

antiapoptotic in multiple studies [4, 95, 159, 163, 165–

169]. Mechanisms proposed to support this anti-apoptotic

activity include BCAR1-dependent hyperactivation of

FAK and SRC, and laterally of the EGFR pathway sig-

naling proteins (EGFR, Ras, Rac, JNK, and ERK1/2) [124,

170, 171], and at least in breast cells, there is evidence for

additional although poorly defined signaling activities

[172]. Overexpression of intact NEDD9 has yielded more

complicated results, with overexpression in at least some

cell lines leading to apoptosis [34, 43], and NEDD9 being

unable to support the anti-estrogenic resistance of BCAR1

in breast cells [166]. NEDD9 has been shown to act sim-

ilarly to BCAR1 in supporting activation of FAK, SRC,

and EGFR-dependent signaling [119, 173]. One potential

reason for the pro-apoptotic action of NEDD9 in some cell

lines may lie in the secondary activity of this protein in

inducing cell cycle abnormalities and hence mitotic

checkpoints that trigger apoptosis, as discussed below.

There is no work regarding CASS4 or EFS/SIN and reg-

ulation of apoptosis or survival to date.

Cell cycle control

Cell cycle regulation by CAS proteins has been explored in

two contexts. The first context, most addressed for BCAR1,

addresses the role of this protein as a scaffold for proteins

necessary to support ERK1/2 activation, and thereby gen-

erally support transition through G1 and cell proliferation.

BCAR1 scaffolding of complexes involving c-Src activates

ERKs [170]. As further evidence of BCAR1 coupling to

the EGFR pathway, BCAR1 associates with GRB2 and

SHC to mediate integrin-mediated adhesion [33] and serum

responses [170]. While no direct evidence has so far

demonstrated NEDD9 binding to GRB2, NEDD9 does bind

SHC, positioning it to mediate growth factor-induced sig-

nals [173]. BCAR1 is also important for transmitting the

non-genomic proliferation signals initiating from the

liganded estrogen receptor [174]. In this context, BCAR1

binds estrogen receptor (ER) to promote ER-dependent

activation of not only SRC and ERK activation but also the

cell cycle regulating protein cyclin D1 to induce G1 transit

[174]. Further, BCAR1 is required for TGF-b regulation of

SMAD3-dependent growth arrest; integrin-stimulated

phosphorylation of BCAR1 allows BCAR1 association

with Smad3 and consequent reduction of Smad3 phos-

phorylation and inhibition of p21 and p15 cell cycle

inhibitory proteins [175]. It is likely that NEDD9 and the

other CAS proteins conserve at least some of these activ-

ities, but this has not been addressed in detail.

The second context is in the regulation of mitotic entry and

exit. BCAR1 levels are relatively consistent throughout the

cell cycle; however, hyperphosphorylation of BCAR1 on

serines and threonines at mitotic entry uncouples CAS-FAK

interactions, and contributes to the transient loss of focal

adhesions during M phase [98, 99]. The regulation of BCAR1

and its association with FAK and paxillin during mitosis is

primarily through protein phosphatase 2a (PP2A) [109].

In contrast, NEDD9 has a very different role in mitotic

regulation. Most quiescent cells contain minimal quantities

of NEDD9. In non-quiescent cells, NEDD9 levels fluctuate

significantly throughout cell cycle, rising during S phase,

maximal at G2/M and decreasing as the cell undergoes

mitosis and enters G1 [52]. Uniquely among the CAS pro-

teins, NEDD9 associates with centrosomes, with this

association most detectable in G2 and M phase; and subse-

quently translocates to the mitotic spindle, then midzone/

midbody. The NEDD9 role at centrosomes and the mitotic

apparatus is functional rather than passive. Overexpression

of NEDD9 in cells induces appearance of a multipolar

spindle, amplification of centrosomes and cytokinetic defects

[52], and failure to resolve cell–cell bridges at the final stage

of cytokinesis [142]. In contrast, depletion of NEDD9 with

siRNA induces premature centrosome separation and dis-

rupts microtubular organization in mitosis, which causes

asymmetric and/or monopolar spindle formation [52].

siRNA-mediated knockdown of NEDD9 reduces the number

of cells rounding up for mitosis, and leads to cleavage furrow

regression and multinucleation [52, 142].
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Two mechanisms by which NEDD9 influences M-phase

have been identified. In one mechanism, NEDD9 interacts

with and activates Aurora A, a kinase that phosphorylates

substrates associated with spindle assembly and other

processes required for mitotic entry [52]; for example,

timed activation and degradation of Aurora A in mitosis is

essential for control over appropriate chromosome sepa-

ration [176]. Aurora-A is normally degraded at the end of

mitosis [177]. Sustained overexpression and hyperactiva-

tion of Aurora-A is associated with cytokinetic failure and

acquisition of supernumerary centrosomes [178], and

NEDD9 may promote both these processes through Aur-

ora-A. Reciprocally, mitotically activated AURKA

phosphorylates NEDD9 at Ser296 to induce the disasso-

ciation of NEDD9 from AURKA in late M phase. This

phosphorylation potentially enhances the ability of a pool

of NEDD9 to return to focal adhesions at the end of

mitosis, contributing to focal adhesion reassembly and the

generation of traction forces necessary for cytokinesis

[52, 179]. As a second mechanism, tightly controlled

activation and inactivation of RhoA is important for suc-

cessful mitosis, as RhoA coordinates cortical actin

contractility during cell rounding up [180], and is highly

regulated during cleavage furrow ingression [181]. NEDD9

immunoprecipitates with ECT2, a RhoA GDP-exchange

factor, to positively regulate mitotic RhoA [142]; NEDD9

signaling through RhoA is also likely to impact mitosis.

Ciliary resorption

An unexpected, novel activity of NEDD9 was recently

identified as regulation of ciliary disassembly [53]. Most

normal mammalian cells have single primary, non-motile

cilia that act as ‘‘antenna’’, displaying growth factor

receptors and receiving diffusible and mechanical cues

from the extracellular environment [182]. Defects in cilia-

related signaling have been linked to many different

diseases, including notably polycystic kidney disease,

Bardet-Biedl syndrome, Kartagener’s syndrome, and oth-

ers [182]. Most transformed cells lack cilia, but whether

this is cause or consequence of transformation is not

known. In normal cells, cilia are resorbed in two waves,

prior to G1/S transition, and prior to M phase, but are

re-established in G0/G1 cells. It is not clear whether this

cycle actively contributes to cell cycle control regulation,

with arguments pro and con this position [183]. This

resorption process has been found to be dependent on

transient serum-dependent induction of NEDD9, and

NEDD9-dependent activation of Aurora A kinase imme-

diately prior to ciliary resorption, at each of the two waves

of resorption. Aurora-A in turn phosphorylates and acti-

vates a tubulin deacetylase, HDAC6, which de-acetylates

microtubules of the ciliary axoneme and potentially other

substrates, triggering disassembly of the cilium [53]. As in

cell cycle, the role of NEDD9 appears to be to support the

activation of Aurora-A.

Osteoclast function

Osteoclasts are highly differentiated cells that regulate

bone remodeling and resorption. When osteoclasts adhere

to extracellular matrix in the marrow microenvironment,

integrin-engagement triggers downstream signals that

induce cytoskeletal reorganization, polarization, and for-

mation of a ‘‘sealing zone’’ that links the osteoclast to the

bone [184]. BCAR1 is a critical component of osteoclast

adhesion signaling, first being shown to be hyperphos-

phorylated and important in actin restructuring [123]. As in

other cell systems, BCAR1 activity is significantly asso-

ciated with PYK2/CAK-b/RAFTK2 activation [185, 186].

PYK2/RAFTK2 forms a complex with BCAR1, c-SRC,

and the TNFR-associated factor 6 (TRAF-6) for adhesion-

initiated signaling in the osteoclast in response to bone

matrix contact and interleukin-1 (IL-1) stimulation [187].

PYK2 and BCAR1 are hyperphosphorylated and localized

to podosome structures integral to the formation of the

sealing zone that connects osteoclasts to the bone matrix

[123]. Activity and phosphorylation of BCAR1 in these

cells is dependent on PYK2, as well as c-Src activation

[187, 188]. PYK2-BCAR1 activation in osteoclasts is

potentiated by macrophage colony stimulating factor

(M-CSF) and gelosin [87, 189].

Calcitonin, a known inhibitor of osteoclast activity,

regulates BCAR1 and NEDD9 to control cytoskeleton

integrity in HEK-293 cells [89, 90]. Building on this result,

Zhang et al. [190] looked at calcitonin regulation of

NEDD9 in osteoclasts and found that, while calcitonin

dephosphorylates PYK2, BCAR1 may be more important

as a target than NEDD9 in these cells. Therefore, NEDD9

and BCAR1 are important for osteoclast adhesion to the

bone matrix required for bone remodeling, but the two

CAS proteins may have different responses to various

regulators of bone integrity such as calcitonin. Finally,

ECM rigidity increases BCAR1 phosphorylation and

activity, thereby leading to enhanced ECM-degradation,

consistent with the action of BCAR1 as a force-sensing

protein [29, 30, 139]. Osteoclast functionality and bone

integrity are sensitive to level and duration of applied force

[184]. It is possible that force-generated signals may prove

to be particularly relevant in the regulation of CAS proteins

in controlling bone integrity.

Microbial pathogenesis

For BCAR1, a major theme of research has been in control

of bacterial infection. When bacteria infect a host,
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macrophages, neutrophils, and some target cells perform

phagocytosis to engulf and destroy the invading pathogens.

Phagocytosis requires the action of focal adhesion-associ-

ated proteins, including BCAR1, which activates Rac to

reorganize the actin cytoskeleton during the process. A

number of elegant studies have shown that Yersinia species

bacteria encode YopH to dephosphorylate and hence

inactivate BCAR1 as part of the pathogenic process, pro-

tecting the pool of circulating virus [117, 191]. Conversely,

Salmonella typhimurium infects the host through an orga-

nized phagocytosis-based uptake process in the epithelial

lining of the intestine. Work by Shi and Casanova dem-

onstrates that in this case, activity of BCAR1 supports the

invasion process [192].

Recent studies of Leishmania, a parasitic trypanosome,

have addressed the mechanism of its invasion of macro-

phages and fibroblasts. This work has established the

parasitic protease GP63 degrades BCAR1 and other pro-

teins influencing cytoskeletal dynamics; an exact

mechanism by which BCAR1 status may contribute to this

process is not yet known [193]. Respiratory syncytial virus

(RSV) infection of the lung can produce life-threatening

infections in vulnerable (immunocompromised or infant)

hosts. RSV signals through RhoA to reorganize the actin

skeleton and enhance viral entry; this has been associated

with hyperphosphorylation of BCAR1 [194]. In addition,

internalization of adenovirus is not only mediated by

integrins but requires activation of BCAR1 and PI3 K

[195]. Whether BCAR1 contributes actively to the infec-

tion process has not been determined. None of the other

CAS proteins have yet been investigated for activity in the

sphere of infection.

Cas proteins in development

As of 2009, knockout mice have been developed for three

of the CAS proteins: BCAR1, NEDD9, and EFS. Despite

the similarity of BCAR1 and NEDD9 in their structure and

certain cellular functions, the phenotypes of Bcar1-/- and

Nedd9-/- animals are very different, as Bcar1-/- animals die

between embryonic days 11.5 and 12.5, while Nedd9-/- and

Efs-/- animals are viable and fertile [57, 156] [157]. The

inability of other CAS family members to compensate for

BCAR1 loss indicates that BCAR1 has a unique function in

embryonal development [57]. Proximal factors leading to

the embryonic lethality of Bcar1-/- mice are likely an

insufficient cytoskeletal framework of cardiomyocytes that

prevents developing BCAR1-/- embryos from beginning

productive heart pumping, as electron microscopic analysis

demonstrated disorganization of myofibrils and disruption

of Z-disks within the dissected heart, and gross morpho-

logical organization indicated systemic congestion and

slower overall embryonal growth [57]. Interestingly, the

lack of sufficiently long actin filaments in fibroblasts from

BCAR1-/- is similar to the phenotype observed in FAK-/-

animals [196]. BCAR1, FAK, and paxillin all localize at

the sarcomeric Z-lines of cardiomyocyte, and disruption of

BCAR1 causes aberrant sarcomeric organization and car-

diomyopathy [91, 197].

In contrast, Nedd9-/- mice have defects in the develop-

ment of the immune system [156]. Nedd9-/- knockout

lymphocytes are characterized by poor chemotactic

responses and impaired cell adhesion. In young Nedd9-/-

mice, the marginal zone B-cell population (MZB) of spleen

is almost absent. This was due to insufficient migration of

B-cells into the marginal zone (MZ), rather than defects in

B-cell development and differentiation. This migration

deficiency could result from failure of B-cells to adhere

and/or migrate to MZ, which could be due to a decreased

response of Nedd9-/- B-cells to chemokines and/or their

reduced ability to adhere to marginal zone adhesion mol-

ecules ICAM-1 and VCAM-1. Cell populations of spleen

other than MZB cells remained largely unaffected; how-

ever, the number of lymphocytes in bone marrow and

thymus of NEDD9 knockout mice was also decreased

[156]. Analysis of aged Nedd9-/- mice showed a general-

ized hyperplasia involving B- and T-cells and

macrophages, suggesting an inflammatory state [173].

Detailed pathological analysis of a number of tissues

including mammary pads, liver, kidney, lung, and others in

the same study detected no apparent difference from wild-

type littermates [173]. However, a number of reports have

indicated that NEDD9 undergoes dynamic expression

changes during neuronal differentiation and development

[9, 71], actively contributes to neural crest cell migration

[71], and regulates the fate of cortical and hippocampal

progenitor cells [72]. These observations support the pos-

sibility that Nedd9-/- mice may have some degree of

cognitive impairment, but this has not been directly

assessed. Finally, the chromosomal localization of human

NEDD9 at 6p24-p25 corresponds to a reported locus for

orofacial dysplasia (OFD1), and one group has noted

NEDD9 as a candidate locus for this developmental dis-

order [198]; as OFD syndromes have been linked to defects

in ciliogenesis [199], and NEDD9 plays a role in ciliary

integrity [53], a connection is plausible, but requires

investigation.

Animals lacking EFS also have immune system abnor-

malities. These mice have hyperactive T-lymphocytes

leading to excessive T-cell-dependent antibody and cyto-

kine production, and B- and T-cell organ infiltration,

particularly in the small intestine. In aged mice, this results

in chronic inflammation of the intestinal mucosa similar to

that seen in models of Crohn’s disease [157], marked by

crypt cell enlargement, and damage to the villi.
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Drosophila melanogaster has a single CAS family

member, known as Dcas (or CG1212). In 2007, Huang

et al. [200] showed that Dcas is highly expressed in the

central and peripheral nervous system of Drosophila. The

DcasP1 strain contains a transposable p-element inserted in

the coding region of Dcas, which dramatically lowers Dcas

expression, was used to analyze the integrity of neurons in

development. A DcasP1 genotype induced axonal guidance

defects in CNS and motor neurons, by regulating defasci-

culation (debundling). This phenotype was found to be

dependent on expression of integrins, which also control

axonal guidance and the cycle of fasciculation–defascicu-

lation in Drosophila embryos. A transgenic Dcas

overexpression strain induced a similar phenotype, sug-

gesting the importance of controlling Dcas expression

within a narrow range. It is likely that further investigation

of the Dcas genetic interactions will yield relevant insights

for studies of the mammalian CAS family.

CAS proteins in cancer

Given the numerous connections of CAS family proteins

with key cellular functions such as adhesion, migration,

chemotaxis, survival, and cell cycle, it is not surprising that

there is a significant link between aberrant expression and

activation of these proteins with the progression and

metastasis of several cancer types. Indeed, three of the

CAS proteins are identified as either binding partners to

known oncogenes or as controlling morphology associated

with oncogenic transformation [5–8, 11, 121, 201]. In

cancer cell lines, upregulation of FAK, SRC, or CRK can

durably mimic normally transient integrin ligation, leading

to hyperphosphorylation of BCAR1 [3, 27, 122, 202–204]

or NEDD9 [66, 77]. For a growing number of cancers,

specific CAS proteins are known to be upregulated by

amplification, transcriptional upregulation, or changes in

stability. The sustained presence of these hyperphospho-

rylated proteins drives cell migration and invasion, and also

promotes cell survival and drug resistance [4, 61, 149, 167,

169, 172, 205–210]. This section summarizes the current

data linking changes in the expression or functionality of

CAS proteins in different cancer types.

Breast cancer

The linkage between CAS protein functionality and breast

cancer is extensive. Using estrogen-dependent cell lines, a

retroviral-insertion mutagenesis screen identified BCAR1

as principal gene responsible for tamoxifen resistance

[4, 206]. Patients with primary tumors expressing high

BCAR1 levels are more likely to experience relapse and an

intrinsic reduced response to tamoxifen treatment;

however, BCAR1 expression changes do not appear to

occur in acquired resistance to tamoxifen, but rather higher

expression of BCAR1 is an intrinsic resistance factor

[167, 172, 205, 206]. In independent studies of human

breast tumors, BCAR1 levels positively correlate with

HER2/Neu expression levels and enhanced proliferation

[165]. Pleural effusions taken from breast cancer patients

(likely to be enriched in cells transitioning to metastatic

capability) show higher levels of BCAR1 than do the pri-

mary tumors [211]. Studies in feline and canine models of

mammary tumors also indicate that increased BCAR1

activation and expression levels correlate with increased

malignancy [212].

HER2/Neu induces BCAR1 and c-CRKII complex for-

mation leading to downstream ERK1/2 activation to

mediate cellular invasion [213]. Analysis of a transgenic

mouse overexpressing BCAR1 under the control of the

murine mammary tumor virus (MMTV) promoter [165]

indicated that BCAR1 overexpression did not transform

mammary epithelial cells, but did lead to extensive

hyperplasia during mammary gland development and

pregnancy, as well as delays in involution post-pregnancy

[165]. However, MMTV-BCAR1 mice crossed to MMTV-

HER2/Neu mice exhibited decreased latency prior to the

appearance of tumors, and cancer cell growth dependent on

BCAR1 expression [165].

One mechanism by which BCAR1 may confer anti-

estrogen resistance in mammary cells is through binding

and regulation of BCAR3 activity [80, 149]. BCAR3 (also

known as NSP2 and AND-34) emerged from the same

screen for tamoxifen resistance that identified BCAR1.

BCAR3 was originally identified as having GDF-exchange

factor (GEF) activity [81] and structural analysis of

BCAR3 reveals a GEF-like structure [31], but GEF activity

of BCAR3 towards reported substrates such as Rap1 may

be indirect [149]. BCAR3/BCAR1 complex is highest in

estrogen receptor-negative breast cancer cells, and the

expression of BCAR3 is required for induction of cyclin

D1 expression-linked anti-estrogen resistance [207]. This

complex is also important for regulating BCAR1 phos-

phorylation at key adhesion-dependent serine residues 139,

437, and 639 [51]. The complex of BCAR3 and BCAR1

synergistically activates SRC-dependent migration [214].

In turn, breast cancer cells treated with the SRC inhibitor

bosutinib have decreased FAK and BCAR1 phosphoryla-

tion and consequent inhibition of migration and invasion

[215].

Changes in NEDD9 expression were initially proposed

to influence breast cancer metastasis, although the litera-

ture reports conflicting results. Minn et al. [216] used an

invasive TGFb-stimulated MDA-MB-231 cell line and a

high-throughput Affymetrix assay to analyze mRNA

expression and establish a gene signature associated with
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increased breast cancer metastasis to lung. This study

indicated a 3-fold downregulation of Nedd9 was part of the

metastatic signature. However, analyzing genes and pro-

teins expressed in MCF-7 breast adenocarcinoma cells

upon activation of ErbB receptor with its ligand heregulin,

NEDD9 emerged as one of only five hits upregulated and

hyperphosphorylated in both transcriptome and proteome

datasets [217]. Separately, a study aimed to proteins up- or

downregulated in estrogen-resistant tumors, used an anti-

body, which detects both BCAR1 and NEDD9, and found a

positive correlation between CAS protein expression and

loss of estrogen-receptor in 2,593 tumor samples, indicat-

ing that elevated BCAR1, NEDD9, or both proteins might

be a prognostic marker for breast cancer [206]. These latter

reports suggested a positive function. A recent study of

breast cancer metastasis identified a TGF-b-dependent

transcriptional signature that includes upregulation of

Nedd9 induces a shift from cohesive (or multi-cellular)

motility to single cell motility, which allows the isolated

cells to invade blood vessels and undergo blood-borne

metastasis, rather than remaining restricted to invasion of

the lymphatic system [218]. This study highlights impor-

tant distinctions between the metastatic niche of tumor

cells in vivo and the requirement for heterogenic TGF-b
signaling patterns [218]. Therefore, it is possible that

selective manipulation of NEDD9 expression or phos-

phorylation may be important for determination of cancer

propagation via distinct dissemination routes, reconciling

some of the conflicting transcriptional data. BCAR1 may

also act as a rheostat for TGF-b signals, as BCAR1 over-

expression in mammary tumor cells blocks TGF-b-induced

Smad 2/3 induction and promotes TGF-b-induced activa-

tion of p38MAPK, while BCAR1 inhibition leads to the

restoration of TGF-b-Smad 2/3-dependent tumor inhibition

and abrogation of TGF-b-MAPK tumor progression [145].

Together, BCAR1 and NEDD9 are emerging as integral

determinants of the tumor suppressive and promoting

activities of TGF-b in cancer signaling.

Distinct from metastasis, a recent analysis of the

MMTV-polyoma virus middle T antigen (PyVT) mouse

model for mammary tumorigenesis crossed to Nedd9 null

versus wild-type animals revealed that NEDD9 positively

contributes to the early stages of mammary tumor growth

[173]. Nedd9-/- status significantly increased latency of

MMTV-PyVT-induced tumor formation, and reduced total

tumor burden and total number of tumors arising [173]. No

differences in immune system cell infiltration and vascu-

larization were detected in tumors of PyVT Nedd9?/? and

Nedd9-/- mice, implying the tumor growth delay was tumor

cell-intrinsic. This study explored the signaling conse-

quences of null NEDD9 status in tumor development, and

found that most of the mammary tumors excised from

MMTV-PyVT; Nedd9-/- mice had reduced activation of

AKT, FAK, SRC, and ERK1/2, versus Nedd9 wild-type

littermates [173]. These data strongly supported a positive

role for NEDD9 in breast cancer development. Interest-

ingly, this study found no evidence for absence of Nedd9

conditioning the metastasis of the primary tumors, with

differences appearing from the time of initial tumor

appearance.

As noted above, studies analyzing the function of

NEDD9 by overexpression in the MCF7 breast adenocar-

cinoma cell line and other models found that overexpressed

NEDD9 promoted cell migration and invasion in some

contexts [119], but reduced it in others [130], increased the

mRNA and protein levels of ErbB2 and matrix metallo-

proteases [119], and like BCAR1, formed a signaling

complex with BCAR3 [39], but also activated the onco-

genic Aurora A kinase to increase cytokinetic failure and

centrosomal amplification, and could trigger apoptosis

[34, 43, 52]. Hence, the disagreement regarding the func-

tion in cancer may reflect NEDD9 involvement in different

stages of breast cancer tumorigenesis; a cancer cell may

upregulate NEDD9 during initiation of metastasis, or in the

context of additional lesions that inactivate mitotic

checkpoints, but downregulate it when metastasis is formed

and attachment is needed.

Glioblastomas

In glioblastoma cells, FAK overexpression or PDGF

treatment specifically phosphorylates and activates

NEDD9, but not BCAR1 or EFS, to confer a metastatic and

promigratory phenotype [60]. A separate study of BCAR1

in cells overexpressing the PTEN tumor suppressor indi-

cated that BCAR1 overexpression could override PTEN

suppression of cell spreading and migration, although not

cell proliferation, and did not induce FAK phosphorylation

[219]. Similarly, a study of the non-tyrosine kinase VEGF

receptor neuropilin 1 (NRP1) suggested a role for BCAR1

in supporting mesenchymal invasive movement in glio-

blastoma cells [220]. More work is clearly required to

determine the relative contribution of the CAS proteins in

this tumor type.

Hematopoietic malignancies

Extensive evidence links changes in function of CAS

proteins to lymphomas and leukemias. This topic has been

reviewed in detail in [221], and undoubtedly reflects the

important roles of CAS proteins as mediators of T- and B-

cell receptor-dependent signaling, and integrin-mediated

co-stimulation [8, 11, 12, 16, 58, 222]. BCR-ABL leuke-

mogenesis, which leads to development of chronic

myelogenous leukemia (CML) and acute lymphoplastic

leukemia (ALL), induces hyperphosphorylation of BCAR1

1038 N. Tikhmyanova et al.



and NEDD9, driving their phosphorylation with CRK-L

and C3G, and promoting cell migration through a Rap1

GTPase effector pathway [27, 223, 224]. BCAR3–BCAR1

interactions, important in breast cancer cell migration, are

activated by inflammatory cytokines to mediate adhesion

response of thymic cells [80], and may be relevant to

lymphomagenesis. NEDD9 also binds BCAR3; this com-

plex regulates CDC42-mediated adhesion and motility of

B-cells [39], but the relevance of the interaction has not

been explored in lymphomas.

Lymphomas arising from translocations activating ana-

plastic lymphoma kinase (ALK) are dependent on BCAR1,

and ALK has been found to bind directly to BCAR1 [225].

In mast cell leukemias, inhibiting signaling from the

mutationally activated c-Kit kinases downregulates phos-

phorylation of BCAR1 [226]; moreover, acute myelogenous

leukemia (AML) cell lines with c-Kit or FML-3 mutations

treated with either celecoxib or E7123 undergo cell death due

to the inhibition of BCAR1 and FAK-dependent adhesion

signaling pathways [168]. T-cell leukemias have typically

elevated expression of hyperphosphorylated NEDD9; in

leukemias arising from human T-lymphotropic virus type 1

(HTLV-1) infection, NEDD9 phosphorylation is enhanced,

and NEDD9 binds to the viral Tax protein, inhibiting Tax-

dependent activation of NF-jB [13].

Melanomas

A large comparative genome hybridization (CGH) study

strongly implicated upregulation of NEDD9 levels as the

driver of melanoma metastasis in both Ras and Met mouse

models [62]. NEDD9 overexpression in nontransformed

melanocytes was not sufficient to enhance invasion or

metastasis, but signaled through FAK to dramatically

enhance metastatic potential in combination with onco-

genic H-RASV12G or B-RAFV600E expression [62].

Importantly, immunohistochemical analysis of human

melanoma microarrays revealed that 35% of metastatic

melanomas have significantly elevated NEDD9 expression

[62]. Analysis of copy number alterations by FISH and

confirmed by aCGH in human metastatic melanoma tissues

reveals that 57% of such cases have gains of chromosome

6p24 containing NEDD9 [227].

NEDD9 appears to be more important than BCAR1 in

the melanoma models. Kim et al. [62] showed that

knockdown of BCAR1 had little effect on cell growth, but

NEDD9 inhibition induced S-phase arrest. Mesenchymal

movement of Rac-activated melanoma cells is dependent

on NEDD9 and its interaction with DOCK3, but not on

BCAR1 [228]. Nevertheless, several cell surface antigens

implicated in melanoma progression through integrin-

mediated interaction with the ECM (melanoma chondroitin

sulphate proteoglycan, MCSP, high molecular weight

melanoma associated antigen, HMW-MAA, and the gan-

glioside GD3), are also associated with BCAR1

phosphorylation and activation-mediated invasion and

spreading of melanoma cells [229–233]. Further, overex-

pression of the lipid raft-associated tumor suppressor

caveolin 1 (Cav-1) in human melanoma cells prevented

GD3-dependent activation and membrane localization of

BCAR1 and paxillin [234]. Hence, a role for BCAR1

cannot be excluded.

Other cancer types

CAS proteins have also been linked to oncogenic sig-

naling in other cancer types. For example, BCAR1

expression is higher in metastatic prostate cancer as

compared to localized lesions and expression correlates

with EGFR expression [235]. Also, the metastasis sup-

pressor KAI1/CD82 inhibits expression of BCAR1,

limiting the formation of BCAR1-Crk complexes to

inhibit the motility and invasiveness of DU145 prostate

cancer cells [236]. Hepatocellular carcinoma cell invasion

and poor prognosis correlates with high BCAR1 levels

and aberrant expression of E-cadherin and b-catenin

[237]. In human lung adenocarcinomas, NEDD9 expres-

sion is upregulated upon loss of the tumor suppressor

STK11/LKB1, with this expression reversed upon re-

expression of LKB1 [238]. Nasal angiofibroma and nasal

polyps are also associated with significant upregulation of

BCAR1 and TGF-b protein expression [239]. Treatment

of colon cancer cells with the COX-2 inhibitor celecoxib

induces BCAR1 proteolysis and release of p31, which

contributes to apoptosis [240]; exogenous overexpression

of BCAR1 in colon cancer cells leads to resistance to

celecoxib-induced cell death in a pathway independent of

pro-survival signaling from FAK and AKT [240]. Given

the fact that aberrant activity and expression of BCAR1 is

linked to the resistance of tumor cells to chemothera-

peutics, it is also interesting to note that radiation is

strongly induces expression of NEDD9 [241] and BCAR1

[242], and that cellular survival after ionizing radiation is

dependent on integrin-mediated BCAR1 phosphorylation

[243].

Cas proteins in other pathological states

Although most of the research on CAS proteins in disease has

emphasized their roles in cancer, a number of other studies

have raised the possibility that they play active roles in other

pathological conditions. Besides the functions of BCAR1 in

‘‘Microbial pathogenesis’’ discussed above, functions in

NEDD9 have been proposed in arthritis [244], ischemia

(stroke) [70, 96], and neurodegenerative disease [245, 246].
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For arthritis and ischemia, results are predominantly

correlative. NEDD9 expression and phosphorylation are

enhanced in lymphocytes migrating to inflamed joints, with

this correlated with the increased phosphorylation of the

SRC-family kinases FYN and LCK [244]. Martin-Rendon

and coworkers established that NEDD9 levels were

strongly increased by short exposure to hypoxia in umbil-

ical cord blood and bone marrow-derived stem cells [70].

In vivo, following induction of ischemia (stroke) in rats,

NEDD9 expression and activation were both strongly

enhanced over the subsequent 2 weeks [96]. Given the

paired observation that NEDD9 promotes neurite

outgrowth [96, 143], and neural progenitor populations

[71, 72], it is likely that NEDD9 activity may support

recovery from this insult. In this context, it is extremely

interesting that naturally occurring polymorphisms in the

promoter region of NEDD9 have been linked to suscepti-

bility to Alzheimer’s and Parkinson’s disease [246]. This

linkage remains controversial, with one follow-up study

failing to find a linkage [245]. However, the rich biology

linking NEDD9 to neural development, homeostasis, and

cancer makes a conditioning role for NEDD9 in neurode-

generation syndromes an attractive hypothesis demanding

further research. Intriguingly, a TREM2 loss-of-function

mutation linked with dementia may lead to significant

downregulation of NEDD9 mRNA [247].

Summary and prospects

The CAS proteins were last cumulatively reviewed as a

group in 2000 [128], and individually in 2006 and 2007

[56, 248]. Since then, the surge in the number of publica-

tions addressing this group of proteins makes it clear that

stimuli regulating many aspects of organismal growth and

homeostasis involve filtering of signals through CAS pro-

teins. Their carefully calibrated expression levels and

dynamic localization changes, coupled with their ability to

assemble multiple different classes of signaling factors,

imply that CAS proteins may help coordinate the syn-

chronous changes in growth, movement, and death that are

requisite for development. Reciprocally, these similar

properties make aberrant function of CAS proteins a likely

target for generally enhancing cell transformation and

tumor growth. Given the links now being discovered

between individual CAS proteins in organ-specific func-

tions, the increased validation of defective CAS protein

activity as drivers in other pathologies seems likely. For

example, BCAR1 appears to be a critical nexus governing

cardiomyocyte integrity in development, and may play a

role in heart disease. EFS/SIN appears critical for proper

immune cell infiltration of the intestines, and may be rel-

evant in not only Crohn’s disease but also other

inflammatory syndromes affecting the gut, such as celiac or

ulcerative colitis [157]. Although the non-catalytic nature

of the CAS proteins does not make them convenient targets

for drug development, over the next decade it is possible

that either select protein–protein interaction inhibitors or

conformational inhibitors might find use in regulating their

function. At present, the most obvious use of available

inhibitors would be to limit the function of overexpressed

NEDD9 in advanced cancers. However, the complexity of

CAS protein biology already known indicates there is

much more to be discovered regarding their respective

roles in human development and disease.
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