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Abstract

The Slit family of secreted proteins and their transmembrane receptor, Robo, were originally
identified in the nervous system where they function as axon guidance cues and branching factors
during development. Since their discovery, a great number of additional roles have been attributed
to Slit/Robo signaling, including regulating the critical processes of cell proliferation and cell
motility in a variety of cell and tissue types. These processes are often deregulated during cancer
progression, allowing tumor cells to bypass safeguarding mechanisms in the cell and the
environment in order to grow and escape to new tissues. In the last decade, it has been shown that
the expression of Slit and Robo is altered in a wide variety of cancer types, identifying them as
potential therapeutic targets. Further, studies have demonstrated dual roles for Slits and Robos in
cancer, acting as both oncogenes and tumor suppressors. This bifunctionality is also observed in
their roles as axon guidance cues in the developing nervous system, where they both attract and
repel neuronal migration. The fact that this signaling axis can have opposite functions depending
on the cellular circumstance make its actions challenging to define. Here, we summarize our
current understanding of the dual roles that Slit/Robo signaling play in development, epithelial
tumor progression and tumor angiogenesis.
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Introduction

The existence of axon guidance molecules was postulated by Ramon y Cajal in the late
1800s, but 100 years elapsed before their molecular identification. As their name suggests,
these cues act to instruct the migration of neurons and their axons in the developing nervous
system, establishing the initial pattern of axonal projections that is subsequently refined by
activity-dependent mechanisms. Axon guidance cues are secreted by both target and non-
target cells, and they are bi-functional, acting as both attractants and repellents when
patterning the nervous system. Cell surface receptors are responsible for directing the
response of a cell to these cues. These receptors translate directional information provided
by the cues to the cytoskeleton, generating the movement and, in the case of axons,
directional outgrowth required for pathfinding.
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In addition to their role as axon guidance cues, these molecules also function outside the
nervous system to regulate the development of other organs, including the immune and
vascular systems, epithelial organs and glands. In these contexts, “axon guidance” cues do
not simply function as instructional signals, but rather act more broadly to control the
growth, branching, adhesion and position of cells in complex tissues. Like many molecules
that play key roles in development, “axon guidance” cues are often deregulated in disease
processes, especially cancer, with many of these cues acting to either promote or suppress
tumor growth and progression.

Among the many families of “axon guidance” molecules, Slits, signaling through their
Roundabout (Robo) receptors, constitute a relatively small group of factors. They were
originally identified as chemorepellents that play a crucial role in preventing developing
commissural neurons from inappropriately recrossing the midline. Once believed to have
only restricted functions in the developing nervous system as guidance cues and branching
factors (Brose et al., 1999; Wang et al., 1999), members of this family are now identified as
key regulators of many cellular processes in multiple tissue types, including the mammary
gland, heart, lung and kidney (Greenberg et al., 2004; Hinck, 2004; Medioni et al., 2010;
Piper et al., 2000). In addition, they have also been implicated in multiple human
pathologies including cancer and inflammation (Legg et al., 2008; London and Li, 2011,
London et al., 2010; Wu et al., 2001).

As we learn more about the mechanisms of cancer progression, it is becoming clear that
tumor cells hijack normal cellular processes to survive and metastasize to secondary tissues.
Specifically, a cell’s proliferative, adhesive and migratory properties are often altered in the
process of tumor cell transformation, allowing rapid proliferation and tumor growth,
detachment from the surrounding tissue, and invasion into the vasculature leading to
metastasis. Over the last decade, many studies have implicated Slit/Robo signaling in the
regulation of cell proliferation, cell adhesion, and cell migration, raising the possibility that
this pathway represents a key target for alteration in cells undergoing tumor cell
transformation. In fact, Slit and Robo expression levels are altered in a majority of human
cancers. However, recent work suggests that the role of Slit/Robo in tumor progression is
anything but simple. Emerging evidence postulates that Slits and Robos function both as
oncogenes and tumor suppressors, often in the same tissue. In this review, we summarize
how Slit/Robo signaling confers both tumor suppressive and oncogenic effects on the
progression of various types of cancers, focusing most of our discussion on vertebrate
systems, though invertebrate studies will be touched upon when relevant.

The Slit/Robo Signaling Interaction is Well Characterized

Slit is a Large Secreted Factor

Slits are secreted extracellular matrix proteins expressed in many cell types and tissues.
While flies and worms express only one Slit molecule, mice and humans express three
(Slit1, Slit2, and Slit3) that share a high degree of structural conservation (Dickson and
Gilestro, 2006). Slits are large multi-domain proteins with a unique tandem of four leucine-
rich repeats (LRRs, D1-D4), each connected via disulfide bonds near the N terminus. These
LRRs are followed by seven to nine epidermal growth factor (EGF)-like domains, and a
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laminin G-like domain capped by a C-terminal cysteine-rich module. Structural studies have
revealed that the LRR domains each contain a conserved motif that creates a concave shape
that might be important for modulating the interaction of Slits with their cognate receptors
(Howitt et al., 2004; Morlot et al., 2007a; Morlot et al., 2007b). Further structural studies
have shown that Slits undergo post-translational modifications (Figure 1A). Slit proteins are
proteolytically cleaved within the fifth EGF region to release an N-terminal fragment that
binds Robo receptors and mediates all assayed cell guidance functions of Slit/Robo
signaling (Nguyen Ba-Charvet et al., 2001).

The most commonly studied member of the Slit family of proteins is Slit2. It is known to
regulate many aspects of tissue morphogenesis and cell function, including cell migration,
proliferation, adhesion and death. While the function of Slitl remains largely unknown,
recent studies are beginning to ascribe functions to Slit3 in embryonic angiogenesis. Studies
have shown that Slit3 may function as an angiogenic factor involved in regulating
endothelial cell proliferation and motility, in addition to regulating formation of vascular
networks (Zhang et al., 2009). Thus, while our current knowledge confirms that the Slit
family of axon guidance molecules plays important roles in many aspects of development, it
is also clear that there are likely many unknown functions yet to be discovered.

Robo is a Highly Conserved Transmembrane Receptor

The Robo family of receptors is highly conserved, though the number of Robo genes differs
between invertebrates and vertebrates. Whereas worms have only one Robo (Sax-3)
receptor, flies, chick and zebrafish have three (Robo1-3), and mammals have four (Robol/
Duttl, Robo2, Robo3/Rig-1, and Robo4/Magic Roundabout) (Figure 1B) (Challa et al.,
2001; Hohenester, 2008; Huminiecki et al., 2002; Lee et al., 2001). While Robo1-3 contain
a high degree of structural and functional similarity, Robo4 appears to function distinctly
from the other Robo family members and, therefore, will be discussed in a separate section.

Robo1-3 are single-pass transmembrane receptors that belong to the immunoglobulin (Ig)
superfamily of cell adhesion molecules (CAMs) and are conserved between vertebrates and
invertebrates (Hohenester, 2008). The ectodomain of mammalian Robo receptors contains
five g domains followed by three fibronectin type 3 (FN3) repeats (Figure 1B). The Robo
intracellular domain has no inherent catalytic activity, but confers a downstream signal by
recruiting various factors to conserved proline-rich domains, referred to as CC0-CC3, and a
number of phosphorylatable sites present within the intracellular domain. It was recently
demonstrated that the different functions of Robo receptors in neuronal development are due
to both gene expression levels and to specific characteristics of the different Robo receptors
themselves (Spitzweck et al., 2010). For example, by engineering the expression of each of
the three Robo receptors from each Robo gene locus, the authors found that lateral
positioning of longitudinal axon pathways depends on gene expression, not on the type of
Robo expressed, whereas commissure formation depends on the expression of specific
combinations of Robos. This suggests that the receptors have structural differences that
confer specific signaling responses, such as prevention of midline crossing by Robol, and
promotion of midline crossing by Robo2 (Spitzweck et al., 2010).
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It has long been believed that the different signaling responses induced by each receptor in
response to Slit binding are primarily due to variations in the number and combinations of
CC motifs in their intracellular domains. However, recent studies reaveal that both
intracellular and extracellular domains dictate the resulting signaling response induced by
Slit binding. In Drosophila neuronal development, Robo2 has both lateral positioning and
midline crossing activities. In a 2010 study, Evans and Bashaw demonstrate that Ig1 and g3
are required for lateral positioning, whereas promidline crossing seems to be dictated by 1g2.
The authors performed studies in which the cytoplasmic domains of Robo2 and Robo3 were
replaced with that of Robol and found that stimulation with Slit confers wild-type activities,
strongly suggesting that the specificity lies in the ectodomains. However, complete loss of
the cytoplasmic domains ablate all receptor activity, indicating that these are also required
for signaling. Furthermore, the authors demonstrate that the differences in signaling
response are not simply due to differences in Slit2 binding to the ectodomain, but rather due
to differences in multimerization and receptor/ligand stoichiometry dictated by the Ig
domains (Evans and Bashaw, 2010). These results suggest that, while the cytoplasmic
domain is important for downstream signaling, the specificity of the signaling response
might be determined by the ectodomains. As Slits and Robos are known to regulate multiple
types of signaling responses, including cell motility and cell proliferation, and to play
critical roles in the development of many vital organs, including the kidney and breast, it
will be interesting to learn if the g domains of Robo ectodomains play an equally important
role in conferring Slit signaling in diverse systems.

Cleavage of Robo Reveals Additional Regulatory Complexities

Current efforts examining post-translational modifications of Robo suggest that regulation
of this receptor, and consequently the signaling pathways it mediates, is more complex than
initially proposed. This has been demonstrated using the Alexander hepatoma cell line,
PLC/PRF/5, in which the intracellular domain of Robo is successively cleaved by
metalloproteases and y-secretases, yielding two distinct intracellular Robol fragments
(Robo1-CTF1 and Robol-CTF2) (Seki et al., 2010). The identification of several nuclear
localization signals (NLSs) within these intracellular fragments of Robol suggests a
potential transcriptional role for the receptor, at least in cancer cells. Biochemical
fractionation of PLC/PRF/5 cells treated with the proteasome inhibitor MG-132 show
Robol-CTF2 exclusively located in the nucleus, whereas Robol-CTF1 is found in each of
the membrane, cytosolic and nuclear fractions (Seki et al., 2010). This suggests that the
successive cleavage of the Robol1-CTF is critical for proper localization within the cell and
may play a regulatory role. However, removal of all three potential NLSs does not abolish
nuclear localization, suggesting that perhaps nuclear localization of Robol-CTF relies on
other currently unidentified effector molecules (Seki et al., 2010). It is clear that further
studies of NLS-containing Robol-CTF binding partners are needed to elucidate the full
mechanism of transcriptional regulation by Robol-CTFs.

In addition to intracellular cleavage, a number of axon guidance receptors, including Robo,
undergo extracellular cleavages, generating protein products that regulate a number of
cellular functions, such as migration. Recently, studies in Drosophila aimed at elucidating
the exact mechanism of Robo activation following Slit-binding reveal a potential role for the
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metalloprotease-disintegrin Kuzbanian (ADAM 10 in mammals) in generating a free
ectodomain by extracellular cleavage. Although Kuz/ADAM10 is expressed in both neurons
and midline glia, only neuronal expression is required for Slit/Robo repulsion, suggesting
that the protease acts on Robo-expressing neurons and not the glia (Coleman et al., 2010).
Furthermore, it appears that extracellular cleavage of Robo is required for receptor
activation following Slit stimulation, as expression of an uncleavable form of Robo is unable
to rescue a Robo mutant phenotype. It was also found that cleavage of Robo by Kuz/
ADAM10 is necessary for the recruitment of Son of sevenless (Sos) and other factors
required for Slit/Robo-mediated repulsion at the midline (Coleman et al., 2010). Taken
together, these data suggest that cleavage is an important mechanism that regulates the
activation of Robo and its signal transduction, and it is likely that subsequent studies will
reveal how cleavage regulates the many different functions of Slit/Robo signaling.

Structural Studies Have Defined the Interaction Between Slit and Robo

The interactions between Slit and Robo molecules are evolutionarily conserved, as
evidenced by studies that show that human Slit2 is able to bind Drosophila robol with
similar affinity as its mammalian receptor, and vice versa, that Drosophila slit successfully
binds rat Robol and Robo2 (Brose et al., 1999). Biochemical studies also show that the
interaction between this receptor/ligand pair involves the highly conserved second LRR
domain (D2) of Slit and the Ig1 domain of Robo, while 1g2—-Ig5 and all FN3 domains of
Robol appear to be dispensable for binding (Figure 1C) (Chen et al., 2001; Fukuhara et al.,
2008; Howitt et al., 2004; Liu et al., 2004; Morlot et al., 2007b). Thus, the binding between
Slits and Robos is highly conserved and structurally well defined.

Recent insight into the structural requirements for binding between Slits and Robo1l has
revealed that the complex can be stabilized by heparan sulfate glycosaminoglycans (GAGS),
which are required for functional Slit/Robo signaling in both Drosophila and vertebrate
neurological development (Figure 1C) (Fukuhara et al., 2008; Hu, 2001; Hussain et al.,
2006; Inatani et al., 2003; Ogata-lwao et al., 2011; Plump et al., 2002; Schulz et al., 2011,
Smart et al., 2011). There appears to be dual functions for these GAGs: first, they bind to
Slit in the extracellular matrix and stabilize their interaction with Robo, and second, they act
on target cells to mediate Slit/Robo signaling by serving as co-receptors.

There are numerous studies demonstrating the importance of GAGs in facilitating the
functional interaction between Slits and Robos. Structural studies by Hussain and colleagues
show that heparin, a highly sulfated variant of heparan sulfate, binds to Slit and forms a
ternary complex with Robo, resulting in a 10-fold increase in the affinity between Slit and
Robo (Hussain et al., 2006). Mutational studies demonstrate a key role for the second LRR
of Slit (termed D2) in binding heparin via a conserved basic patch, and binding Robo via the
adjacent concave face. Further crystallographic studies reveal a contiguous HS/heparin
binding surface, extending across the Slit-Robo interface and consistent with at least five HS
disaccharide units, as required to support Slit/Robo signaling (Fukuhara et al., 2008). These
biochemical analyses are further supported by functional studies in this and others papers,
which demonstrate that enzymatic removal of heparan sulfates from neurons using
heparanases results in a loss of responsiveness to Slit (Hu, 2001; Hussain et al., 2006; Piper
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et al., 2006). In a different strategy, mutation of exostosin, an enzyme required for heparan
sulfate synthesis, leads to patterning defects at the mouse optic chiasm that phenocopy those
observed in the Slitl—/—;Slit2—/— knock-out (Inatani et al., 2003; Plump et al., 2002). A
similar study performed in zebrafish found that this loss of heparan sulfate synthesis
phenocopies or even enhances the guidance defects observed in Robo2/astray mutants
(Kastenhuber et al., 2009; Lee et al., 2004). Taken together, these studies show that heparan
sulfates mediate the formation of stable Slit/Robo signaling complexes and are critical for
their signaling function. However, it is unclear whether or not these GAGs constitute
membrane bound proteoglycans. Genetic studies in Drosophila suggest that this may be the
case, as the heparan sulfate proteoglycan, glypican, which is associated with the cell surface
via a glycosylphosphatidylinositol (GPI) linkage, interacts with slit and regulates its
distribution (Liang et al., 1999; Ronca et al., 2001; Smart et al., 2011; Zhang et al., 2004).
Thus, heparan sulfate GAGs, either cell associated or present as free sugars in the
extracellular matrix, concentrate and localize Slits, shaping the signaling environment by
regulating their concentration and accessibility.

On the target cells, the heparan sulfate proteoglycan syndecan (Sdc) plays a key role as a co-
receptor for Robo (Johnson et al., 2004; Rhiner et al., 2005; Steigemann et al., 2004). In the
Drosophila embryo, sdc is co-expressed with robo on axons and is absent in slit-secreting
midline cells. Mutations in mammalian Sdc enhance the muscle and axonal patterning
phenotypes observed in loss-of-function Slit and Robo animals (Johnson et al., 2004;
Steigemann et al., 2004). Moreover, cell type-specific rescue experiments in Sdc mutants
reveal that axon guidance defects of the Sdc mutant are entirely rescued by Sdc expression
in neurons, while there is no rescuing activity in response to Sdc expression in midline cells
(Johnson et al., 2004; Steigemann et al., 2004). These findings indicate that Sdc activity
does not participate in the production and/or secretion of Slit, but rather is required for the
reception and/or the transmission of Slit signals in Robo-expressing target cells. Further
studies in neural development in C. elegans corroborate this important role for syndecan in
regulating Slit/Robo mediated axon guidance. Mutational analyses demonstrate that only the
extracellular domain of Sdc is required for Slit/Robo signaling (Chanana et al., 2009; Schulz
et al., 2011), and that the chondroitin sulfate modification of Sdc is necessary for its co-
receptor function on target cells (Chanana et al., 2009).

Together, functional and structural evidence supports a model in which heparan sulfate
proteoglycans enhance the relatively low-affinity interaction between Slits and Robos by
acting as secondary receptors. Furthermore, studies in Drosophila suggest that there are
different cellular requirements for proteoglycans, with syndecans acting on target cells, and
glypicans acting on the slit-expressing cells. Glypicans are thought to sequester Slit and
present it to the syndecan/Robo1 pair, thereby regulating the formation of the ternary
signaling complex. Together, these collective interactions help to localize and fine-tune Slit/
Robo signaling. While current data suggest that the interaction between Slit, Robo and
GAGs represents a significant regulatory relationship, whether these heparan sulfate co-
receptors are required for Slit/Robo signaling in all cell and tissues types in higher
organisms, and whether they play a role in disease processes will require more in-depth
studies in mammalian models.
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Slit/Robo: Roles in Epithelial Tumorigenesis

The role of axon guidance molecules in cancer progression has been studied for over a
decade, yet their exact function remains elusive. By their nature, axon guidance molecules
are bifunctional, acting as both attractant and repellents for migrating axons and cells. As
such, Slits also have this dual role; in one example, this bifunctionality is displayed in a
single trajectory of mesodermal cells in the Drosophila embryo. These cells move away
from the ventral midline, repelled by slit, and then migrate toward target muscles, attracted
by slit (Kramer et al., 2001). Consistent with this dual role as both positive and negative
cues, Slits are also capable of acting as both “friend and foe” in the progression of tumor
cells; Slits have been shown to both promote and prevent tumor metastasis by suppressing or
enhancing cellular attachments and migration depending on the cellular context (Tseng et
al., 2010; Zhou et al., 2011). This duality of Slit function is also observed in the regulation
of tumor cell proliferation and survival where they promote proliferation and angiogenesis
in some contexts and prevent these same processes in others (Table 1). Thus, current
evidence renders it impossible to label Slits and Robos as either tumor suppressors or
oncogenes. Nevertheless, it is clear that acting in either role they play important functions
during tumor progression. This makes them attractive targets for cancer therapeutics and
potential candidates for diagnostic purposes.

Slit and Robo Expressions are Altered in Cancer

The progressive transformation of normal cells into malignant progeny involves the
accumulation of genetic changes, such as the loss or silencing of tumor suppressor genes and
the induction of oncogenes. Studies show that Slit and Robo expression is altered in a long
list of cancers (Table 2 and Table 3). In examining the literature, it is interesting to note that
there are examples of both up and down-regulation of these genes, suggesting that the Slit/
Robo pathway can function in both promoting and suppressing tumor cell survival,
proliferation and migration. Currently it is unclear whether these genes are differentially
regulated based on tumor type or stage, but mounting evidence suggests that changes in the
expression of these genes play important roles in regulating tumor progression.

Slit Expression is Altered in Epithelial Tumor Progression—The most frequently
observed alteration of Slit expression is downregulation. This is evidenced by allelotyping
studies of 44 breast carcinoma samples that show loss of heterozygosity (LOH) at several
regions on chromosome 4, one of which has been identified as the Slit2 gene locus (4q25-
26) (Shivapurkar et al., 1999a; Shivapurkar et al., 1999b; Singh et al., 2007). These studies
report allelic deletion in 63% of breast carcinomas, 35% of cervical carcinoma and in >60%
of small cell lung carcinoma and mesothelioma (Shivapurkar et al., 1999a; Shivapurkar et
al., 1999b; Singh et al., 2007). Thus, it seems that a common method for alteration of Slit/
Robo signaling in cancer is via Slit gene silencing. In addition to gene loss by deletion,
several other mechanisms of gene silencing occur at the Slit gene locus. Of these, the most
commonly encountered mechanism is hypermethylation of the promoter region. Numerous
studies have shown that regions frequently hypermethylated in cancers contain the genes for
Slit1, Slit2, Slit3, Robol and Robo3 (Dallol et al., 2005). For example, Slit2 is silenced
through hypermethylation in the majority of samples from numerous tumor types including:
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breast, non-small cell lung, ovarian, gliomas, hepatocellular, colorectal cancers as well as
lymphocytic leukemias (Dallol et al., 2003a; Dallol et al., 2003b; Dunwell et al., 2009; Jin et
al., 2009; Qiu et al., 2011; Sharma et al., 2007). In further support of a role for Slits in
suppressing tumor growth and, consequently, being silenced during tumor progression, re-
expression of Slit2 greatly inhibits the proliferation of transformed cell lines derived from
many of these tumor types (Dallol et al., 2002a; Dallol et al., 2003b; Jin et al., 2009; Qiu et
al., 2011). Although Slit2 is the most frequently studied of the Slit proteins expressed in
mammals, similar expression studies reveal silencing of Slit3 via hypermethylation in breast
(41%), colorectal (33%) and glioma (29%) tumor cell lines, with similar frequencies of Slit3
and Slitl promoter hypermethylation reported in these types of primary tumors (Dickinson
etal., 2004).

One additional consequence of epigenetic silencing of Slit2 and Slit3 is downregulation of
microRNA (miR)-218-1 and miR-218-2, which are located within intron 15 of human Slit2
and intron 14 of human Slit3, respectively (Angeloni et al., 2006; Tie et al., 2010). This miR
negatively regulates Robol expression in gastric, head and nasopharyngeal cancers (Alajez
etal., 2011; Tie et al., 2010), but its downregulation due to Slit methylation in many tumor
types provides one explanation for the observation that Robol appears to be infrequently
silenced in the majority of tumor samples (Grone et al., 2006; Ito et al., 2006; Xu et al.,
2010). Interestingly, it is possible that loss of this negative feedback loop contributes to
tumor progression because the expression of Robol in tumor cells could allow them to
migrate in response to Slits that are provided by nontumor cells in the surrounding
environment (Alajez et al., 2011), or by tumor cells that still secrete Slit because they have
only partially silenced its expression (Tie et al., 2010). Thus, hypermethylation of the Slit
gene loci in solid tumors may contribute to tumor progression by switching Slit/Robol
signaling from autocrine to paracrine, facilitating the metastasis of tumor cells that are
responding to this deregulated pathway. Given the frequency of Slit hypermethylation in
human tumors and its effect on miR-218 expression, this family of genes represents
attractive candidates for therapeutic strategies that reverse epigenetic silencing or re-
establish miR-218 expression.

Recently, a second mechanism of Slit gene silencing was observed in human cancer
samples. A genome-wide location analysis of human prostate cancer samples identified Slit2
as a target of epigenetic repression via the polycomb group (PcG) member EZH2 (Yu et al.,
2010). Polycomb group (PcG) proteins are transcriptional repressors that function through
multimeric chromatin-associated polycomb repressive complexes to epigenetically silence
gene expression by catalyzing the methylation of specific histone residues. In prostate
cancer samples, low Slit2 expression correlates with not only high EZH2 expression level,
but also with the aggressiveness of the cancer and the degree of metastasis. Furthermore,
treatment with either methylation inhibitors or EZH2-suppressing compounds decreases
metastasis and increases Slit2 expression (Yu et al., 2010). Taken together, these studies
introduce a novel mode of Slit silencing that had previously not been recognized in cancer
samples.

In contrast to downregulation of Slits, which is well documented in the literature, there are
relatively few papers that identify the upregulation of Slits in cancer as occurs, for example,
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in human ductal carcinoma samples, prostate and nitrofen-hypoplastic lung cancers
(Brantley-Sieders et al., 2011; Doi et al., 2009; Latil et al., 2003). Data mining studies have
also revealed their upregulation in lobular breast cancers, a type of breast carcinoma that has
been ascribed only a few unique molecular characteristics (Christgen et al., 2009; Ma et al.,
2004). These data suggest that at least some types of tumors are associated with Slit
overexpression, but how it contributes to tumor development in these circumstances is
currently unknown.

Robo Expression is Altered in Epithelial Tumor Progression—Robol was
discovered in Drosophila as a gene required for proper midline crossing of commissural
axons during development (Kidd et al., 1999). It was also found to be deleted in the small-
cell lung cancer cell line U2020, hence the name Deleted in U twenty twenty, or Duttl (Xian
etal., 2001). Robol and Duttl genes are derived from alternative promoters of the same
gene and appear to have differential spatial and temporal patterns of transcriptional activity,
with the Duttl form expressed ubiquitously, and the Robol form restricted primarily to
embryogenesis (Clark et al., 2002). In addition to being silenced by deletion, Dutt1 is also
hypermethylated in subsets of primary tumor samples, such as primary invasive breast
cancer (19%), primary clear cell renal cell cancer (18%) and in primary non-small cell lung
cancer (4%). Of those tumors, 80% of breast and 75% of primary clear cell renal cell
carcinomas also contain allelic losses in the genomic region containing Duttl, an
observation supporting a role for Duttl as a tumor suppressor that obeys Knudson’s two hit
hypothesis (Dallol et al., 2002b). More recently, hypermethylation at the Robol and Robo2
gene loci was reported in early dysplastic lesions of head and neck (Ghosh et al., 2009), as
well as in cervical cancer (Narayan et al., 2006). While these data point to a tumor
suppressor function for Robos, in fact the percentage of tumors displaying reduced or
silenced Robo expression is much less than that seen for Slit genes. Indeed, the opposite is
true, with Robol expression elevated in numerous cancers, including human hepatocellular
carcinoma, colorectal cancer, non-small cell lung cancer, and glioma samples (Gorn et al.,
2005; Grone et al., 2006; Ito et al., 2006; Mertsch et al., 2008; Xu et al., 2010). In one of
these tumor samples, coordinate regulation of Slit and Robo was observed, with decreased
Slit concomitant with increased Robol expression, as predicted by miR-218 regulation of
the Slit/Robo signaling axis (Xu et al., 2010). Thus, this finding of a negative regulatory
loop that upregulates Robo when Slit is silenced generates a layer of complexity to the study
of Slit/Robol in cancer cells. While it was previously simple to label the pathway as tumor
suppressive when Slits were found to be silenced, this new finding introduces the possibility
that, under these circumstances, Slit/Robo signaling can function oncogenically due to
upregulation of Robo in the tumor setting.

In sum, since the first hint that Slit and Robo could play a role in tumor biology, there have
been numerous studies documenting changes in their level of expression in tumor samples.
Recent insights demonstrate the complexity of this regulation, as evidenced by the negative
feedback loop for Robo expression under the control of non-coding RNAs encoded
intronically in Slit2 and Slit3. This regulatory relationship suggests that the level of both
ligand and receptor must be assessed when drawing conclusions about the overall effect of
Slit/Robo signaling on tumor progression. Moreover, because the Slit/Robo pathway
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regulates many common signaling pathways that are often deregulated in cancers, such as
those mediated by the Rho family of small GTPases and -catenin, it is becoming clear that
changes in Slit and Robo expression have effects that extend beyond the roles originally
identified for these proteins as instructive cues for cell migration. In fact, a growing body of
literature shows that Slit/Robo signaling affects other aspects of tumor cell behavior,
including their survival and growth.

Slits and Robos Mediate Tumor Cell Survival and Proliferation

Once the process of transformation has been initiated by driver mutations, the expansion and
progression of premalignant cells to metastatic carcinomas depends on a multi-step process
involving the evasion of pro-apoptotic signals and the reception of pro-survival and pro-
proliferative signals. Thus, the early stages of cancer development involve the response of
nascent tumor cells to cues such as Slits in their surrounding environment. While there are
only some suggestions in the literature that Slits may regulate cell survival, our
understanding of its role in regulating cell proliferation is growing. Slits appear to control
cell proliferation through B-catenin, a signaling target that has distinct functions at the
plasma membrane, where it mediates cell-cell contact in association with the homotypic cell
adhesion protein, E-cadherin, and in the nucleus, where it regulates cell proliferation in
association with Lef/Tcf transcription factors. Consequently, through this one downstream
target, Slits influence two aspects of tumor cell transformation: proliferation and adhesion.

Slits and Robos: Inhibitors of Tumor Cell Death—A critical step of tumor cell
transformation is achieving immortality. Cells employ several mechanisms to execute
apoptosis in order to prevent the survival of rogue cells. Apoptosis can be triggered
intrinsically, for example via p53, leading to the release of cytochrome ¢ from the
mitochondria and the activation of caspases via the apoptosome (Fulda and Debatin, 2006).
Apoptosis can also be initiated extrinsically by signaling through Death Receptors (DRS),
also culminating in the activation of caspases (Fulda and Debatin, 2006). An alternative
extrinsic cell death pathway is mediated by so-called “dependence receptors” that require or
“depend on” their ligand to prevent their own constitutive pro-apoptotic signaling, which
occurs when their ligand falls below a critical concentration. While Robos have not been
identified as dependence receptors, the receptors for the Netrin family of axon guidance
cues, DCCs and UNCS5s, do fit into this category of receptors. Consequently, in addition to
mediating axon guidance through these receptors, Netrin also acts as a survival factor for
both axons during normal development and for cancer cells during tumor progression
(Delloye-Bourgeois et al., 2009; Fitamant et al., 2008; Furne et al., 2008). Intriguingly, Slits
have been found to regulate Netrins by binding and sequestering them (Stein and Tessier-
Lavigne, 2001). Consequently, Slits may act as pro-apoptotic factors by allowing the
concentration of Netrin to fall below threshold levels for survival. Although there is no
direct evidence to support a link between the regulation of Netrin by Slit, and the loss of
apoptosis in cancer, this regulatory loop suggests a possible mechanism through which Slit
exerts a tumor suppressive function by promoting the pro-apoptotic signaling of dependence
receptors. The silencing of Slits, which occurs in many types of cancer, could, therefore,
contribute to the immortality of tumor cells by disabling one of the pathways that culls rogue
cells that have tumor forming potential.
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Slits and Robos: Regulators of Tumor Cell Proliferation—Following survival of a
few transformed cells, cancer progression requires proliferation of these cells to generate
tumor mass. Investigation into the role of Slit/Robo signaling in regulating cell proliferation
has revealed both positive and negative effects, as predicted by its dual function as both
attractant and repellent guidance cue. In support of a role for Slit in suppressing cell
proliferation, numerous studies suggest that signaling through Robol regulates the
subcellular localization of B-catenin, inhibiting its transcriptional function in the nucleus by
promoting its localization at the membrane. In a recent study, we have shown that during
murine breast (mammary gland) development, Slit/Robo signaling restricts the proliferation
of the outer layer of basal cells by increasing the cytoplasmic and membrane pools of -
catenin at the expense of its nuclear pool (Macias et al., 2011). This loss of growth control
during early postnatal mammary gland development generates an overabundance of
myoepithelial cells that produce an excess of growth factors, leading to an overall increase
in cell proliferation and excessive branching morphogenesis. Eventually, these surplus
myoepithelial cells invade the luminal population and disrupt cell adhesion (Strickland et al.,
2006), and, along with other changes that occur, such as upregulation of CXCR4 and SDF1,
spur the development of hyperplastic lesions with basal characteristics (Marlow et al., 2008).

The imbalance in growth control during early mammary gland development observed in
Robol—/- tissue provides a gratifying developmental correlate for the role of Slits in
suppressing growth in models of breast and non-small cell lung cancer (Prasad et al., 2008;
Tseng et al., 2010). In breast cancer cell lines, overexpression of Slits inhibits the
transcriptional activity of -catenin by activating glycogen synthase kinase (GSK)-3p
through the phosphoinositol-3-kinase (PI3K)/Akt signaling pathway. These overexpressing
cells display enhanced intercellular adhesion and greater co-localization of -catenin with E-
cadherin (Figure 2A). Further, studies performed in xenograft models of breast cancer show
that tumors generated from Slit-overexpressing cells are significantly smaller compared to
control tumors (Marlow et al., 2008; Prasad et al., 2008). A comparable but converse
experiment was performed in a cell line derived from non-small cell lung cancer in which
knock-down of Slit increases the metastatic potential of the cells by inhibiting GSK-3p3
activity, again via the PI3K/Akt pathway (Tseng et al., 2010). This, in turn, increases the
levels of nuclear f-catenin and increases the expression of Snail, a crucial regulator of
epithelial-mesenchymal transitions, resulting in decreased cadherin expression, reduced cell
adhesion and increased cell motility (Figure 2A) (Tseng et al., 2010). Taken together, these
studies show that, at least in breast and lung, Slits act as tumor suppressors promoting the
adhesive role of B-catenin at the membrane at the expense of its proliferative role in the
nucleus.

Reminiscent of the context-dependent roles that Slit plays as both attractant and repellent in
cell migration (Kramer et al., 2001), the opposite role for Slit as inducer of proliferation has
also been documented. In cell lines derived from colorectal carcinoma, Slit/Robol signaling
enhances tumor growth and metastasis by regulating cadherin degradation and, thereby,
increasing cell proliferation and migration (Zhou et al., 2011). Overexpression of either Slit2
or Robol or recombinant Slit2 treatment of Robol-expressing colorectal epithelial
carcinoma cells results in recruitment of the ubiquitin ligase, Hakai, to E-cadherin and its
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subsequent ubiquitination and lysosomal degradation (Figure 2B). Downregulation of E-
cadherin in these cells is accompanied by an epithelial-mesenchymal transition (EMT),
increased proliferation and increased migration, and in a xenograft model, this corresponds
to increased tumor growth and metastasis. Clinical data corroborated these observations,
showing an increase in Slit and Robol expression in metastatic, compared to non-metastatic,
human colorectal carcinoma samples. This increase inversely correlates with the overall
survival of patients, supporting the idea that in some tumor contexts, Slit/Robo signaling can
function oncogenically to promote cell growth and migration (Zhou et al., 2011).

Studies on embryonic chick neural retinal cells have identified a second mechanism for
down-regulating cadherin through Slit/Robo. In this setting, Slit/Robo signaling induces the
recruitment of Cables to the Abelson tyrosine kinase (Abl), which is bound by Robo (Rhee
et al., 2007). This causes Cables, in turn, to bind to f-catenin and form a complex with N-
cadherin at the plasma membrane, which brings Abl into position to phosphorylate 3-catenin
on Y489. This triggers the dissociation of f-catenin from N-cadherin, compromising cell-
cell adhesion and allowing translocation of Y489-phosphorylated -catenin to the nucleus
where it activates Tcf/Lef-mediated transcription (Figure 2C) (Rhee et al., 2007). Although a
correlation between this Slit/Robo-mediated increase in nuclear -catenin activity and
enhanced cell proliferation is not reported in this study, an increase in proliferation in a
different cell type from the retina, retinal pigment epithelial cells, has been observed in
response to recombinant Slit2 treatment (Zhou et al., 2011). Thus, several signaling
pathways have been identified that support an oncogenic role for Slit in reducing cell
adhesion and enhancing cell proliferation.

Taken together, these studies suggest that Slit/Robo1l signaling regulates cellular
proliferation by targeting both cadherins and p-catenin in order to regulate the transcriptional
activity of B-catenin. In events that suppress tumor growth, Slit/Robol directs the subcellular
localization of p-catenin through the PI3K/Akt pathway, an effect that has been documented
in both non-small cell lung and breast cancer models, as well as during normal breast
development (Macias et al., 2011; Prasad et al., 2008; Tseng et al., 2010). In contrast, two
different mechanisms have been identified that achieve oncogenic outcomes downstream of
Slit/Robo signaling. In both examples, the cadherin/B-catenin complex is disrupted,
releasing p-catenin. However, in one mechanism this occurs through Slit/Robo-induced
lysosomal degradation of cadherin and in the other, through targeted phosphorylation of -
catenin by an Abl/Robo complex. In conclusion, additional studies are required to determine
the extent to which these pro-proliferative, pro-migratory mechanisms regulate Slit signaling
in normal and disease settings.

Slits and Robos Mediate Tumor Cell Motility and Metastasis

Tumor cell metastasis requires multiple steps including: weakening associations between
tumor and neighboring cells or between tumor cells and the environment, rearrangement of
the actin cytoskeleton to drive actin protrusions and other structures necessary for cell
motility, and sensitization of the cell to attractant signaling gradients. These changes occur
while the cell is simultaneously desensitized to repellent signaling molecules in the
environment, thus allowing cell migration. Slits and Robos have been implicated in each of
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these steps, and not surprisingly, they have been found to act as both oncogenes and tumor
suppressors, enhancing and inhibiting tumor cell invasion, depending on the cellular context.

Slits and Robos: Regulators of Cell-Cell Adhesions—Cadherins are expressed in
all epithelial cells and play a key role in establishing contact between a cell and its
environment. Cadherin expression is often misregulated in cancer cells, which leads to
decreased cell attachment and a more metastatic phenotype (Blanco et al., 2004). This
allows tumor cells to migrate and invade the vasculature, leading to cancer metastasis. Slit/
Robo signaling has been shown to regulate this first step towards metastasis by influencing
cell adhesion through its action on cadherins and p-catenin. As discussed above, one
consequence of this regulation is altered subcellular distribution of -catenin, which
increases proliferation with its translocation to the nucleus (Prasad et al., 2008; Rhee et al.,
2007; Rhee et al., 2002; Tseng et al., 2010; Zhou et al., 2011). There is additional evidence,
mostly genetic and collected in developmental settings, that further demonstrates a role for
Slit and Robo in regulating cadherin-mediated cell-cell adhesion. Again, unsurprisingly,
given Slits function as attractant and repellent in axon guidance, both an increase and
decrease in cell adhesion have been attributed to Slit/Robo signaling, dependent on the
biological context. For example, a positive role for Slit/Robo in enhancing cell-cell adhesion
is observed during chick cranial trigeminal gangliogenesis when cells derived from neural
crest and ectodermal placodes interact to generate ganglionic structures (Shiau and Bronner-
Fraser, 2009). Trigeminal placode cells express N-cadherin and Robol, while the
intermingling neural crest cells express Slitl. Loss of either N-cadherin or Robol results in
dispersed and disorganized placodal neurons within the trigeminal ganglion, suggesting that
N-cadherin and Robo1l function in collaboration to mediate the proper coalescence of
placode-derived neurons (Shiau and Bronner-Fraser, 2009). In concordant studies,
overexpression of either Slit or Robo results in both the post-translational upregulation of N-
cadherin and its redistribution to the placodal cell membrane, again leading to a model in
which Slit/Robo signaling stabilizes sites of cell-cell contact by influencing the subcellular
localization of cadherin (Shiau and Bronner-Fraser, 2009). It is important to note, however,
that in this study no changes in the level or distribution of -catenin were reported. In a
second example of Slit mediating increased cell adhesion in collaboration with a cadherin,
P-cadherin is shown to co-localize with Slit in the basal cell layers of normal oral mucosa,
with this expression down-regulated in oral squamous cell carcinoma (OSCC) (Bauer et al.,
2011). In an OSCC cell line that overexpresses P-cadherin, a complex of P-cadherin and
Robo3 is detected, and treatment of these cells with Slit results in a dose-dependent down-
regulation of cell migration that could be relieved using a small interfering RNA that
reduces Robo3 expression (Bauer et al., 2011). Taken together, these studies support a tumor
suppressive role for the Slit/Robo signaling axis in maintaining cell-cell adhesion and,
consequently, a non-invasive cellular state by enhancing cadherin function.

Conversely, slit/robo signaling has also been shown to inhibit cadherin function at the
membrane during Drosophila heart tube formation, resulting in decreased cell-cell adhesion
(Santiago-Martinez et al., 2008). Again, genetic evidence suggests that robo and e-cadherin/
shotgun (shg) function together in modulating cardioblast adhesion, but in this biological
context, their actions oppose one another. This is evidenced by the observation that robo
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loss-of-function phenocopies e-cadherin/shg gain-of-function, generating embryos with no
lumen due to enhanced cardioblast adhesion (Santiago-Martinez et al., 2008). Similarly robo
gain-of-function phenocopies e-cadherin/shg loss-of-function, but in this circumstance
lumen formation was blocked due to insufficient cardioblast adhesion. These studies support
a role for Robo antagonizing E-cadherin/Shg function, with Robo mediating a repulsive or
anti-adhesive signal that functions in opposition of the pro-adhesive actions of E-cadherin/
Shg.

By targeting cadherins and the cadherin/B-catenin complex, Slit/Robo signaling regulates
two of the crucial steps in tumor progression: cell proliferation and cell adhesion. A
challenge for researchers is to understand the circumstances that determine whether this
signaling pathway acts positively to enable cell contacts, or negatively to deter them. For
other guidance families, different complexes of receptors specify attraction versus repulsion.
For example, attraction via Netrin is mediated by DCC in a complex with DSCAM, whereas
repulsion requires an UNCS5 receptor that acts either together with DCC or alone (Moore et
al., 2007). In contrast, no co-receptors have been identified that specifically regulate the
attractant or repellent functions of Robo, although perhaps its interaction with cadherin,
albeit indirect, serves this role. Regardless of these events at the plasma membrane, a central
requirement for either the positive or negative response of a cell to Slit is the interaction of
Robo with the actin cytoskeleton, a topic that is discussed in the next section.

Slits and Robos: Regulators of the Actin Cytoskeleton—Following detachment of
cells from the surrounding tissue, tumor progression requires enhanced cell motility, which
is accompanied by increased actin polymerization and the enhanced activity of proteins that
optimize its turnover. Developmental studies show that Slit/Robo signaling affects cell
motility by controlling the activity of several proteins involved in reorganizing the actin
cytoskeleton, including the small GTPases comprising the Rho-family (Rac, Cdc42, and
RhoA), and other key regulators of the actin cytoskeleton, such as the non-receptor tyrosine
kinase, Abl, and Ena/Vasp proteins.

Rho GTPases. Many studies have shown that Rho GTPases play an important role in
modulating the downstream action of Slit/Robol signaling. These proteins switch between
active and inactive states, and are regulated by GEFs (guanine nucleotide exchange factors)
and GAPs (GTPase activating proteins): the former stimulate, and the latter inhibit GTPase
function. During Drosophila neural development, slit/robo-mediated repulsion of
commissural neurons at the midline requires the activation of rac (Fan et al., 2003), and
recruitment of both a rac GEF, called son of sevenless (sos), and a rac GAP, called vilse/
crGAP (Hu et al., 2005; Lundstrom et al., 2004; Yang and Bashaw, 2006). Sos binds to robo
through the adaptor protein dock (Nck in mammals) (Fan et al., 2003; Yang and Bashaw,
2006), whereas vilse/crGAP interacts directly with robo (Hu et al., 2005; Lundstrom et al.,
2004) (Figure 3A). Studies show that the activities of both this GAP and GEF support slit/
robo-mediated repulsion, as both sos and vilse/crGAP mutants display mild defects in
midline repulsion that can be significantly enhanced through loss of one copy of either slit or
robo (Figure 3A) (Hu et al., 2005; Yang and Bashaw, 2006). This raises the question; how
does both the activation and inhibition of Rac lead to axonal repulsion? One possibility is
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that these GAPs and GEFs function in distinct steps, with each required for different
molecular actions that support repulsion. Alternatively, it could be that Rac cycling alone is
sufficient for repulsion, which may not depend on the maintenance of a specific level of
Rac-GTP. In any case, these studies demonstrate the importance of GAPs and GEFs in
regulating Slit/Robo signaling by controlling the activity state of small GTPases.

With their central role in regulating the actin cytoskeleton, Rho GTPases are in the unique
position to regulate cell motility in response to Slit. Accordingly, a number of studies
demonstrate the importance of Cdc42 in mediating the aggressive spread of tumor cells and
the role of Slit/Robo1 signaling in inhibiting this invasion by attenuating Cdc42 activation.
For example, a study on medulloblastoma reveals expression of Slit and Robo in a variety of
tumor samples and cell lines, with no evidence that Slit is silenced by methylation
(Werbowetski-Ogilvie et al., 2006). Treatment of cells derived from these tumors with Slit2
inhibits their invasiveness, without affecting the direction of their migration or their
proliferation. The authors suggest that these effects are due to a reduction in the activity of
Cdc42 (Werbowetski-Ogilvie et al., 2006). This result is also observed in two studies on
glioma cell lines and tumor samples which report reduced expression of Slit in primary
human glioma specimens and invasive glioma cells, compared to normal brain cells and
astrocytes (Parsons et al., 2008; Yiin et al., 2009). Furthermore, treatment of these glioma
cells with recombinant Slit2 or its overexpression in these cell lines inhibits cell migration
and reduces invasion by decreasing Cdc42 activity, an effect that is prevented by siRNA-
mediated reduction of either Slit or Robol expression. This inhibition of cell invasion was
further confirmed in xenograft studies that demonstrate decreased infiltration of Slit2-
expressing glioma cells implanted into the brains of mice. Interestingly, there is no evidence
that these effects are mediated through the regulation of p-catenin by Slit as neither the level
of p-catenin, its phosphorylation status nor its association with N-cadherin is altered in Slit-
expressing glioma cells (Yiin et al., 2009). Taken together these studies on two different
types of neural tumors demonstrate that the small GTPase, Cdc42, is subject to negative
regulation by Slit/Robo signaling.

Slit/Robo (s/r) GAP is a strong candidate for the GAP that inhibits Cdc42 activity
downstream of Slit and Robo. s/rGAP has been shown to reduce the activation of both
Cdc42 and Rho, but not Rac (Wong et al., 2001). Studies demonstrate that a dominant
negative form of this GAP blocks the inactivation of Cdc42 by Slit and also the migration of
cells in response to Slit (Wong et al., 2001). Furthermore, a study in tumor and
nontransformed cultured epithelial cells has shown that Slit2/Robol counteracts Hepatocyte
Growth Factor (HGF)-induced migration by directly targeting and inhibiting Cdc42 and, as a
consequence, actin-based protrusive forces (Figure 3A) (Stella et al., 2009). Taken together,
these data show that Slits inhibit the motility of tumor cells by negatively regulating Cdc42
Rho GTPase, and that one of the consequences of losing Slit expression during tumor
progression is inappropriate cellular migration due to this deregulation.

Abl and Ena: In addition to the Rho family of small GTPases, Slit binding to Robo also
leads to the recruitment of at least one kinase that regulates both actin cytoskeletal
rearrangements and the activity of Robo itself. Structural and genetic studies show that the
Abelson tyrosine kinase (Abl) and its substrate Enabled (Mena in mammals) interact directly
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with the cytoplasmic domains of Robo (Figure 3B) (Bashaw et al., 2000). Genetic studies in
Drosophila demonstrate opposing roles for ena and abl in robo-mediated axonal repulsion,
whereby abl antagonizes repulsive robo signaling and ena enhances it (Bashaw et al., 2000).
In a series of studies, it has been shown that reducing the level of abl suppresses robo loss-
of-function phenotypes, while its overexpression inhibits robo function. The opposite is true
for ena, as reducing its levels enhances robo loss-of-function phenotypes and suppresses
robo gain-of-function. Furthermore, Abl phosphorylates robo to inhibit its function because
a Y-F mutation in a conserved tyrosine that is targeted by abl generates a hyperactive robo
receptor. In contrast, deleting the cytoplasmic domain of robo that binds ena reduces the
ability of this robo mutant to rescue robo loss-of-function phenotypes (Bashaw et al., 2000).

While these studies demonstrate the consequences of Abl and Ena interactions with Robo,
the molecular mechanism by which these proteins mediate their effect on the directional
outgrowth of an axon through Robo is still poorly understood. For Abl, one possibility is
that it binds to and phosphorylates unliganded Robo, inhibiting the ability of signaling
proteins to interact with their docking sites on the Robo cytoplasmic domain, until Slit binds
Robo and relieves the inhibition. Abl is known to phosphorylate Ena, but the significance of
this phosphorylation is poorly understood. The Ena proteins (Mena, Vasp and EVL in
vertebrates) contain N and C terminal Ena/Vasp homology domains that flank a proline-rich
central region. They are generally thought of as positive regulators of actin assembly that
function in promoting the growth of long, sparsely branched actin filament networks.
Consequently, it is still unclear how Ena, which enhances actin polymerization and
filopodial/lamellipodial protrusion, plays a role in repulsive axon guidance downstream of
Robo (Bear and Gertler, 2009), except that it may direct the growth of the cell away from
Slit by promoting assembly at sites distal to high ligand concentration. Moreover, few
studies have been published on how Ena and Abl contribute to the migration of tumor cells
in response to Slit. It has been shown that transformation of cells with the Src oncogene
results in Abl activation, which stabilizes Robol at the plasma membrane, leading to the
activation of both Cdc42 and Rac, as well as Slit-independent cell migration (Khusial et al.,
2010). Thus, under these circumstances, the activation of Robol positively regulates
downstream Rho GTPases and induces migration, whereas during central nervous system
development and in other tumor types, the opposite effect is observed. Taken together, these
studies demonstrate that Slit/Robo signaling communicates with the actin cytoskeleton to
regulate cell motility, although the nature of the response depends upon the developmental
and disease context. It is clear from many studies that Rho GTPases, Abl and Ena all play
important roles in promoting tumor cell metastasis (Allington and Schiemann, 2011; Gertler
and Condeelis, 2011; Hall, 2009). However, additional research is required to determine
how Slits regulate these cytoskeletal effectors in tumor cells and whether Slits could be
potential therapeutic targets for hindering tumor cell motility by interfering with these
signaling routines.

Slits and Robos: Regulators of Cell Chemotaxis—Cells must decipher and integrate
a complex set of signals in order to migrate toward targets. Indeed, even the metastatic
migration of tumor cells is not a random walk and many types of cancers preferentially
target specific organs. While Slit is one of the cues cells respond to in the extracellular
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environment, there are many others, such as chemokines. Compared to large, extracellular
matrix-associated Slits, chemokines are small (8-10 kD) soluble factors, first identified in
the immune system, but now with documented roles in regulating the migration of many cell
types, including tumor cells. A number of studies dxamine how Slits affect the motility of
immune and tumor cells in response to other extracellular factors, notably chemokines, but
also growth factors such as HGF and Platelet-Derived Growth Factor (PDGF). Although the
preponderance of data supports a role for Slits in inhibiting the migration of cells responding
to stimulant, there are two examples of Slit increasing cell migration in response to
chemokines (Schmid et al., 2007; Ye et al., 2010).

The first of these studies was published over a decade ago. Standard Transwell assays were
used to evaluate the effects of Slit on leukocyte migration from the upper to lower chamber
in response the chemokine CXCL12 (SDF1) or bacterial chemotactic factor, N-formyl
peptide f-Met-Leu-Phe (fMLP). It was found that Slit reduces the chemotactic migration of
leukocytes when added to either the upper, lower or both chambers, indicating that Slit
reduces the overall motility of cells, rather than acting as a repulsive cue to guide their
migration (Wu et al., 2001). Further studies have refined our understanding of the
underlying molecular mechanisms. Videomicroscopic live cell tracking demonstrates that
Slit2 selectively impairs chemotaxis, defined as the directional migration of cells, but not
chemokinesis, which is the random movement of neutrophils in response to stimulant (Tole
et al., 2009). Slit2 achieves this effect by suppressing the activation of Cdc42 and Rac?2 that
would normally occur in response to stimulation, with consequent disruption of actin free
barbed end formation. A similar inhibition of migration and downregulation of Rac activity
is observed in vascular smooth muscle cells in response to platelet derived growth factor
(Liu et al., 2006).

These observations were translated in vivo using a mouse model of chemical irritant
peritonitis. Preadministration of Slit2 either intraperitoneally or by tail vein injection
significantly reduces the recruitment of neutrophils to the site of inflammation (Tole et al.,
2009). These data suggest that localized or systemic delivery of Slit2 reduces leukocyte
recruitment and, consequently, the tissue damage associated with inflammation. This finding
is in accordance with observations from other inflammation models, including
glomerulonephritis-associated kidney injury, global cerebral ischemia, and skin sensitization
to allergin (Altay et al., 2007; Guan et al., 2003; Kanellis et al., 2004), in which Slit
functions similarly in an anti-inflammatory manner. However, a recently published study
using two different models of allergic airway inflammation suggests that Slits have a more
complex role in the immune system. In the first model of ovalbumin (OVA) airway
inflammation, Slits enhance eosinophil chemotaxis, while in the second model of endotoxin-
induced lung inflammation, Slits suppress neutrophil chemotaxis (Ye et al., 2010).
Eosinophils and neutrophils both express Robol, while Clara cells in the bronchial
epithelium secrete Slit2. Aerosol challenge of wildtype mice with OVA triggers leukocytes,
primarily eosinophils, to infiltrate into lung. This infiltration is significantly enhanced in
Slit2 transgenic (Slit2-Tg) mice, which overexpress Slit2 under the control of the cPMV
promoter (Yang et al., 2010). These data suggest that Slit augments eosinophil recruitment.
Similarly aerosol challenge of wildtype mice with endotoxin again triggers leukocyte
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infiltration into lung, but in this case primarily neutrophils are mobilized. With endotoxin
challenge, however, significantly fewer neutrophils are observed in the lungs of Slit2-Tg
mice, an effect that is reversed by the application of a function-blocking antibody directed
against the extracellular domain of Robol. These data suggest that Slit inhibits neutrophil
recruitment. Together with in vitro studies that demonstrate enhanced chemokine-induced
eosinophil migration in response to Slit, but reduced neutrophil migration (Yang et al.,
2010), these data suggest that, depending on the cellular circumstance, Slits can have
differential effects on leukocytes. The molecular basis for these distinct responses can be
traced to levels of s/rGAP expression, with eosinophils containing significantly lower levels
of this Slit/Robo effector compared to neutrophils. This results in the activation of Cdc42 in
eosinophils, rather than inhibition, which occurs in neutrophils when s/rGAP is present
(Yang et al., 2010). Thus, even though almost a decade of work has pointed to a single role
for Slit as an inhibitory factor in the immune system, with this recent finding, it appears that
this is not the case and that, once again, depending on the cellular context, Slit has a dual
role as activator and inhibitor of cellular response.

The role of Slit as an inhibitor of inflammation has potentially far-reaching implications in
terms of its role in cancer biology as a tumor suppressor. In normal tissue during wound
healing, removing the irritant or completing the repair limits the inflammatory response. In
contrast, tumors become essentially unhealed wounds, characterized by chronic
inflammation, which promotes rather than suppresses tumor growth by releasing growth and
survival factors, creating genomic instability, promoting angiogenesis and remodeling the
extracellular matrix to facilitate invasion. That Slits inhibit the infiltration of not only
leukocytes, but also dendritic cells (Guan et al., 2003), T lymphocytes and monocytes
(Prasad et al., 2007), could be harnessed therapeutically to normalize the inflammatory
network and restrict infiltrating cells with tumor-promoting properties, while attracting those
cells with tumor-suppressing properties.

Another way that Slit could function as a therapeutic agent in the war on cancer is by
inhibiting metastasizing cells. This has been evidenced by a number of studies using breast
cancer models that demonstrate the ability of Slit/Robo signaling to counter the pro-
migratory, pro-metastatic consequences of the CXCL12 /CXCR4 chemokine axis. A study
by Muller and colleagues a decade ago demonstrates that the pattern of breast cancer
metastases is governed, at least in part, by this chemokine axis (Muller et al., 2001). CXCR4
is upregulated in breast cancer cells (Salvucci et al., 2006), and, upon metastasis, guides
these cells to organ sites with high CXCL12 levels such as the lung, liver and bone. The
involvement of CXCR4 in metastasis is not confined to breast cancer, as it is also expressed
in other tumor cell lines that respond to CXCL12, such as astrogliomas, prostate carcinomas,
B-cell lymphomas and chronic lymphocytic leukemias (Moore, 2001). Using Transwell
filters, two studies have demonstrated that Slit2 has the capacity to counteract CXCL12-
induced chemotaxis of breast cancer cell lines that express both Robol and CXCR4 (Prasad
et al., 2004; Schmid et al., 2007). By signaling through Robo1, Slit2 inhibits a number of
downstream effectors that are activated by CXCR4, such as the focal adhesion components
RAFTK/Pyk2, focal adhesion kinase, paxillin, PI3K, p44/42 MAP kinase, and
metalloproteases 2 and 9 (Prasad et al., 2004). In the absence of Slit2, which is
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downregulated in over 50% of sampled breast tumors, the expression of both CXCL12 and
CXCR4 is upregulated (Marlow et al., 2010), contributing to the development of
hyperplastic lesions in Slit2 and Robol knockout mammary glands. Another study on the
role of Slit/Robo signaling in inhibiting breast cancer cell migration in response to CXCL12
implicates ubiquitin-specific protease 33 (USP33), a deubiquitinating enzyme. The authors
provide evidence that Slit stalls the chemotaxis of breast cancer cells by inducing the
redistribution of Robo to the plasma membrane, a process that is dependent on USP33
(Yuasa-Kawada et al., 2009). Taken together, these data once again raise the possibility that
Slits could function therapeutically, in this case to combat tumor metastasis by inhibiting
tumor cell migration in response to CXCL12.

Robo4 is an Unconventional Robo Receptor

Robo4 was a late addition to the family of Robo receptors due to the lack of structural
homology between it and the other Robos. Nevertheless, studies over the last decade have
shown that Robo4 is a key member of the Slit/Robo signaling axis, especially in the
vasculature, where it is expressed on the surface of endothelial cells and functions in
regulating angiogenesis (Huminiecki et al., 2002; Park et al., 2003). Robo4 was considered
an endothelial-specific member of the Robo family until very recently with the publication
of a study showing its expression in the developing brain, where it appears to regulate the
radial migration of newborn neurons (Zheng et al., 2011). These new data raise the
possibility that Robo4 has, as yet undiscovered, roles in different organs.

Robo4 is structurally unique compared to the other receptors in the Robo family. In contrast
to the five Ig and three FN3 domains in the extracellular region of Robo1-3, Robo4 contains
only two extracellular Ig and FN3 domains, and only two intracellular CC domains, CCO
and CC2 (Huminiecki and Bicknell, 2000; Huminiecki et al., 2002). Moreover, while strong
evidence for an interaction between the extracellular domain of Robol1-3 and the D2 domain
of Slits exists, current data do not support a direct interaction between Slits and Robo4.
Biochemical and structural studies carried out by Morlot and colleagues have identified the
critical amino acids in the Robo ectodomain required for Slit binding, and Robo4 lacks these
amino acids (Morlot et al., 2007b). BiaCore analysis on recombinant proteins also fails to
provide evidence for a Slit/Robo4 interaction (Suchting et al., 2005), even though Slit2 and
Robo4 can be co-immunoprecipitated from cell lysates and positive immunostaining is
observed on cells incubated with recombinant Slits (Park et al., 2003; Zhang et al., 2009).
One explanation for the apparent association between Slits and Robo4 when they are in a
cellular context, but not in purified forms, is that they exist in a protein complex on the cell
and that a co-receptor is present to transmit Slit binding into Robo4 activation. Candidates
for this co-receptor are transmembrane heparin sulfate proteoglycans such as Syndecan (Hu,
2001; Steigemann et al., 2004). Indeed, in vitro studies by Hussain and colleagues found that
heparan sulfate is required for functional Slit-Robo4 signaling (Hohenester et al., 2006).
Additionally, a nonexclusive alternative is that Robol fulfills this co-receptor function as
Robol/Robo4 complexes have been documented, as well as a requirement for this
interaction in inhibiting endothelial chemotaxis in response to Slit2 (Kaur et al., 2008;
Sheldon et al., 2009). More recently, UNC5B, a chemorepellent receptor for Netrinl
(Leonardo et al., 1997), was identified in a protein-protein interaction screen as an
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alternative binding partner for Robo4 in the vasculature (Koch et al., 2011). While
additional studies are required to investigate this novel interaction, it reveals a new layer of
complexity in Robo4 function. The role of Robo4 as a regulator of angiogenesis will be
described in more detail below, but suffice it to say that, while it is unlikely that Robo4
interacts directly with Slits, there is ample evidence that it transduces Slit signaling, possibly
via co-receptors such as heparan sulfate proteoglycans or Robol, or even via reverse
signaling through UNC5B.

Roles in Tumor Angiogenesis

Angiogenesis describes the process of new vessel growth from mature, pre-existing vessels.
This process occurs naturally throughout development and later in the adult during both
wound healing and pregnancy, both times of increased tissue remodeling. Angiogenesis
involves several steps: first, endothelial cells migrate towards a pro-angiogenic stimulus,
such as vascular endothelial growth factor (VEGF), released extracellularly into the
environment; and second, endothelial cells become migratory and congregate at the source
of the angiogenic stimulus to form loops, and later vessels, as more and more cells arrive
(Potente et al., 2011). Tumor cells often hijack several aspects of this process to enable
additional tumor growth and metastasis, both of which require an increased supply of
oxygen and other nutrients. Without increased angiogenesis, tumors are limited in their
growth potential and become necrotic. Thus, tumor cells must induce angiogenesis to
transition from a small group of cells to a large, malignant tumor, and to ultimately
metastasize to other tissues. These processes require intimate communication between tumor
cells and endothelial cells, and studies from the last decade provide strong support for the
Slit/Robo pathway in mediating this crosstalk. However, how Slit/Robo signaling affects
tumor angiogenesis remains unclear, as reports demonstrate both pro-and anti-angiogenic
functions in pathological systems (Table 1). What is clear, however, is that Slits and Robos
play key roles in regulating the process of tumor angiogenesis.

Vascular Expression of Slits and Robos

Of the three Slit proteins expressed in vertebrates, multiple studies have reported Slit2 and
Slit3 in the vasculature of normal tissues, expressed by vasculature smooth muscle cells/
pericytes that encircle blood vessels (Jones et al., 2009; Liu et al., 2006; Marlow et al.,
2010), and also by endothelial cells (Brantley-Sieders et al., 2011; Zhang et al., 2009). In
contrast, only one study has reported detection of Slitl in the vasculature (Abdollahi et al.,
2007), suggesting that it may not play a key role in developmental and tumor angiogenesis,
although future studies may change this view. As for Slit receptors, Robo4 appears to be
expressed by all endothelial cells, whereas Robol may only be expressed on some types of
blood vessels (Huminiecki et al., 2002; Legg et al., 2008; Mura et al., 2011; Park et al.,
2003; Sheldon et al., 2009; Verissimo et al., 2009).

Function of Slits and Robos in the Vasculature

Robo4 expression was initially identified by bioinformatic data mining, with the
accompanying analysis of its expression revealing its presence exclusively at sites of active
angiogenesis, notably tumor vessels (Huminiecki et al., 2002). Robo4 was also
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independently identified in a study aimed at identifying genes whose expression is perturbed
in an Activin receptor-like (Alk) mutant mouse model (Park et al., 2003). Alk is a member
of the TGF- superfamily of receptors and is involved in the normal development of the
vasculature (Johnson et al., 1996). Mice lacking Alk expression develop abnormal
connections between arterial and venous vascular beds and die at midgestation (Urness et
al., 2000). Such a developmental role for robo4 was supported by studies in zebrafish in
which either morpholino knockdown of robo4 or its overexpression results in stunted or
absent intersomitic vessels, although normal patterning of axial vessels are seen, suggesting
both primary and redundant roles for robo4 in this system (Bedell et al., 2005). Furthermore,
numerous studies show that Slits affect the migration of endothelial cells, acting as both a
chemoattractant (Howitt et al., 2004; Kaur et al., 2006; Wang et al., 2003; Wang et al.,
2008) and chemorepellent (Marlow et al., 2010; Park et al., 2003; Seth et al., 2005; Zhang et
al., 2009). More recently, a study aimed at identifying novel tumor endothelial markers that
can be used as targets by anti-angiogenic therapeutics found that Robo4 is highly expressed
on tumor vessels compared to normal tissue vessels, which display little or no
immunostaining (Mura et al., 2011). Taken together, these studies support a role for Robo4
in both normal development of the vasculature and in tumor angiogenesis. It was therefore
surprising when it was discovered that Robo4—/— mice display normal vessel patterning in a
variety of contexts: intersomitic and cephalic vessels during early embryogenesis,
stereotypical nerve-artery alignment in embryonic limb skin, and normal vascularization of
the mammary gland during postnatal organogenesis (Jones et al., 2008; Marlow et al., 2010).
These data raise the question as to the role of Robo4 in mammalian endothelium.

Although a comprehensive understanding of the function of Robo4 in the vasculature has
been hindered by contradictory findings, accumulating evidence suggests that Slit/Robo4
signaling functions to downregulate VEGF signaling in the mature vasculature, thus
restraining angiogenesis during pathological neovascular processes (Han and Zhang, 2010;
Huang et al., 2009a; Jones et al., 2008; Jones et al., 2009; Koch et al., 2011; London and Li,
2011; Mulik et al., 2011), as well as during normal periods of robust sprouting angiogenesis
such as occurs during pregnancy (Marlow et al., 2010). The analysis of Robo4—/— mice
provided the first insight into this function by showing that in wildtype, but not knockout
animals, Slit2 suppresses VEGF-induced hyperpermeability of retinal endothelium (Jones et
al., 2009). Further experiments employed two models of vascular disease, oxygen-induced
retinopathy and laser-induced choroidal neovascularization, both of which result in
pathological angiogenesis (Jones et al., 2009). In both cases, intravitreal administration of
Slit2 reduces angiogenesis in wildtype, but not Robo4-/-, mice. Moreover, the opposite
effect of elevated angiogenesis was observed in concordant experiments looking at breast
development and cancer. In these contexts, loss of Slit/Robo4 signaling results in excessive
angiogenesis only when there is increased VEGF expression in the gland, which occurs
during pregnancy and preneoplasia (Marlow et al., 2010). There is no Robo4—/— mammary
gland phenotype in the absence of pro-angiogenic stimulation (Marlow et al., 2010). In all
these examples, Slit/Robo4 regulates angiogenesis by inhibiting signaling downstream of
VEGF/VEGFR, including the activation of Src, Rac and FAK (Jones et al., 2008; Marlow et
al., 2010). Further analysis of the pathway has shown that Robo4 interacts directly with
paxillin and the ArfGAP (ADP-ribosylation factor-directed GTPase activating proteins),

Adv Cancer Res. Author manuscript; available in PMC 2014 August 04.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Ballard and Hinck

Page 22

GIT1, to block the activation of Arf6 in response to VEGF and fibronectin (Figure 4A)
(Jones et al., 2009).

Additional studies on disease models support the role of Slit/Robo4 signaling in inhibiting
angiogenesis and enhancing vascular stability. One study used infection with herpes simplex
virus (HSV) to generate chronic inflammatory lesions, called stromal keratitis, in the cornea.
This pathological condition is associated with enhanced angiogenesis that is driven by
VEGF (Mulik et al., 2011; Suryawanshi et al., 2011). Following HSV infection, Robo4 is
upregulated in endothelial cells of corneal stroma. However, a corresponding increase in
Slit2 is not observed, suggesting that the Slit/Robo4 signaling axis is unable to control
angiogenesis in response to this infection because Slit production is limited. To investigate,
Slit2 was subconjunctivally administered. This treatment resulted in reduced
neovascularization, a result that is not observed when Slit expression is knocked down using
shRNA. The researchers also examined the activity status of Arf6 and Rac, and found that
they were reduced after Slit2 treatment, supporting previous studies that Slit/Robo4
signaling opposes VEGF/VEGFR signaling by modulating downstream signaling pathways.
In other studies, an inflammatory reaction was triggered by the administration of
lipopolysaccharide (LPS), which induces endothelial hyperpermeability (London et al.,
2010). In this context, Slit2 treatment reduces LPS-induced vascular permeability by
increasing the localization of VV/E cadherin to cell/cell contacts and stabilizing its interaction
with p120-catenin. Taken together, these studies have paved the way to a new view on the
function of Robo4, in which it functions as a guardian of blood vessel stability by countering
pro-angiogenic and pro-inflammatory signals.

There are, nevertheless, several aspects to this model of Robo4 function that remain
unresolved. First, is the question concerning the role of Robol, which is (1) expressed on at
least some endothelial cells; (2) heterodimerizes with Robo4 (Kaur et al., 2006; Kaur et al.,
2008; Sheldon et al., 2009); and (3) is required for some (Sheldon et al., 2009), but not all
(Marlow et al., 2010), of Robo4 functions. The papers summarized above describing the
anti-angiogenic and anti-inflammatory roles of Robo4 do not address the function of Robol
in these processes. However, there is some evidence that Robol binds Robo4 and may be
required to transduce the Slit signal. Because Robo4 lacks many of the amino acids critical
for Slit2 binding (Morlot et al., 2007b), it is considered unlikely that it binds Slit directly.
Instead, Robol may serve as a co-receptor for Robo4, and in this circumstance, the
heterodimer may function to promote endothelial cell migration and angiogenesis (Figure
4B) (Kaur et al., 2006; Kaur et al., 2008; Sheldon et al., 2009). The notion that Robol plays
a functional role in angiogenesis, either alone or in complex with Robo4, is supported by a
number of studies, including one on tumor angiogenesis (Wang et al., 2003). In addition, the
analysis of gene expression levels during retinal development reveals fluctuations in Robol
levels that coincide with times of active retinal vascular development (Huang et al., 2009b).
Further, these researchers show that loss of Robol in monkey choroidal retinal endothelial
cells perturbs tube formation, in addition to lowering cell proliferation and migration (Huang
et al., 2009b). Elevated levels of Robol are seen in several pathological animal models, such
as retinopathy of prematurity and neovascularized corneas (Han and Zhang, 2010; Huang et
al., 2009a). Robhol was also identified as a putative pro-angiogenic gene in assays to
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elucidate human genes whose expression correlates with either increased or decreased
angiogenesis (Abdollahi et al., 2007). Taken together these data suggest that Robol
functions to restrict angiogenesis, either on its own or in a complex with Robo4, but
additional studies are required to fully elucidate its role during developmental and
pathological angiogenesis.

A second issue concerning Robo4 and its role in angiogenesis is the uncertain status of Slit
as ligand. The discovery by Koch and colleagues that Robo4 binds UNC5B suggests that
there may be an alternative mechanism for Robo4 signaling in the vasculature (Koch et al.,
2011). Further characterization of this interaction revealed the surprising finding that Robo4
acts as the ligand, not the receptor, in this relationship. Soluble Robo4 protein rescues vessel
hyperpermeability in the Robo4—/— mice and reduces VEGF-induced hyperpermeability in
wildtype mice, but not in mice treated with anti-UNC5B, supporting a model whereby
Robo4 maintains vessel integrity by binding and signaling through UNC5B. In these studies,
Robo4/UNC5B signaling was shown to counter the activation of Src kinase by VEGF/
VEGFR (Koch et al., 2011), the same mechanism that was previously identified for Slit/
Robo4 signaling (Figure 4C) (Jones et al., 2009). There is, however, no evidence that the
vascular phenotypes of Robo4—/— and Unc5b—/— mice are similar, a result that may be
expected for proteins in a ligand/receptor relationship. Altogether, these data support a role
for Robo4 in blocking signaling pathways downstream of VEGF/VEGFR and, consequently,
in inhibiting VEGF-induced changes in blood vessels, but it is currently unclear whether this
requires Slit, UNC5B or both (Figure 4A).

Slit and Robo Expression is Altered in Tumor Angiogenesis

Like other members of the Robo family of receptors, there are documented changes in
Robo4 expression in samples from tumors and other diseases. Increased Robo4 expression
on endothelial cells has been reported in a number of pathologies, including tumor samples
that display increased angiogenesis (Grone et al., 2006; Han and Zhang, 2010; Huang et al.,
2009c; Mura et al., 2011; Seth et al., 2005)(Table 2). Conversely, decreased Robo4
expression has also been observed in hepatocellular carcinoma samples analyzed by
quantitative RT-PCR (Avci et al., 2008), and in datasets from microarray analyses on human
breast tumor samples (Richardson et al., 2006)(Table 3). Thus, while it is possible that
Robo4 is both up- and down-regulated in disease models, at this point the data suggest that it
is most often increased, suggesting a link between Slit/Robo4 signaling and new vessel
formation, at least in a tumorigenic setting. There is some documentation of Robol
expression on endothelial cells in tumors and other tissues undergoing neovascularization
(Han and Zhang, 2010; Wang et al., 2003), although whether Robo1 is expressed and how it
functions in blood vessels remains controversial. The regulation of Slits in tissues
surrounding blood vessels has already been discussed, with examples of both up and down
regulation in tumors and other tissues undergoing neovascularization (Han and Zhang, 2010;
Wang et al., 2008; Yang et al., 2010). There is also some data suggesting that Slit expression
is regulated by EphA2 tyrosine kinase, and that loss of EphA2 expression in a tumor setting
elevates Slit expression, which acts in a pro-angiogenic manner (Brantley-Sieders et al.,
2011).
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Slits and Robos: Regulators of Tumor Angiogenesis

Tumor growth and metastasis requires increased supplies of oxygen and nutrients, and this
requirement can be met by enhanced angiogenesis in the surrounding vasculature (Potente et
al., 2011). In order to achieve increased angiogenesis, tumor cells must downregulate anti-
angiogenic signals and then secrete pro-angiogenic cues to increase blood vessel growth
(Kerbel, 2008). Currently there are no studies that directly examine the functional role of
Robo4 in tumor angiogenesis, although in a preneoplastic setting in breast, loss of Robo4
results in enhanced angiogenesis in response to epithelial-derived VEGF and CXCL12
(Marlow et al., 2010). These data are in line with the documented anti-angiogenic role of
Robo4 in stabilizing the vasculature during pathological angiogenesis as described above.

In contrast, Wang and colleagues have shown that Robo1l is expressed on tumor endothelial
cells and plays a role in new vessel formation in tumors that upregulate Slit expression
(Wang et al., 2003; Wang et al., 2008). In these studies, the extracellular domain of Robol,
or a function-blocking antibody called R5, are shown to inhibit both the chemoattractive
migration of endothelial cells and their tube formation in response to Slit2, as well as tumor
angiogenesis in xenograft models, suggesting that Slit2 functions pro-angiogenically in
tumors that overexpress it, and further, that its signal is transduced via Robol, and not
Robo4 (Wang et al., 2003; Wang et al., 2008). Furthermore, overexpression of Slit2 in a
non-metastatic pancreatic islet cell model of carcinogenesis (RIP1-Tag?2) is reported by the
same group to promote tumor lymphangiogenesis and lymphatic metastasis by signaling
through Robol, expressed on the lymphatic endothelial cells. Again, administration of the
R5 function-blocking antibody reverses the enhanced angiogenesis and decreases tumor
formation (YYang et al., 2010).

A possible explanation for the apparent pro- versus anti-angiogenic functions of Slit2/Robo
signaling comes from a study by Dunaway and colleagues in which Slit2 promotes
angiogenesis on its own, but inhibits it in the presence of ephrin-Al (Dunaway et al., 2011).
Eprhin-Al is the primary GPI-linked ligand for the EphA2 receptor, whose expression was
shown by these researchers in a previous paper to inversely correlate with Slit expression
(Brantley-Sieders et al., 2011). The present study, however, shows that Slit2 stimulates
angiogenesis through the activation of Akt and Rac GTPase, an effect that is inhibited in the
presence of ephrin-Al. Thus, this study echoes the common theme that, because Slit/Robo
signaling targets common signaling pathways, the context in which it signals determines the
outcome. Clearly, additional studies are required to understand the complex and intertwined
signaling that regulates neovascularization during disease processes. The current data are
incomplete and conflicting, but there is one take home message from all these studies: Slit
plays a central role in endothelial cell biology. As such, it holds promise as a therapeutic
agent that could be used to treat pathologies and cancers that are made worse by enhanced
angiogenesis.

Conclusion

Since their early discovery as key regulators of axon migration in the developing nervous
system, the Slit/Robo signaling pair has been implicated in a wide variety of developmental
and pathological processes. More specifically, Slit/Robo signaling has been found to have a
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significant impact on a cell’s behavior, from regulating cell migration to controlling cell
growth, both processes critical in tumor cell progression. When activated aberrantly, these
signaling events can promote tumor cell growth and migration, contributing to tumor
metastasis and poor patient prognosis. As such, Slits and Robos are promising candidates for
anti-cancer therapeutics, but care must be exercised because the bifunctionality of this
signaling axis could result in both tumor suppressive and oncogenic outcomes. For example,
in its pro-migratory role, Slit-induced Robo signaling causes decreased cell-cell attachments
and initiates pro-migratory pathways. In this context, treatment with RoboN, the ectodomain
of Robol, causes sequestration of Slit in the environment, thus stabilizing cell-cell
attachments and preventing metastasis. However, in other contexts, Slit/Robo signaling has
the opposite effect, enhancing cell-cell contacts by increasing E-cadherin stability and
downregulating transcriptional programs that promote proliferation. In this case,
sequestering Slit by RoboN treatment would potentially weaken cell-cell contacts, enabling,
rather than inhibiting, pro-migratory signals and tumor cell metastasis. Thus, since the
downstream effects of Slit/Robo signaling vary greatly depending on both the extracellular
and intracellular milieu, development of effective therapeutics will require a better
understanding of their disparate signaling consequences. Furthermore, it will be necessary to
design therapeutics with elaborate delivery mechanisms that ensure delivery of the drug to
specific tissues in order to prevent unintended effects caused by changing normal Slit/Robo
signaling in nearby tissues, as loss of Slit/Robo signaling in normal tissues and cells could
cause deleterious effects. Despite these cautions, it is increasingly clear that Slits and Robos
are key regulators of a wide variety of developmental and adult processes, from the
epithelium to the vasculature, and that they hold promise as therapeutic targets in the fight
against cancer and other diseases.
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Figure 1. Structural Representation of Slits, Robosand Their Interaction
(A) At their N-terminus, vertebrate and invertebrate Slits consist of four Leucine-Rich

Repeats (LRRs), termed D1 — D4. These LRRs are followed by seven-nine epidermal
growth factor (EGF)-like domains, a laminin G-like domain (ALPS), and a C-terminal
cysteine-rich knot. Slits are proteolytically cleaved between two EGF-like domains. (B)
Vertebrates have four Robos (Robo1-4), while fly, chick and zebrafish have three (Robol-
3). Robo1l, 2 and 3 contain five immunoglobulin (Ig) domains and 3 fibronectin type 3
(FN3) domains. Robo4 contains only two Ig domains and two FN3 domains. Zebrafish
Robo4 is unique in that it contains three 1g domains instead of two. In their cytoplasmic tail,
Robos contain between two and four conserved proline-rich domains (CC0-CC3). (C) The
Slit/Robo signaling pair can be stabilized via heparan sulfate glycosaminoglycans (GAGS)
that are present either in the extracellular matrix or attached to membrane-associated
proteins such as the heparan sulfate proteoglycan (HSPG) syndecan.
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Figure 2. Slit/Robo Signaling Regulates Cell Proliferation and Cell-Cell Contacts by Controlling
the Localization of B-catenin In the Cell
(A) As illustrated by red arrows, binding of Slit to Robo inhibits phosphatidylinositol kinase

(P13K)-induced Akt activity. Glycogen synthase kinase-3beta (GSK3p) is consequently left
in its non-phosphorylated, active form, and targets p-catenin for phosphorylation, excluding
it from the nucleus and thus preventing its transcriptional activity. Cytoplasmic p-catenin
either becomes ubiquitinated through the GSK3p- adenomatous polyposis coli (APC)-Axin
complex or transferred to the membrane where it interacts with E-cadherin, stabilizing cell-
cell contacts and preventing cell migration. As illustrated by green lines, Slit2/Robol
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signaling blocks Snail expression by preventing the translocation of -catenin to the nucleus,
thus relieving the repression of E-cadherin expression and enhancing cell-cell contacts.
Slit/Robo signaling can also function to decrease cell-cell contacts and increase proliferation
(B, C). (B) Slit/Robo signaling recruits the Abelson tyrosine kinase (Abl), which binds to
the adaptor protein Cables. Cables links the Robo/Abl complex to the N-Cadherin/B-catenin
complex, thus enabling Abl to phosphorylate 3-catenin on Y489, causing its translocation to
the nucleus where it activates transcription of cell proliferation genes. (C) In another
context, Slit/Robo signaling drives cell migration by recruiting the ubiquitin ligase Hakai to
E-cadherin and of -catenin. This results proteasomal degradation of 3-catenin and Hakai-
mediated lysosomal degradation of E-cadherin, causing decreased cell-cell contacts and
enhanced cell migration.
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Figure 3. Slit/Robo Signaling Regulates Cell Migration by Controlling the Activation State of
Actin Cytoskeleton Modulators

(A) Slit/Robo signaling regulates actin polymerization, and thus cell migration, by
controlling the activity level of Rho GTPases. Slit/Robo signaling prevents cell migration by
recruiting Slit/Robo (s/r)GAPs to the CC1 and CC2 domains, which inactivate the small Rho
GTPases RhoA and Cdc42, and Vilse/CrGAP to the CCO domain, which exchanges
RacGTP for RacGDP. In other contexts, Slit/Robo signaling drives actin polymerization by
recruiting Dock, which in turn recruits son of sevenless (SoS) GEF and PAK p21-activated
kinase. SoS GEF activates the small Rho GTPase Rac by exchanging GDP for GTP, leading
to actin polymerization. RacGTP in turn activates PAK, which also drives actin
polymerization. (B) The anti-migratory function of Slit/Robo signaling is regulated by the
Abl, which attenuates Robo signaling via phosphorylation of Robo at Y1073 near CCO,
possibly preventing substrate binding, and by directly targeting the Robo effector protein
Enabled (Ena). In the absence of Abl, Ena binds to CCO and functions to inhibit cell
migration by preventing actin polymerization.
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Figure 4. Slit/Robo Signaling Regulates the Process of Tumor Angiogenesis
(A) Slit2 binds to Robo4/proteoglycan complex and signals to block pro-angiogenic

signaling downstream of VEGF/VEGFR. (B) Slit promotes angiogenesis by binding to a
Robol/Robo4 heterodimer and driving endothelial migration. (C) Robo4 binds UNC5B, and
signals to block pro-angiogenic signaling downstream of VEGF/VEGFR.
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The function of Slit/Robo signaling in tumor and non-tumor cell proliferation migration and angiogenesis.

Slit/Robo members

Action

Tissue/cell type

References

Promigration/metastasis/chemotaxis

Slit2/Robol

Slit/Robo

Robo4

Slit2/Robo4:Robol heterodimer

Slit2/Robol

Slit2/Robol:Robo4 heterodimer

Slit/Robo

Slit/Robol

Slit2/Robol

Slit2/Robol

Induces malignant transformation
promotes metastasis by regulating
degradation of cadherins

Mediates migration by
downregulating N-cad-herin,
decreasing adhesion and increasing
translocation of 8-catenin to the
nucleus

Mediates attractant signals in
endodielial cells via Rho GTPases

Mediates the chemotactic response
of endothelial cells

Mediates the migration and vascular
tube formation. Slit2 also acts as a
lymphangiogenic factor

Promotes cell migration and
angiogenesis by inducing formation
of filopodia

Enhances cell migration by
decreasing c-cad-herin function at
the membrane

Promotes migration by positively
regulating Rho GTPases

Promotes eosinophil Chemotaxis,
possibly through activation of
Cdc42

Promotes directed migration and
metastasis of cancer cells

Antimigration/metasfasis/chemotaxis

Slit2/Robo3

Slit/Robo

Sit2/Robol

Slit2/Robol

Slit2/Robo

Slit2/Robo

Slit2/Robo

Slit2/Robol

Prevents cell migration by
stabilizing P-cadherin at the
membrane

Prevents metastasis by enhancing
cell-cell adhesion via N-cadherin

Prevents epithelial cell migration by
enhancing cell-cell adhesion via
PI3K and B-catenin

Prevents cell migration and
promotes cell-cell adhesion by
regulating E-cadhcrin expression

Prevents VSMC migration by
modulating cytoskeletal molecules

Inhibits migration of RASM cells by
controlling WASP and Arp2/3
expressions

Blocks angiocrine-induced tumor
growth and migration

Prevents cell migration/metastasis
by attenuating Cdc42 activity

HEK?293 cells, colorectal epithelial
carcinoma cells; colorectal carcinoma
xenograft model

Axon growth cone migration, mouse
fibroblast L-cells

Embryonic zebrafish vasculature
Zebrafish vasculature

Mouse lymphatic endothelial cells

Human umbilical vein endothelial cells
(HUVECs)

Drosophila heart tube formation

Src-transformed epithelial cells

Ovalbumin airway inflammation

Breast cancer cell lines

Oral mucosa, oral squamous cell
carcinoma (OSCC)

Chick cranial trigeminal gangliogenesis

Breast cancer cells

Human lung cancer cell lines and lung
tumor samples

Vascular smooth muscle cells (VSMCs)

Rat airway smooth muscle (RASM) cells

Endothelial cell lines, Invasive human
ductal carcinoma samples

Epithelial cell lines, medulloblastoma,
glioma cell lines and tumor samples,
mouse glioma xenograft models
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Zhou et al. (2011)

Rhee et al. (2002,
2007)

Kaur et al. (2006)

Kaur et al. (2008)

Yang et al. (2010)

Sheldon et al. (2009)

Santiago-Martinez et
al. (2008)

Khusial et al. (2010)

Yang et al. (2010), and
Ye et al. (2010)

Schmid et al. (2007)

Bauer et al. (2011)

Shiau and Bronner-
Fraser (2009)

Prasad et al. (2008)

Tseng et al. (2010)

Liu et al. (2006)

Ning et al. (2011)

Brantley-Sieders et al.
(2011)

Stella et al. (2009),
Werbowetski-Ogilvie
et al. (2006), and Yiin
et al. (2009)
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Slit/Robo members

Action

Tissue/cell type

References

Slit2/Robo

Slit2/Robol

Slit2/Robol

Slit2/Robol

Slit/Robo4

Slit/Robo4

Slit2

Proangiogenic
Slit2/Robol
Slit2/Robol

Slit2/Robol

Slit2/Robo

Inhibits migration of cells toward
chemoattractant stimulus by
attenuating Cdc42 and Rac2

Regulates eosinophil/neutrophil
Chemotaxis by modulating sSrtGAP
expression

Prevents CXCR4/CXCL12-
mediated inhibiting downstream
signaling

Prevents metastasis of cancer cells
by recruiting USP33 and
redistributing Robol to the
membrane

Inhibits endothelial cell migration
and proliferation

Prevents angiogenesis by inhibiting
signaling downstream of VEGF/
VEGFR

Decreases LPS-induced vascular
permeability by increasing V/E-
cadherin levels at the membrane

Promotes tube formation and
endothelial cell migration

Promotes tumor angiogenesis and
growth in vivo

Promotes lymphangiogenesis and
lymphatic metastasis

Promotes angiogenesis in culture
and in vivo

Leukocytes, vascular smooth muscle cells
(VSMCs), mouse model of chemical
irritant peritonitis

Eosinophils, neutrophils in endotoxin-
induced lung inflammation model

Breast cancer cell lines

Breast cancer cells

Rat endothelial cells

Endothelial cells of the mammary gland
stroma, blood vessel endothelial cells of
the corneal stroma

Blood vessel endothelium of the lung

Human malignant melanoma A375 cells
Oral carcinogenesis
Lymphatic endodielial cells

Mouse pulmonary microvascular
endothelial cells

Liu et al. (2006), Tole
et al. (2009), and Wu
et al. (2001)

Ye et al. (2010)

Prasad et al. (2004)

Yuasa-Kawada et al.
(2009)

Suchting et al. (2005)

Marlow et al. (2010)
and Mulik et al. (2011)

London et al. (2010)

Wang et al. (2003)

Wang et al. (2008)

Yang et al. (2010)

Duna way et al. (2011)
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Table 2

A list of cancers in which expression of Slits and Robos are decreased, and the mode of regulation, if known.

Elevated expression level

Gene  Cancer type References

Slits Prostate cancer, nitrofen-hypoplastic lung cancer, and lobular Christgen et al. (2009), Doi et al. (2009), Latil et al. (2003), and
breast carcinoma Ma et al. (2004)

Slit2 Oral cheek mucosa with oral squamous cell carcinoma Wang et al. (2008)

Robol Hepatocellular cancer, colorectal cancer, nonsmall cell lung Avci et al. (2008), Gorn et al. (2005), Grone et al. (2006), Han and
cancer, Glioma cancer, monkey choroidal retinal endothelial Zhang (2010), Huang et al. (2009), Ito et al. (2006), Mertsch et al.
cells, retinopathy of prematurity (ROP), and neovascularized (2008), and Xu et al. (2010)
cornea

Robo2  Hepatocellular cancer Avci et al. (2008)

Robo4  Tumor endothelial cells, neovascularized cornea, monkey Avci et al. (2008), Grone et al. (2006), Han and Zhang. (2010),
choroidal retinal endothelial cells, and colorectal cancer Mura et al. (2011), and Seth et al. (2005)

Robo4  HSV-infected endothelial cells in the corneal stroma Mulik et al. (2011)
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Table 3

A summary of cancers and diseases in which expression of Slits and Robos are elevated.

Decr eased expression level

Gene Mode of silencing Cancer type References

Slit2 LOH, allelic deletion 63% of breast carcinoma, 35% of cervical carcinoma, Shivapurkar et al. (1999a, 1999b)

Promoter hypermethylation

and >60% of small lung carcinoma and mesothelioma

Breast carcinoma, nonsmall cell lung cancer, ovarian
carcinoma, gliomas, hepatocellular carcinoma,
colorectal carcinoma, and lymphocytic leukemia

and Singh et al. (2007)

Dallol et al. (2005, 2003a, 2003b),
Dunwell et al. (2009), Jin et al.
(2009), Qiu et al. (2011), Sharma et
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primary tumors al. (2007)
Slit2 Unknown Corneal neovascularization Han and Zhang (2010) and Wang et
al. (2008)
Slit, 3 Promoter hypermethylation 41% of breast, 33% of colorectal, and 29% of glioma Dallol et al. (2005) and Dickinson
tumor cell lines and primary tumors et al. (2004)

Slit3 Unknown Avci et al. (2008)

Yu et al. (2010)

Hepatocellular carcinoma

Slit2 Promoter hypermethylation
catalyzed by polycomb group
member EZH2

Human prostate cancer samples

Robol Gene deletion Small-cell lung cancer cell line (U2020) Xian et al. (2001)
Robol Promoter hypermethylation 19% of primary invasive breast cancer, 18% of clear Dallol et al. (2002b)
cell renal cell cancer, and 4% primary nonsmall cell
lung cancer
Robol, 2 Promoter hypermethylation Early dysplastic lesions of head and neck cancer Ghosh et al. (2009)
Robo3 Promoter hypermethylation Cervical cancer Narayan et al. (2006)
Robo4 Unknown Human breast tumor samples Richardson et al. (2006)
Robo4 Unknown Hepatocellular carcinoma Auvci et al. (2008)
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