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Abstract

The CAS (CRK-associated substrate) family of adaptor proteins comprises 4 members, which share a conserved modular domain structure that
enables multiple protein-protein interactions, leading to the assembly of intracellular signaling platforms. Besides their physiological role in signal
transduction downstream of a variety of cell surface receptors, CAS proteins are also critical for oncogenic transformation and cancer cell malignancy
through associations with a variety of regulatory proteins and downstream effectors. Among the regulatory partners, the 3 recently identified adaptor
proteins constituting the NSP (novel SH2-containing protein) family avidly bind to the conserved carboxy-terminal focal adhesion—-targeting (FAT)
domain of CAS proteins. NSP proteins use an anomalous nucleotide exchange factor domain that lacks catalytic activity to form NSP-CAS signaling
modules. Additionally, the NSP SH2 domain can link NSP-CAS signaling assemblies to tyrosine-phosphorylated cell surface receptors. NSP proteins
can potentiate CAS function by affecting key CAS attributes such as expression levels, phosphorylation state, and subcellular localization, leading
to effects on cell adhesion, migration, and invasion as well as cell growth. The consequences of these activities are well exemplified by the role that
members of both families play in promoting breast cancer cell invasiveness and resistance to antiestrogens. In this review, we discuss the intriguing
interplay between the NSP and CAS families, with a particular focus on cancer signaling networks.
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Introduction

Transmembrane receptors localized on
the cell surface, such as integrin recep-
tors for extracellular matrix proteins,
growth factor receptor tyrosine kinases,
and cytokine receptors, convey extracel-
lular stimuli into a cascade of intracel-
lular signaling events that lead to cell
proliferation and survival, cytoskeletal
reorganization, and cell migration. Sig-
naling pathways emanating from cell
surface receptors rely on networks of
adaptor proteins (which contain multiple
protein interaction domains) and scaf-
fold proteins (which bring together
multiple components of a signaling
pathway)."? Although adaptor and scaf-
fold proteins lack enzymatic activity,
they represent both crucial links to
downstream effector molecules and
nodes that interconnect different signal-
ing pathways. By regulating the flow of
information in signaling networks, adap-
tor and scaffold proteins are critical for
normal cellular physiology and homeo-
stasis. Consequently, their dysregulation
can lead to a spectrum of diseases and
particularly cancer development and

progression. The members of the CAS
(CRK-associated substrate) and NSP
(novel SH2-containing protein) families
(Table 1) are multidomain proteins that
combine both adaptor and scaffold func-
tions to form unique signaling modules
in complex signaling networks (Figs. 1
and 2). They achieve this by interacting
with each other through their conserved
carboxy-terminal domains. In this
review, we provide an overview of both
families and their shared involvement in
cell signaling and cancer malignancy.

The CAS Family

Domain organization and general signal-
ing mechanisms. The CAS protein family
consists of 4 members, BCAR1, NEDD?9,
EFS, and CASS4 (see Table 1 for alterna-
tive names), which share a conserved
multidomain organization (Fig. 1). The
amino-terminal SH3 domain of CAS pro-
teins binds polyproline motifs of interact-
ing partners, the most studied of which is
the focal adhesion kinase FAK® (Fig. 2).
This is followed by the substrate domain
(Fig. 1), which can be “stretched” to

expose its many YxxP motifs for phos-
phorylation, thus functioning as a sensor
of cell mechanical stress.*> Once phos-
phorylated by kinases such as SRC, these
motifs provide binding sites for the SH2
domains of adaptor proteins, with CRK
and CRKL being the most important.*®
The subsequent serine-rich region can
recruit regulatory 14-3-3 proteins through
serine-phosphorylated motifs.” Structur-
ally, this region folds into a 4-helix bun-
dle domain that is reminiscent of the focal
adhesion—targeting (FAT) domains found
in focal adhesion proteins.'® This is fol-
lowed by the SRC-binding region, which
includes a polyproline motif that can bind
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Table 1. CAS and NSP Family Members

Official gene name

Other names

CAS family

BCART1, breast cancer antiestrogen resis-
tance protein 1

NEDD?9, neural precursor cell expressed
developmentally downregulated protein 9

EFS, embryonal FYN-associated substrate

CASS4, CAS scaffolding protein family
member 4

p130CAS/CAS, CRK-associated substrate

HEF1, human enhancer of filamentation 1

CAS-L/CASL, CAS-related protein lympho-
cyte type

SIN, SRC-interacting or signal-integrating
protein

HEPL, HEF1-EFS-p130CAS-like protein

NSP family

SH2D3A, SH2 domain—containing 3A

BCARS, breast cancer antiestrogen resis-
tance protein 3

SH2D3C, SH2 domain-containing 3C

NSP1, novel SH2-containing protein 1

NSP2, novel SH2-containing protein 2

AND-34, identified from AND TCR transgenic
mice clone 34.1

NSP3, novel SH2-containing protein 3

SHEP1, SH2 domain—containing EPH
receptor—binding protein 1

CHAT, CAS/HEF1-associated signal
transducer

CHAT-H, hematopoietic cell-specific CHAT

Note: Included are the most common names according to UniProtKB/Swiss-Prot (uniprot.org).

the SRC SH3 domain and/or a tyrosine-
containing motif that, when phosphory-
lated by FAK, can bind the SRC SH2
domain.'"'? Notably, features of the
SRC-binding region vary among the fam-
ily members, with CASS4 lacking both
SRC-binding motifs. A stretch of approx-
imately 70 amino acids with an unknown
structure and function precedes the car-
boxy-terminal domain, which was only
recently revealed to adopt a FAT-type
4-helix bundle fold.” This domain is
responsible for the interaction with NSP
proteins as well as several ubiquitin
ligases.'*"* Furthermore, in at least some
family members, the CAS carboxy-
terminal domain can be released by cas-
pases and function independently to pro-
mote apoptosis.' >

The detailed signaling mechanisms
of CAS proteins have been extensively
discussed in several excellent recent
reviews. 121617 Therefore, here, we
highlight only the main general features
of their signaling pathways (Fig. 2). Cell
adhesion mediated by integrin receptors
is the best characterized event linked
to CAS signaling since it leads to the
activation of FAK.""'> FAK can directly
recruit SRC family kinases and at
the same time phosphorylate the

SRC-binding region in CAS proteins,
thus generating the binding site for the
SRC SH2 domain.""'"* Binding of the
SRC SH2/SH3 domains to the FAK-
CAS complex relieves their intramolec-
ular inhibition on the kinase domain,
leading to SRC activation."®*' In addi-
tion, it positions the activated SRC for
phosphorylation of the multiple tyro-
sines in the CAS substrate domain.”**
This hyperphosphorylation is a hallmark
of the active signaling form of CAS pro-
teins and generates binding sites for
CRK adaptors, which then recruit the
nucleotide exchange factors DOCK180
and C3G.*** DOCK180 is a key activa-
tor of the RHO family GTPase RACI,
which in turn controls activation of the
JNK MAP kinase and actin cytoskeleton
remodeling, while C3G activates the
RAS family GTPase RAPI1, leading to
increased integrin activity. 2?53
Together, these 2 pathways promote cell
substrate adhesion, migration, and inva-
siveness as well as prolifera-
tion.®827:28313437  Moreover, RACI
activation by CAS proteins can also
occur through PI3 kinase—dependent
activation of guanine nucleotide
exchange factors, while the PI3 kinase—
AKT axis additionally supports cell

27,37-39
S

survival downstream of CA

(Fig. 2).

In addition to FAK, SRC, and
the CRK-DOCK180-RACI1, CRK-C3G-
RAPI, and PI3 kinase axes, many other
signaling molecules have been described
as CAS regulators and effectors, account-
ing for the diverse biological functions of
the family.'"'> Among these are the NSP
family proteins, which are featured in this
review. Although less investigated, the 3
proteins forming the NSP family seem to
be among the most avid CAS-binding
partners. They are also capable of inter-
acting with receptor tyrosine kinases,
thus directly linking CAS proteins to
receptor tyrosine kinase—initiated signal-
ing. Before delving into the details
of NSP-CAS signaling, we provide an
overview of each of the 4 CAS proteins
and the distinctive properties that account
for their different roles in various
malignancies.

BCARI (pI30CAS). BCARI is the
founding member of the CAS family
and is ubiquitously expressed in adult
human tissues and cancer cell lines'""”
(broadinstitute.org/ccle). It was origi-
nally discovered in v-CRK—and v-SRC—
transformed cells as pI30CAS (Table 1),
an abundant and highly phosphorylated
130-kDa protein that interacts with the
transforming oncogenes.*”** Later stud-
ies revealed that BCARI plays an essen-
tial role in cell transformation by SRC
and several other oncogenes.’
The human gene was identified in a
genome-wide screen for proteins whose
overexpression in estrogen-dependent
breast cancer cells confers resistance to
antiestrogens (hence, the name breast
cancer antiestrogen resistance protein 1,
abbreviated to BCARI) (Table 1)."
BCARI has also been implicated in
resistance to the chemotherapeutic
drug doxorubicin.”> Furthermore, high
levels of the BCARI protein in
breast cancer specimens have been cor-
related with high ERBB2 receptor
expression, enhanced proliferation,
increased risk for resistance to tamoxifen
therapy, and poor clinical outcome.””***
The ability of BCARI1 to support
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Figure 1. Domain structure and phosphorylation sites of CAS and NSP family proteins. Shown are
the main isoforms for the various family members and their amino acid lengths. Isoforms of different
lengths are shown only for NSP3; the 2 NSP3 shorter isoforms of 702 and 703 amino acids
differ from each other in their most amino-terminal segment (indicated in dark gray). CDC25-h =
CDC25 homology domain; FAT = focal adhesion-targeting domain (the central serine-rich region
of the CAS proteins has the structure of a FAT domain, although it is not commonly designated as
such); P/S = proline/serine-rich region; SB = SRC-binding region (containing binding sites for both
SRC SH2 and SH3 domains in BCAR1 and EFS and only for the SRC SH2 domain in NEDD9);
SH2 = SH2 domain; SH3 = SH3 domain. Phosphorylation sites (Y = tyrosine; S = serine; T =
threonine) were obtained from phosphosite.org; the smallest font indicates sites identified by mass
spectrometry in >5 samples, the intermediate-sized font indicates sites identified in >50 samples,
and the largest font indicates sites identified in >500 samples. It should be noted that identification
of phosphorylation sites by mass spectrometry is not necessarily comprehensive. Indicated in gray
are the 3 serine phosphorylation sites in the substrate domain of BCAR1 that depend on BCAR3
expression in MDA-MB-231 breast cancer cells® (the first of which was also detected in >5 other
samples), the tyrosine phosphorylated downstream of the EGF receptor in the SH2 domain of
NSP1,8" and the tyrosine phosphorylated downstream of the overexpressed EPHB2 receptor in

the CDC25 homology domain of NSP3.%°

long-term proliferation in the presence
of antiestrogens, which appears to be
unique among the CAS family proteins,
has been linked to tyrosine phosphoryla-
tion of its substrate domain.”>*® BCAR1
signaling has also been associated with
cell proliferation, survival, and migra-
tion/invasion in many tumor types
besides breast cancer, including ovarian
and prostate cancer, glioblastoma, mela-
noma, and hematopoietic malignan-
cies.!121721575 Accordingly, a great
abundance of BCARI tyrosine- and ser-
ine/threonine-phosphorylated peptides

have been detected in a wide variety of
cancers (phosphosite.org) (Fig. 1).

NEDD9. This member of the CAS
family is widely expressed in tissues,
and interestingly, its levels are low in the
G1 phase of the cell cycle but increase
dramatically during mitosis.'*'* NEDD9
is also expressed in most cancer cell
lines, with highest levels detected in
melanoma and medulloblastoma cell
lines'>** (broadinstitute.org/ccle). Fur-
thermore, many tyrosine-phosphory-
lated peptides from the NEDD9 substrate

domain have been detected by mass
spectrometry in a large number and
a wide variety of cancer cell lines
and tumor samples (phosphosite.org)
(Fig. 1), consistent with the reported
importance of NEDD9 signaling in
most cancers including hematopoietic
tumors.'>'*!"% Interestingly, a distinc-
tive role of NEDD9 in driving invasive-
ness and metastasis has been extensively
documented in melanoma, breast cancer,
and other cancers.'®'"**73 In addition,
analysis of NEDD9 knockout mice has
implicated this CAS family member in
tumor initiation in the MMTV—Polyoma
middle T mouse mammary tumor model
through activation of FAK, SRC, AKT,
and ERK.”* However, besides reducing
tumor development, over time, the lack
of NEDD9 expression can also promote
cancer cell aggressiveness by causing
genetic instability.”” Consistent with a
complex role in tumorigenesis, NEDD9
overexpression may also negatively
affect cancer development by causing
defects in cytokinesis through its multi-
ple effects on the mitotic machinery as
well as by promoting apoptosis through
caspase-dependent release of its car-
boxy-terminal domain.'>'®

EFS and CASS4. EFS and CASS4 are
the least characterized members of the
CAS family, and their roles in cancer
have not yet been extensively explored.
EFS mRNA is expressed in the adult
brain, lung, and thymus as well as in sar-
coma cell lines and a subset of cell lines
from other cancers, including lung can-
cer’®”7 (broadinstitute.org/ccle). Only a
few tyrosine-phosphorylated peptides
from the EFS substrate domain have
been identified in a variety of tumors
and cancer cell lines, including breast
cancers and pheochromocytomas (phos-
phosite.org) (Fig. 1). Therefore, the
available evidence suggests that EFS
has a more limited role in cancer than
the other members of the CAS family.

The most recently identified family
member, CASS4, has a restricted tissue
distribution and is predominantly found
in the lung and spleen.’® In cancer cell
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Figure 2. NSP-CAS signaling networks. The schematic diagram illustrates pathways discussed
in the text, depicting how NSP proteins integrate CAS signaling downstream of integrins with
signaling pathways downstream of other cell surface receptors. Signaling pathways downstream of
cell surface receptors as well as many other known regulators and effectors of CAS family proteins
are not shown. Overexpression of several NSP and CAS proteins has been implicated in cancer
malignancy and resistance to chemotherapy, which may be due at least in part to perturbation of

the signaling interactions shown in the figure.

lines, CASS4 mRNA expression is high-
est in leukemia cell lines (broadinstitute.
org/ccle). Despite lacking the SRC-
binding region, CASS4 is phosphory-
lated on tyrosines in the substrate
domain, likely through FAK-associated
SRC.?7® Multiple tyrosine-phosphory-
lated peptides derived from the substrate
domain of CASS4 have been detected
by mass spectrometry in cancers, with
the great majority from chronic myelog-
enous leukemias and a smaller number
from lung cancer samples (phosphosite.
org) (Fig. 1). Even though CASS4 seems
to have similar activities as the other
CAS proteins, its carboxy-terminal
domain has the most divergent sequence
of the 4 family members, and it is not
yet known whether it can support
a tight interaction with NSP family
members. "

The NSP Family

Domain organization and general signal-
ing mechanisms. The NSP family consists

of 3 members, NSP1, BCAR3, and NSP3
(see Table 1 for alternative names), which
share a similar domain organization (Fig.
1). The amino-terminal segment of NSP
proteins is of variable length and subject
to alternative splicing in BCAR3 and
NSP3.”® Only the longer version of this
segment in NSP3 has been shown to
promote association with the plasma
membrane,” suggesting that the amino-
terminal segment confers distinctive sig-
naling properties to the different isoforms.
This region is followed by a SH2 domain
that can bind to activated receptor tyro-
sine kinases, including members of the
ERBB and EPH families,go'83 thus recruit-
ing the associated CAS proteins and their
signaling partners to the activated recep-
tors (Fig. 2). The proline/serine-rich
region that follows the SH2 domain con-
tains putative binding sites for SH3
domain—containing proteins. This region
is poorly conserved and may therefore
recruit different binding partners to each
NSP family member. Although no

definite binding partners have yet been
characterized, predictions suggest bind-
ing of various SH3 domain—containing
proteins, including the CDC42 exchange
factor intersectin to NSP1 and the ABL
nonreceptor tyrosine kinase to NSP3
(scansite.mit.edu). Additionally, cortac-
tin, a SRC substrate and actin cytoskele-
ton regulator involved in cell invasion,*
is predicted to interact with all 3 NSP pro-
teins (scansite.mit.org).

Perhaps the most intriguing region of
the NSP proteins is their large carboxy-
terminal domain, which is crucial for
interaction with members of the CAS
family.®"*>* This domain has sequence
similarity with the CDC25 homology
domain of guanine nucleotide exchange
factors, which promote the exchange of
the GDP nucleotide bound to inactive
RAS GTPases with GTP, leading to
RAS activation.®*®"*> Hence, nucleotide
exchange functions have been proposed
for the NSP family."” However, enzy-
matic activity could not be confirmed
using purified NSP CDC25 homology
domains,”*° which is in line with recent
structural studies revealing an architec-
ture incompatible with enzymatic activ-
ity but exquisitely suited for CAS
binding" (see below).

In essence, NSP proteins act as
sophisticated adaptor molecules that
use their SH2 and CDC25 homology
domains to connect receptor tyrosine
kinases and other cell surface receptors
with CAS family members and integrin
signaling cascades (Fig. 2). Yet, based
on the number and diversity of potential
signaling motifs present in the family
members, it is likely that other binding
partners, mechanisms, and pathways
involving the 3 NSP proteins remain to
be discovered. For example, little is
known about the role of NSP phosphor-
ylation, which represents an additional
putative regulatory aspect for the NSP
family. Multiple phosphorylation sites
have been identified, mostly in the
amino-terminal half of all 3 NSP pro-
teins, in normal and cancer cells®®"¢:8%-
°! (phosposite.org) (Fig. 1). The tyrosine-
phosphorylated motifs likely result from
the activity of SRC, ABL, and receptor
tyrosine kinases, and presumably some
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of them serve as binding sites for pro-
teins containing SH2 or PTB domains.
For example, sequence-based predic-
tions suggest that the ABL kinase SH2
domain may bind to NSP3 (scansite.mit.
edu). Furthermore, the NSP amino-
terminal segments and proline/serine-
rich regions contain multiple serine/
threonine-proline (S/TP) motifs that
are likely phosphorylated by proline-
directed kinases such as ERK***
(scansite.mit.edu). Additionally, AMP
kinase is predicted to phosphorylate
several serines in NSP1 (scansite.mit
.edu). A number of serine/threonine-
phosphorylated motifs in all 3 NSP pro-
teins are also predicted to bind 14-3-3
proteins.

Consistent with promoting CAS sig-
naling and cancer malignancy, many
studies have shown that NSP proteins
can enhance SRC activity and CAS tyro-
sine and serine phosphorylation in a
variety of cell culture and in vivo sys-
tems.”"”*¥3% The amino-terminal half
of the NSP proteins, including the SH2
and proline/serine-rich domains, seems
to be required to enhance CAS phos-
phorylation.*****%%%  CAS-dependent
signaling involving CRK and PI3 kinase
likely accounts for the ability of all 3
NSP proteins to activate RACI1 and the
other RHO family GTPase, CDC42, as
well as AKT?!'%1% (Fig. 2). Further-
more, overexpression of NSP1 and
NSP3 has been shown to activate the
RAC1 downstream effector INK 1 #5614

All 3 NSP family members can also
increase CAS protein levels, which
likely further potentiates CAS signal-
ing”*'”  Although the underlying
mechanism for NSP-dependent CAS
stabilization is not known, an interesting
possibility is that NSP binding might
prevent the association with ubiquitin
ligases that also interact with the CAS
carboxy-terminal ~ FAT  domain,'*"
thereby reducing CAS proteolytic deg-
radation. Overall, we are only beginning
to understand the signaling pathways
and functions of NSP proteins and their
CAS complexes in cancer development
and progression. Current information on

each family member is outlined in the
next sections.

NSPI (SH2D3A). NSP1 was first iden-
tified from a database of human-
expressed sequence tags as a new SH2
domain—containing protein.*’ NSP1 is
the shortest member of the family due to
its shorter amino-terminal and proline/
serine-rich regions (Fig. 1) and appears
to be a pseudogene in the mouse.”® Of the
3 family members, NSP1 has the most
restricted expression, and in adult tis-
sues, its transcripts are mainly found in
the lung, pancreas, kidney, and liver.”®'
However, NSP1 is present at substantial
levels in a variety of cancer cell lines,
including pancreatic and lung cancer
cells (broadinstitute.org/ccle), where it
likely functions downstream of integrins
and activated receptor tyrosine kinases
including members of the EGF and insu-
lin receptor families.*™ For example,
upon EGF stimulation of COS cells,
NSP1 binds to the EGF receptor and
becomes phosphorylated on 2 of its 3
tyrosines.’ Both tyrosine and serine/
threonine phosphorylation sites have
also been detected for NSP1 by mass
spectrometry in human tumors and can-
cer cell lines, most frequently in lung
cancers (phosphosite.org) (Fig. 1). This
suggests a role for NSP1 in lung cancer,
although the functional consequences of
NSP1 phosphorylation are not yet
known. Interestingly, upregulation of
NSP1 expression has been reported as
part of the gene expression signature of
“KRAS-addicted” lung and pancreatic
cancers, suggesting that NSP1 could
contribute to KRAS transformation and
serve as a biomarker for KRAS-depen-
dent tumors.'® Furthermore, NSP1 over-
expression in MCF7 breast cancer cells
moderately increases BCARI1 tyrosine
phosphorylation and the appearance of a
serine-phosphorylated form of BCARI1
with reduced electrophoretic mobility.”*
Although NSP1 overexpression in breast
cancer cells also activates RACI,
CDC42, and AKT, these signaling activi-
ties do not seem sufficient to confer
resistance to antiestrogens.'”

BCAR3. The BCAR3 gene encodes at
least 2 protein isoforms that differ in the
amino-terminal segment preceding the
SH2 domain,” but only the longer iso-
form of 825 amino acids has been stud-
ied so far. BCAR3 mRNA is widely
expressed in most human tissues’®'"
and in cell lines from most types of
cancers, with lowest levels in leukemias
and lymphomas (broadinstitute.org/
ccle) despite the expression of BCAR3
in normal B cells.'” In cell lines from
breast, ovarian, and endometrial can-
cers, BCAR3 mRNA expression seems
to be inversely correlated with estrogen
receptor expression.'”!'% In addition,
BCAR3 tyrosine-phosphorylated pep-
tides have been detected by mass spec-
trometry in many cancers, with a
preponderance in lung cancer (phospho-
site.org). The widespread expression
and phosphorylation of BCAR3 in can-
cer cells suggest a role in many cancer
types. Although the involvement of
BCARS3 in lung cancer has not yet been
investigated, a number of studies have
characterized its role in breast cancer.

BCAR3 exerts a profound influence
on various aspects of breast cancer
malignancy. It was first identified in the
same screen for proteins conferring anti-
estrogen resistance that also identified
the CAS protein BCAR1.'" Later stud-
ies revealed that BCAR3-BCARI1 com-
plexes are more evident in more
aggressive and estrogen receptor—
negative breast cancer cell lines, where
BCARI signaling is known to promote
survival, migration, and invasive-
ness.” 103107 Muyltiple  pathways
involved in cell proliferation and sur-
vival could contribute to BCAR3-
induced estrogen independence in breast
cancer cells.'” The ability of BCAR3 to
promote proliferation of estrogen-
dependent breast cancer cells in the
presence of antiestrogens requires both
the SH2 and CDC25 homology domains,
suggesting that this depends on its abil-
ity to link cell surface receptors with
CAS signaling networks'”” (Fig. 2). A
critical event for the antiestrogen resis-
tance phenotype is RACI activation,
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which occurs downstream of FAK-
CAS-PI3 kinase as well as CAS-CRK-
DOCK180 pathways, leading to
increased cyclin D1 levels through the
downstream kinase PAK1."""'% AKT
activation downstream of PI3 kinase
may also contribute to BCAR3-dependent
antiestrogen resistance.'**'%’

Another key role of BCAR3 likely
contributing to estrogen-independent
growth involves increasing the activity of
SRC recruited to BCARI, thus leading to
not only phosphorylation of the BCAR1
substrate domain and subsequent CRK-
RACI signaling?' 797100192 byt Jikely
also other SRC-dependent activi-
ties.'”""%!"2  Interestingly, endogenous
BCARS3 has also been found to mediate
some of the proliferative effects of the
EGF receptor in the nontransformed
MCF12A human breast cell line, suggest-
ing that a similar cross-talk with the EGF
receptor might also play a role in breast
cancer cell proliferation and antiestrogen
resistance.”'""!"” Remarkably, although
all 3 NSP family members can promote
RACI1, CDC42, and AKT activation
when overexpressed in breast cancer
cells, only BCAR3 can increase cyclin
D1 levels and promote robust antiestro-
gen resistance. BCAR3 is also the most
effective of the NSP proteins in inducing
BCAR1 and NEDD9 tyrosine and
serine phosphorylation.”*****'°” Hence,
BCARS3 appears to have stronger signal-
ing abilities and/or additional distinctive
signaling functions that promote breast
cancer cell malignancy.”'”

Estrogen independence is typically
accompanied by a pronounced mesen-
chymal and invasive breast cancer cell
phenotype.''"""*!"* Interestingly, besides
enabling growth in the presence of anti-
estrogens, BCAR3 promotes mesenchy-
mal attributes as well as cell spreading,
migration, and invasiveness. These are
also critical aspects of cancer malig-
nancy that encompass the core features
of NSP-CAS-CRK signaling (Fig. 2).
For example, BCAR3 overexpression in
the less aggressive, more epithelial-like
MCF7 and T47D breast cancer cells
decreases E-cadherin localization at

cell-cell junctions with concomitant dis-
ruption of junctional integrity and
increased fibronectin production.”®!'**!%7
BCAR3 also promotes the formation of
membrane ruffles and cell protrusion,
which are hallmarks of increased RAC1
signaling and a migratory pheno-
type.”'%!%7 Indeed, BCAR3 can cause
BCARI relocalization from focal con-
tacts to membrane ruffles and cell pro-
trusions (where BCAR3 is also
enriched), thus positioning BCAR1 for
the promotion of cell migration and
invasiveness.”**'" Conversely, siRNA-
mediated downregulation of BCAR3 in
the more aggressive MDA-MB-231 and
BT549 breast cancer cells leads to a less
malignant phenotype, including a
decrease in SRC activation, BCARI
tyrosine/serine  phosphorylation, and
BCARI association with CRK accom-
panied by a transition from a mesenchy-
mal to a more epithelial-like morphology
as well as defects in cell spreading,
migration, and invasiveness.*'**!"’

NSP3 (SH2D3C). NSP3 was indepen-
dently identified as an NSP1 family
member,®' as a protein that interacts
with the EPHB2 receptor tyrosine
kinase,* and as an antigen that localizes
at cell-cell junctions.® Its 2 shorter iso-
forms of 702 to 703 amino acids are
widely expressed,”®*"*¢ whereas its lon-
ger isoform of 860 amino acids is preva-
lent in hematopoietic cells (Fig. 1).
NSP3 is the only family member with a
carboxy-terminal PDZ domain-binding
motif, which mediates association with
the adaptor protein CARD11/CARMA. '
CARDI1 is a positive regulator of anti-
gen receptor signaling in B and T cells
and forms a signalosome with the NFxB
activators BCL10 and MALT1, whose
deregulation has been linked to lym-
phoma development.''®

NSP3 mRNA is most highly
expressed in the brain, lung, blood ves-
sels, and immune cells.”**"% Its tran-
scripts are also preferentially expressed
in lymphoma and leukemia cell lines,
and thus, NSP3 seems to have comple-
mentary expression with BCAR3 in

cancer cell lines (broadinstitute.org/
ccle). Increased NSP3 protein expres-
sion has also been reported in gastric
cancers,''” and NSP3-phosphorylated
peptides have been detected by mass
spectrometry in leukemias, lymphomas,
and lung cancers (phosphosite.org), sug-
gesting an involvement in these malig-
nancies. Indeed, NSP3 has been shown
to be tyrosine phosphorylated down-
stream of the BCR-ABL oncogene and
may function in concert with NEDD9 in
BCR-ABL-transformed cells.'®*

Although the role of NSP3 in chronic
myelogenous leukemia and other hema-
tological cancers has not yet been investi-
gated, its activities in B and T cells
suggest potential functions in tumorigen-
esis. The long NSP3 isoform has been
implicated in B-cell development and
function.”'"® In fact, NSP3 knockout
mice almost completely lack a population
of B cells in the spleen known as mar-
ginal-zone B cells. Furthermore, the
knockout B cells have defects in NEDD9
serine phosphorylation and B-cell migra-
tion in response to cytokines, although no
major defects have been observed in
NSP3 knockout T cells. Nevertheless,
several observations point to a potential
role of NSP3 in T-cell malignancies. One
is the impairment of T-cell migration in
culture and homing to peripheral tissues
in vivo upon siRNA-mediated downregu-
lation of NSP3.”"” Interestingly, NSP3
membrane localization driven by the
unique amino-terminal segment of the
long isoform induces the NEDD?9 serine
phosphorylation, RAP1 activation, and
integrin-mediated adhesion underlying
T-cell migration. An additional, albeit
controversial, factor is the increased pro-
duction of interleukin-2 (a hallmark of
T-cell activation) upon overexpression of
the long NSP3 isoform in the Jurkat
T-cell leukemia cell line.””'**!"> This
effect of NSP3 on interleukin-2 was con-
nected to JNKI activation through
NEDDY9 and the FAK-related PYK2
kinase as well as association with the
PDZ domain of CARDI11.

Similar to the long isoform, a direct
involvement of the shorter NSP3
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isoforms in cancer malignancy has yet to
be proven. However, NSP3 activities
downstream of cell surface receptors
may play a role in tumor angiogenesis as
well as cell migration and invasiveness,
which are key factors in cancer develop-
ment and progression. A potential role in
tumor angiogenesis is suggested by the
expression and phosphorylation of
NSP3 in cultured endothelial cells and in
the vasculature of mouse mammary
tumors and MDA-MB-231 breast cancer
xenografts grown in nude mice’® (phos-
phosite.org). However, NSP3 knockout
mice do not exhibit obvious vascular
defects, raising the possibility of a
redundancy with BCAR3 or of residual
activities of a truncated NSP3 form pres-
ent in at least 1 of the 2 reported NSP3
knockout mouse lines.”****” NSP3 also
interacts with the EPHA4 and EPHB2
receptor tyrosine kinases through its SH2
domain and can be phosphorylated on
tyrosine residues downstream of EPHB2
and the EGF receptor.**”® Additionally,
EGF and NGF stimulation in PCI12
pheochromocytoma cells and T-cell
receptor stimulation in primary mouse T
cells cause an upward electrophoretic
mobility shift in NSP3, whose appear-
ance is prevented by the ERK pathway
inhibitor PD98059, consistent with the
presence of multiple potential ERK con-
sensus phosphorylation sites.***
Furthermore, NSP3 localizes to mem-
brane ruffles of COS cells stimulated
with EGF and promotes cell migration
towards EGE."***° This ability is depen-
dent on the interaction with BCARI1, fur-
ther exemplifying the importance of
NSP-CAS modules in cell migration.
NSP3 can also increase RAP1 activity,
integrin-mediated cell adhesion and
spreading, and membrane ruffling in
NIH3T3 cells through CAS-CRK-C3G.”
Interestingly, more prominent effects
were observed using engineered myris-
toylated forms of the protein, emphasiz-
ing the importance of membrane
targeting, which also leads to SRC-
dependent NSP3  phosphorylation.”**
Finally, NSP3 knockout mice show
defects in the olfactory axons, which

in vivo are unable to grow through the
basal lamina surrounding the brain (as
needed to form synapses in the olfactory
bulb) and in explant culture have an
impaired ability to penetrate the extracel-
lular matrix.”” These findings highlight a
proinvasive role of NSP3 in vivo, sug-
gesting a similar role in cancer cell
invasiveness.

Structural Features of NSP-CAS
Complexes

A recent study has provided surprising
insight into the structure and function of
the NSP carboxy-terminal domain. As
mentioned above, in all NSP family
members, this domain has a sequence
similarity with the CDC25 homology
fold found in nucleotide exchange fac-
tors for RAS family GTPases.” The
crystal structure of the BCAR3 carboxy-
terminal domain has indeed confirmed
that a large portion of this domain
closely resembles a prototypical CDC25
homology domain® (Fig. 3A). How-
ever, a segment termed the “helical hair-
pin,” which in enzymatically active
exchange factors inserts into the RAS
GTPase nucleotide-binding cleft to elicit
GDP displacement,'” is grossly dis-
torted in BCAR3 (Fig. 3A). This region
folds towards the body of the BCAR3
domain, thus blocking the canonical
RAS GTPase-binding site. This results
in a novel “closed” form of the CDC25
homology domain. A second structure of
the carboxy-terminal domain of NSP3 in
complex with BCAR1 shows that NSP3
also shares the closed conformation of
the helical hairpin (Fig. 3A). Impor-
tantly, the remodeled hairpin forms the
majority of the binding site for BCARI,
with further contributions from a
sequence insertion that is only found in
the CDC25 homology domains of the
NSP family. Overall, these findings and
the conservation of the NSP- and CAS-
interacting domains (Fig. 3B) suggest
that NSP proteins have repurposed an
enzymatic nucleotide exchange factor
domain to serve as an adaptor domain
that is highly specific for the recruitment

of CAS family members. In addition, the
conservation of residues within the bind-
ing interfaces of different NSP and CAS
proteins suggests that multiple combina-
tions of NSP-CAS pairs should be able to
form tight signaling associations. Indeed,
multiple NSP-CAS combinations have
already been found to function in differ-
ent signaling contexts’*"*>% (Fig. 3B).
Therefore, the carboxy-termini of all
members of the 2 families (with the pos-
sible exception of the less conserved
CASS4) enable a highly promiscuous
interaction system, creating a spectrum
of NSP-CAS complexes that combine
the distinctive signaling features of
each binding partner to differentially
modulate cellular processes and cancer
malignancy.

Concluding Remarks

The strong interaction between NSP and
CAS family proteins suggests that the 2
families are able to form stable com-
plexes in which NSP proteins are critical
modulators of CAS function. Studies
with BCAR1 and NEDD9 have demon-
strated the paramount importance of
NSP-CAS downstream signaling path-
ways in normal physiology and cancer
malignancy, whereas the mechanisms of
upstream NSP-CAS regulation are less
well understood.

CAS and NSP family proteins can
both be phosphorylated on tyrosine and
serine/threonine residues in response to
cell substrate adhesion as well as cell
stimulation with growth factors and
cytokines. NSP proteins can potentiate
CAS phosphorylation in normal and can-
cer cells through mechanisms that likely
involve both anchoring CAS proteins to
receptor tyrosine kinases and recruiting
them near plasma membrane—localized
SRC. This highlights their dual role as
both adaptor and scaffolding proteins
that can act in a positive feedback loop to
further increase cell adhesion (Fig. 2).
The fact that BCAR3, the long NSP3 iso-
form, and myristoylated NSP3 more
readily induce CAS tyrosine and serine
phosphorylation as compared to NSP1 or
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Figure 3. Conserved interaction domains of NSP and CAS family members enable promiscuous
interactions. (A) The NSP CDC25 homology domain is in a “closed” conformation that cannot bind
RAS proteins but can tightly interact with CAS proteins. (Left) Structure of the CDC25 homology
domain of the active exchange factor SOS bound to its target GTPase, RAS.''® (Middle) The
structure of the carboxy-terminal domain of BCARS reveals that it also adopts a CDC25 homology
domain fold, but in a new closed conformation incapable of RAS binding and exchange factor
activity. (Right) The structure of the NSP3-BCAR1 complex reveals that the carboxy-terminal domain
of NSP3 also adopts the closed conformation observed for BCARS. The altered conformation
enables strong interaction with the carboxy-terminal FAT domain of the CAS family protein BCAR1
to form an NSP-CAS complex, thus converting the exchange factor domain into an adaptor
domain. (B) Surface representations of BCAR1, BCARS3, and NSP3 structures solved by X-ray
crystallography,'® and models of NSP1, NEDD9, and EFS. The carboxy-terminus of CASS4 was
not modeled due to its greater degree of sequence divergency from the structurally characterized
BCAR1. Colors indicate interface residue types identified in the NSP3-BCAR1 complex and the
corresponding residues for the other family members. The color coding of interface residues
highlights the similarities in the binding interfaces of NSP or CAS family members and thus the
potential for promiscuous interactions between the 2 families (with the possible exception of the
less conserved CASS4). Arrows indicate experimentally confirmed associations between NSP and
CAS family members.

concert with NSP SH2 domain interac-
tions with cell surface receptors to more
effectively promote CAS signaling. It

shorter NSP3 isoforms suggests that
membrane targeting through the longer
amino-terminal segment could act in

will also be interesting to investigate if
NSP proteins bound to the CAS carboxy-
terminal FAT domain function together
with proteins bound to the CAS SH3
domain as part of the mechanosensory
machinery that stretches the central CAS
substrate domain, leading to its phos-
phorylation by SRC.** The mechanisms
and kinases responsible for NSP-induced
CAS family serine phosphorylation, and
whether this phosphorylation may be a
consequence of increased substrate adhe-
sion, also remain to be elucidated.

The functional effects of NSP phos-
phorylation are also unknown, except
for phosphorylation of a tyrosine in the
NSP3 CDC25 homology domain, which
has been reported to prevent interaction
with BCARIL.” A special connection
between NSP3 and the ABL nonreceptor
tyrosine kinase is suggested by the
observed NSP3 phosphorylation down-
stream of the BCR-ABL oncogene®®
(phosphosite.org) and by the predicted
binding of the ABL SH2 and SH3
domains to NSP3 but also remains to be
explored.

Further characterizing the NSP-CAS
association will also help to understand
the physiological and pathological activ-
ities of the various family members. For
example, it will be important to know
whether the binding affinities (which are
below 30 nM for the BCAR3-BCARI
and NSP3-BCARI1 complexes') differ
depending on the NSP-CAS pair and if
they can be physiologically regulated,
for example, by posttranslational modi-
fications.” It will also be useful to deter-
mine the proportion of each protein
found in NSP-CAS complexes in the
cellular environment and clarify the sub-
cellular localization of the complexes.
Structure-based mutations designed to
affect NSP-CAS interaction without
causing overall conformational changes
will be instrumental for these investiga-
tions." These types of studies have con-
firmed the importance of NSP-CAS
complexes in processes such as the
induction of CAS tyrosine phosphoryla-
tion and regulation of cell morphology
and migration.'*****% Additionally, the
effects of BCAR3 carboxy-terminal
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deletions support the importance of
the CDC25 homology domain and the
NSP-CAS association in antiestrogen
resistance, SRC activation, CAS relocal-
ization to membrane ruffles, and cell
migration,*'"!

According to some recent reports,
however, substantial impairment of
NSP-CAS association by single amino
acid changes does not seem to impact
NSP protein—dependent SRC and RAC1
activation and antiestrogen resistance
induced by BCAR3 overexpression.*””®
Further work will be needed to resolve
these discrepancies. Furthermore, dele-
tion of the CDC25 homology domain
has demonstrated that at least some
BCARI serine phosphorylation events
do not seem to require interaction with
NSP proteins.”* On the other hand, gene
transcription analyses and pathway acti-
vation mapping have revealed that over-
expression of BCAR3 or BCARI
activates signaling networks that have
not only common elements but also dis-
tinctive features.'”'** Taken together,
these findings highlight the complexi-
ties in the activities of NSP and
CAS proteins and their modules, which
remain to be further unraveled in future
studies.

In summary, the role of NSP and CAS
proteins in cancer appears to depend on
their protein abundance and phosphoryla-
tion state and possibly on the particular
family member or isoform expressed.
Although BCAR1, BCAR3, and SRC
mRNA levels may not show a positive
correlation with aggressiveness or poor
responsiveness to tamoxifen therapy,'”!
BCARI protein levels in breast cancer
samples correlate with prognosis and
could be useful to decide on treatment
options.”>* Screening for BCAR1 phos-
phorylation levels could be even more
powerful.***® On the other hand, only a
few mutations have been identified so far
in each of the 3 NSP genes as well as in
BCARI1 and NEDD?9 in different types of
cancers (sanger.ac.uk/cosmic), and no
information is yet available on the func-
tional effects of the mutations or their rel-
evance to cancer development and
malignancy. With regard to therapy,

siRNA-based strategies will allow the
reduction of NSP-CAS complexes and
their malignant activities. Furthermore,
better understanding of NSP-CAS signal-
ing mechanisms will enable effective tar-
geting of enzymatic activities associated
with the complex or disruption of interac-
tions with upstream regulators and down-
stream effectors. Developing agents that
can disrupt NSP-CAS complexes will be
more challenging due to the large inter-
face and strong binding between the 2
classes of molecules.

An article published after submission
of this review'* reports that BCAR3
recruits BCARI to integrin-mediated
focal adhesions by binding through its
SH2 domain to a tyrosine phosphorylated
sequence of the receptor-like protein
tyrosine phosphatase a (PTPa). This leads
to BCARI phosphorylation by SRC and
downstream signals that promote cell
migration
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