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Perspectives of SLIT/ROBO signaling in placental angiogenesis

Wu-xiang Liaol, Deborah A. Wing?, Jian-Guo Geng?, Dong-bao Chen?

1Division of Maternal-Fetal Medicine, Department of Obstetrics and Gynecology, University of
California Irvine, Irvine, CA, USA

2Vascular Biology Center and Division of Hematology, Oncology and Transplantation, University of
Minnesota Medical School, Minneapolis, MN, USA

Summary.

A novel family of evolutionally conserved neuronal guidance cues, including ligands (i.e., Slit,
netrin, epherin, and semaphorin) and their corresponding receptors (i.e., Robo, DCC/Unc5,

Eph and plexin/neuropilin), has been identified to play a crucial role in axon pathfinding and
branching as well as neuronal cell migration. The presence of commonalities in both neural and
vascular developments has led to some exciting discoveries recently, which have extended the
functions of these systems to vascular formation (vasculogenesis) and development (angiogenesis).
Some of these ligands and receptors have been found to be expressed in the vasculature and
surrounding tissues in physiological and pathological conditions. It is postulated that they regulate
the formation and integrity of blood vessels. In particular, it has been shown that the Slit/Robo
pair plays a novel role in angiogenesis during tumorigenesis and vascular formation during
embryogenesis. Herein we summarize briefly the characteristics of this family of neuronal
guidance molecules and discuss the extra-neural expression and function of the Slit/Robo pair

in angiogenesis in physiological and pathological settings. We report expression of Robol protein
in capillary endothelium and co-expression of Slit2 and Robol proteins in syncytiotrophoblast in
healthy term human placental villi. These cellular expression patterns implicate that the Slit/Robo
signaling plays an autocrine and/or paracrine role in angiogenesis and trophoblast functions. We
also speculate a possible role of this system in pathophysiological placental angiogenesis.

Keywords
Slit; Robo; Angiogenesis; Placenta

Introduction

Angiogenesis is a tightly regulated multi-step process. It is initiated by endothelial cell
activation upon local and/or systemic factor(s) to degrade extracellular matrix, followed by
endothelial cells migration and proliferation, and eventually forms tube-like structures by
recruitment of smooth muscle cells and pericytes (Folkman and Shing, 1992; Carmeliet,
2000). These processes are finely tuned by a balance between pro-angiogenic and anti-

jOffprint requests to: Dong-bao Chen, Ph.D., Department of Obstetrics and Gynecology, University of California Irvine, Irvine, CA
92697, USA, dongbaoc@uci.edu.
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angiogenic factors, in which both can be originated from local and/or systemic sources. As

a primary active site of physiological angiogenesis, the placenta is one of the richest sources
of both pro-angiogenic and anti-angiogenic factors. For example, during the third trimester
of both ovine and human pregnancy;, at a time when maternal-fetal interface vascular growth,
blood flow, and fetal weight increase exponentially, the fetal and maternal compartments
produce numerous angiogenic factors, such as vascular endothelial growth factor (VEGF)
(Senger et al., 1983; Keck et al., 1989; Leung et al., 1989), fibroblast growth factor 2 (FGF2)
(Gospodarowicz et al., 1987), placental growth factor (Maglione et al., 1991), endocrine
gland-derived-VEGF (LeCouter et al., 2001), transforming growth factor-p (Derynck et al.,
1985), leptin (Zhang et al., 1994), and angiopoietins (Sato et al., 1995). It is noteworthy that
this list is still expanding (Folkman, 2002). More recently, the Slit/Robo signaling system
has been found to play a novel role in tumor angiogenesis (Wang et al., 2003; Bedell et

al., 2005; Suchting et al., 2005) and vascular formation during embryogenesis (Kaur et

al., 2006). Herein we are not intended to review the anatomical, cellular and molecular
aspects of placental angiogenesis in detail, which can be found in previous elegant reviews
elsewhere (Charnock-Jones et al., 2004; Kaufmann et al., 2004; Mayhew et al., 2004). The
objective of this paper is to update the current information regarding Slit/Robo signaling

in pathological and physiological angiogenesis as well as its implications in placental
angiogenesis.

Placental angiogenesis

During embryogenesis, a class of primitive vascular progenitor cells evokes and eventually
differentiates into all types of vascular cells for the formation of a tree-like vascular
architecture throughout the body during /n utero fetal development. The elaborate vascular
system occupies all organs, which functions as the main transportation system via
circulating blood for the delivery and exchange of nutrients, respiratory gases (oxygen

and carbon dioxide), and metabolic wastes, etc. This primary task is obviously essential
for the maintenance of normal functions of every single cell, tissue and organ. Circulation
of bioactive materials also eliminates boundaries among different cells, tissues and organs,
thereby coordinating all physiological processes systemically.

Fetal development /in uterois a remarkable journey for early life of eutherians in the womb.
During this period, fetus is supported, in essence, by her mother for growth and survival.
The pre-implantation embryo uses the outer layer trophectoderm cells to make a unique
organ, the placenta, for all kinds of communications with the mother. This ephemeral
organ is extremely vascularized to facilitate the bidirectional mother-fetus exchanges that
are linked directly to fetal/placental development, survival, perinatal/neonatal outcomes,
and the mother’s well-being during pregnancy and postpartum. The formation of placental
vasculature occurs via vasculogenesis and angiogenesis. Vasculogenesis is a process of
formation of new blood vessels via the vascular progenitor cells termed as angioblast,
which occurs during organogenesis. Once placenta is formed, the expansion and growth

of placental vasculature is primarily via angiogenesis, a process named for the new vessel
formation from preexisting capillaries. Placental vascular growth begins in the process

of placentation and continues throughout gestation. During the third trimester in parallel
with rapid fetal growth, placental vasculature grows exponentially (Magness and Rosenfeld,
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1989; Cross et al., 1994; Wheeler et al., 1995; Reynolds and Redmer, 2001; Leach et al.,
2002; Borowicz et al., 2007). This is essential to accommodate the dramatic rise (up to 50-
to 80-fold) in uterine blood flow as a maternal adaptation to pregnancy (Magness, 1996,
1999). The continuous and dramatic increase in fetoplacental and uteroplacental blood flows
is responsible for the bidirectional fetal-maternal exchange of nutrient and oxygen supply
to meet the progressively increasing demands of fetal growth and placental development
and to exhaust metabolic wastes from fetus to mother (Magness, 1999; Reynolds and
Redmer, 2001). It directly correlates with fetal growth, survival and neonatal birth weights.
Insufficient blood flows lead to shortage of oxygen and nutrient supply that are causative
of intrauterine growth restriction (IUGR) and higher prenatal/neonatal morbidity or even
mortality (Magness and Rosenfeld, 1989; Morrow et al., 1989; Macara et al., 1996; Lang
et al., 2003). From this point of view, it is very logic to hypothesize that, when pregnant
women’s food supply is not a concern, constrained nutrient/oxygen supply due to reduced
uterine blood flow is the real “physiological” undernutrition cause of fetal programming of
adult-onset diseases in the Barker hypothesis (Barker, 1997).

Slit/Robo Signaling System

The Slit/Robo system is a member of a conserved neuronal guidance cue family that

also includes netrin/DCC/Unc5 (Freitas et al., 2008), ephrin/Eph (Cheng et al., 2002) and
semaphorin/plexin/neuropilin (Neufeld and Kessler, 2008). In these systems, the former
ones (i.e., Slit, netrin, epherin, and semaphorin) are secreted proteins that function as
ligands; whereas the latter ones (i.e., Robo, DCC/Unc5, Eph, and plexin/neuropilin) are
their corresponding receptors. Slit proteins are conserved from Drosophilato mammals.
Mammals have at least three slit genes (slit 1, slit 2 and slit 3) (Itoh et al., 1998; Brose et al.,
1999) that encode three Slit proteins with ~1500 amino acids. All Slit proteins have common
domain structures, including four tandem leucine rich repeats (LRRs), nine epidermal
growth factor (EGF)-like domains, a laminia G domain, and a C-terminal cysteine-rich
domain (Brose et al., 1999) (Fig. 1A). Slit proteins can be proteolytically cleaved within

the EGF-like region (between EGF-5 and -6) into Slit-N and Slit-C. Slit-N remains tightly
bound to the cell membrane, whereas Slit-C is readily diffusible (Brose et al., 1999; Wang
et al., 1999; Rothberg et al., 1990; Rothberg and Artavanis-Tsakonas, 1992; Nguyen Ba-
Charvet et al., 2001; Chen et al., 2001). Both Slit and Slit-N bind to Robo at the second
LRR region (Howitt et al., 2004; Morlot et al., 2007; Fukuhara et al., 2008). Slit may form
noncovalent dimers via the fourth LRR, which may enhance their binding to Robo /n vitro
(Howitt et al., 2004).

Robo (roundabout) has been so named after characteristic defects in the nervous system

of mutant flies. They are single-pass transmembrane proteins with ~1000 to 1600 amino
acids (Brose et al., 1999) (Fig. 1B). Four Robo proteins, Robol, 2, 3 and 4, have been
found in mammals (Kidd et al., 1998a,b; Brose et al., 1999; Huminiecki et al., 2002;

Park et al., 2003). Robo4 is also termed as magic roundabout (Huminiecki et al., 2002).
Whether Robo4 functions as a Slit receptor needs further investigation (Park et al., 2003;
Suchting et al., 2005; Legg et al., 2008; Sheldon et al., 2009); however, as being exclusively
expressed in the vasculature Robo4 has been regarded as a specific vascular Slit receptor.
The extracellular ligand binding domains of Robol to 3 are conserved from Drosophila

Histol Histopathol. Author manuscript; available in PMC 2022 March 07.
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to human. They are composed of five immunoglobulin (1g) and three fibronectin type 11l
(FNIIT) domains, a single transmembrane (TM) segment, and a cytoplasmic domain. Murine
and human Robo4 genes encode only the first two Igs important for Slit binding and two
FNIII domains (Howitt et al., 2004; Liu et al., 2004). In general, the cytoplasmic domains
of Robo proteins have little homology (Dickson and Gilestro, 2006); however, four short
conserved cytoplasmic sequence motifs (CCO, CC1, CC2 and CC3) are recognized among
Robo proteins (Fig. 1B). These motifs are thought to serve as docking sites of interaction
with various cytoplasmic proteins or kinases, which will be discussed below.

Tissue Distribution/Expression of Slit/Robo

Slits were originally identified as EGF-like proteins expressed by neurons and glial cells

in the embryonic central nervous system (Nusslein-Volhard, 1984; Rothberg et al., 1988).
Similarly, all Robo proteins were also initially identified in the nervous system (Kidd et

al., 1998a,b). Slit/Robo molecules have later been detected in various non-neural tissues,
including lung (Anselmo et al., 2003; Greenberg et al., 2004; Jones et al., 2008), kidney
(Piper et al., 2000; Jones et al., 2008), heart (Qian et al., 2005, Santiago-Martinez et al.,
2006), hindlimbs and muscle (Vargesson et al., 2001), mammary gland, skin (Dickinson et
al., 2004) and ovary (Dickinson et al., 2008). The wide distribution of Slit/Robo signaling
cues implicates that they may play conserved roles in the regulation of various non-neural
cell types and the development of extra-neural tissues/organs. Indeed, Slit/Robo knock-out
(KO) mice display defects in many organs. S/it2, Duttl/Robol and RoboZ null mice are
embryonic lethal (Xian et al., 2001; Plump et al., 2002; Grieshammer et al., 2004). In
addition to an axon-guidance defect in retinal ganglion cells and in several major axonal
pathways in the forebrain (Bagri et al., 2002; Plump et al., 2002), Slit2-null mice also
develop abnormal kidney due to supernumerary ureteric bud formation, similar to that seen
in Robo2-null mice (Grieshammer et al., 2004). The majority mutant Dutt1/Robol mice

die at birth because of respiratory failure caused by delayed lung maturation; the surviving
mice develop extensive bronchial epithelial abnormalities including hyperplasia (Xian et al.,
2001). Slit3-null mice are significantly growth restricted and the majority display congenital
diaphragmatic hernia (CDH) similar to a central (septum transversum) CDH syndrome in
humans (Yuan et al., 2003, Liu et al., 2003). The causes of fetal growth restriction in

these mice are currently not known; however, derangement of placental vasculature may,

at least in part, be a potential factor. Abnormal kidney development also occurred in some
of the Slit3-null mice (Liu et al., 2003). These findings suggest an important role of Slit/
Robo in organogenesis. Robo4 mutant mice are viable and have normal developmental
vascular patterning, suggesting that Robo4 is not required for vessel formation during
embryogenesis but may be important in maintaining the vascular integrity by inhibiting
VEGF-induced vascular leakage (Jones et al., 2008). In zebrafish, however, Robo4 is
essential for coordinated symmetric and directed sprouting of intersomitic vessels (Bedell et
al., 2005, Kaur et al., 2006). The phenotypic difference between mouse and fish Robo4-KOs
indicates the possible redundancy of Robo receptors in mouse vascular development during
embryogenesis.

Slit and Robo mRNAs have been detected in the vasculature, including Slit2 and Robol,
2 and 4 in rat carotid arteries, thoracic aortas, abdominal aortas, and iliac arteries (Liu et

Histol Histopathol. Author manuscript; available in PMC 2022 March 07.
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al., 2006). Slit2 mRNA is detected in human aortic smooth muscle cells (Liu et al., 2006)
and aortic endothelial cells (Liu et al., 2006). Slit2 and Slit3 mRNAs are also found in

rat endothelial cells (Wu et al., 2001). Slit1 is not expressed in vasculature (Liu et al.,
2006). Except Robo3, all other three Robo proteins have been detected in many non-neural
cell types, including endothelial cells (Wang et al., 2003; Liu et al., 2006) and smooth
muscle cells (Liu et al., 2006). Among these Robo proteins, Robo4 has been isolated as

an endothelium-specific receptor (Huminiecki et al., 2002; Park et al., 2003; Seth et al.,
2005; Jones et al., 2008). In particular, Robo4 mRNA is detectable in primary endothelial
cells isolated from different organs, including human umbilical cord vein endothelial cells
(HUVEC) (Huminiecki et al., 2002; Park et al., 2003; Seth et al., 2005; Sheldon et al.,
2009), human microvascular endothelial cells (Park et al., 2003; Seth et al., 2005; Jones et
al., 2008), human aortic endothelial cells (Liu et al., 2006; Jones et al., 2008), and human
dermal microvascular endothelial cells (Huminiecki et al., 2002). Interestingly, in mouse
retinal vascular bed Robo4 is restricted in the stabilized or more mature endothelial cells of
stalk endothelium, but not as expected in the endothelial tip cells where active angiogenesis
takes place (Jones et al., 2008). The literature of Robol expression in HUVEC is not always
consistent. Wang et al. (2003) first reported the presence of both Robol mMRNA and protein
in HUVEC (Wang et al., 2003). Shortly after, Seth et al. (2005) failed to detect Robol
MRNA in HUVEC by RT-PCR (Seth et al., 2005). Recently, Sheldon et al. (2009) have
detected Robol mRNA and protein in HUVEC (Sheldon et al., 2009). The discrepancies of
Robol and Robo4 expression patterns in endothelial cells may, at least in part, contributes
to the controversial finding that the Slit/Robo signaling plays dual roles in endothelial

cell angiogenesis. Information on vascular Robo2 expression is currently limited; only one
report found low levels Robo2 mRNA in human aortic endothelial cells (Liu et al., 2006).
Regardless, these data show that differential expression of Robo proteins in the vasculature
may play an important role in mediating Slit functions.

Slit/Robo signaling and tumor development

The link between Slit/Robo signaling and tumor and cancer was first revealed in 1998 by
the finding that the exon 2 of Robol was deleted in two lung tumor cell lines and one
breast tumor cell line (Sundaresan et al., 1998). Subsequently, several studies have shown
that Slit1, 2 and 3, and Robol promoters were hypermethylated (epigenetic inactivation)
in different cancers, suggesting that these genes function as tumor suppressors (Dallol et
al., 2002a,b, 2003; Dickinson et al., 2004). Robol methylation has been detected in less
than 20% of breast tumors and clear renal cell carcinomas, but was rare in lung carcinomas
(Dallol et al., 2002a,b). Robol expression is also significantly reduced in prostate tumors
compared to normal prostate tissues (Latil et al., 2003). Furthermore, the Duut1/Robol
heterozygous mice are more prone to develop lung adenocarcinomas and lymphoma,
suggesting that, at least in the mouse, Robol may serve as a tumor suppressor gene

(Xian et al., 2004). Slit2 could be a tumor suppressor gene as it is frequently inactivated

in lung and breast cancers (Dallol et al., 2002a,b), and in gliomas (Dallol et al., 2003).
Though less frequent than Slit2, Slit3 hypermethylation has also been detected in lung and
breast cancers (Dickinson et al., 2004). In breast carcinoma cells, loss of Slits or Robol
result in coordinated upregulation of the stromal cell-derived factor 1 and its receptor

Histol Histopathol. Author manuscript; available in PMC 2022 March 07.
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CXCR4 (Marlow et al., 2008), a chemokine-receptor pair important in carcinogenesis and
in neovascularization linked to tumor progression (Kryczek et al., 2007). Recombinant Slit2
inhibits medulloblastoma invasion by decreasing active Cdc42C TP formation, whereas it has
no effect on glioma tumor (Werbowetski-Ogilvie et al., 2006).

In contrast, many studies also have shown that Slit/Robo expression is increased in tumors.
For example, Slit2 and 3 expressions are increased in canine malignant mammary tumors
(Tanno et al., 2006). Robol and Robo4 expressions are also elevated in colorectal cancer
(Grone et al., 2006) as does Robol in hepatocellular carcinoma (lIto et al., 2006). Robo4
expression is significantly upregulated in cancer tissues from lung, kidney, liver, and
metastatic melanoma (Seth et al., 2005). Wang et al. (2003) first reported that Slit/Robo
signaling controls tumor-endothelial cell communication critical for tumor angiogenesis
(Wang et al., 2003). Slit2 is expressed in a large number of solid tumors and tumor cell
lines. Recombinant Slit2 protein attracts endothelial cells and promotes tube formation via a
Robol- mediated phosphatidylinositol 3-kinase dependent pathway. Neutralization of Robol
reduces microvessel density and tumor mass grown from human malignant melanoma A375
cells /n vivo (Wang et al., 2003). Thus, it is possible that the role of Slit/Robo signaling

in tumor development is cell type- or tissue-specific. Nevertheless, these studies certainly
extend the functional role of Slit/Robo to tumor development and tumor angiogenesis.

Slit/Robo signaling in angiogenesis

In the nervous system, Slit/Robo signaling can function as diffusible long-range cues or as
cell membrane-associated short-range cues. It controls axon pathfinding and branching as
well as cell migration by acting as repellents in some axons (Kidd et al., 1999; Li et al.,
1999; De Bellard et al., 2003) or as attractants of branching and elongation of other axons
(Wang et al., 1999; De Bellard et al., 2003). These findings reiterate the common theme

that guidance cues often have dual roles (Dickson, 2002). It has also been shown that they
function as repellents to regulate the migration of non-neural cell types including leukocytes
(Wu et al., 2001), vascular smooth muscle cells (Liu et al., 2006) and their precursor cells
(Kramer et al., 2001). Interestingly, the guiding signal of Slits switches from a repellent

to an attractant during mesoderm migration (Kramer et al., 2001). These findings indicate
the presence of fundamental conserved guidance machineries for all somatic cells (Wu et
al., 2001; Rao et al., 2002). In the last few years, a critical role of Slit/Robo signaling in
angiogenesis has been uncovered. Wang et al. (2003) first reported that Slit2, upon binding
to HUVEC Robol, functions as an attractant to promote the directional migration and
vascular network formation /7 vitro (Wang et al., 2003). These cellular effects are inhibited
by an anti-Robol antibody and are blocked by a soluble Robol extracellular fragment
(RoboN). Their findings significantly extend the spectrum of Slit/Robo signaling to the area
of tumor angiogenesis. Recently, Sheldon et al. (2009) have shown that Slit2 is able to
promote HUVEC migration and tube-formation /in vitro, possibly mediated by Robo1/Robo4
heterodimers (Sheldon et al., 2009). Another breakthrough that highlights Slit/Robo in
angiogenesis is the identification of Robo4, the vascular-specific Slit receptor (Huminiecki
et al., 2002; Park et al., 2003). Secreted soluble Robo4 is able to inhibit /77 vivo angiogenesis
and the VEGF- and FGF2-stimulated endothelial cell proliferation and migration (Suchting
et al., 2005). Knockdown or overexpression of Robo4 results in either lack of or misdirected
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intersomitic vessels (Bedell et al., 2005). In KO mice, Robo4 is shown to be important for
the maintenance of vascular integrity by inhibiting abnormal angiogenesis and endothelial
hyperpermeability (Jones et al., 2008). Accordingly, it is reasonable to infer that Robo4
regulates vessel growth to a proper path by either attracting or repulsing endothelial cell
function.

Although available evidence points to an angiogenic role of Slit/Robo signaling, it is still

in debate whether Slit/Robo signaling functions as attractant or repellent in angiogenesis. In
general, it is postulated that whether Slit acts as an attractive or a repulsive cue depends on
which Robo(s) it binds, the cellular context of the target cells, and/or other environmental
factors (Autiero et al., 2005; Weinstein, 2005; Song et al., 1997; Song et al., 1998). It is
speculated that Slit binding to Robol may initiates attractant responses, while Slit binding
to Robo4 may initiate repellent responses in angiogenesis (Park et al., 2003; Autiero et

al., 2005; Acevedo et al., 2008). In addition, Robol has been shown to form homodimers
(Morlot et al., 2007) or heterodimers with other Robo proteins (Liu et al., 2004; Camurri

et al., 2005). It is possible that Robol and Robo4 may interact on vascular sprouts or

that perhaps, Robo4 modulates the response to Robol. Recently, Sheldon et al. (2009)

have shown that Robol forms heterodimers with Robo4 in HUVEC and the dimerization

is important to mediate Slit2-stimulated HUVEC migration (Sheldon et al., 2009). In all,
investigations on deciphering the role of this neuronal signaling system in angiogenesis have
just begun to gain momentum. Obviously, more extensive investigations are needed for a
comprehensive understanding of the mechanisms that Slit/Robo signaling utilizes to regulate
both physiological and pathological angiogenesis.

Slit/Robo initiated intracellular signaling

The majority of the knowledge gathered to date on the Slit-initiated intracellular signaling
upon binding to Robo has been generated from the studies in Drosophila neuron. Upon

Slit stimulation, activated Abelson kinase (Abl) phosphorylates a tyrosine residue in CC1

of Robol, thereby downregulates its activity; whereas the substrate of Abl Enabled (Ena)
binds to CC2 that in turn stabilizes Robo function. Thus, Abl and Ena directly regulates Slit/
Robo signal transduction in an opposite way (Bashaw et al., 2000). Slit also increases the
interaction of Slit-Robo GAPs (srGAPs, a novel family of Rho GTPase activating proteins)
with the CC3 motif of a Robo protein. This interaction leads to activation of RhoA and
inhibition of Cdc42; both are members of the Rho GTPase family that is important for
regulating actin cytoskeleton and cell structure (Wong et al., 2001). This shift in the balance
of GTPase activation may lead to growth cone collapse and repulsion. These concepts

have been supported by genetic evidence in Drosophila that downregulation of Cdc42 also
regulates axon repulsion at the midline (Fritz and VanBerkum, 2002). Another GAP member
vilse/CrossGAP also binds to Robo, which will inactivate Rac (Lundstrom et al., 2004;

Hu et al., 2005). Slit also stimulates the recruitment of the SH2-SH3 adaptor proteins to
Robo, such as the Dreadlocks (Dock in Drosophila, the homologue of mammalian Nck) and
p21-activated serine-threonine kinase (Pak)-an effector of Rac and Cdc42 signaling. This in
turn results in Racl activation and axon repulsion (Fan et al., 2003). Furthermore, on Slit
stimulation, Dock also recruits an activator of Rho GTPase, the guanine nucleotide exchange
factor son of sevenless (Sos) to Robo, which then activates Rac during midline repulsion

Histol Histopathol. Author manuscript; available in PMC 2022 March 07.
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(YYang and Bashaw, 2006). Because Rac acts as a positive regulator for axon outgrowth
(Luo, 2000), it is possible that Rac may have different or even opposite effects on actin
cytoskeleton, depending on the cellular context in which it is activated and its overall level
of activity (Fan et al., 2003). It is noteworthy that the cytoplasmic domains of Robo are
solely responsible for mediating the biological responses to Slit stimulation (Seeger and
Beattie, 1999). Binding of the aforementioned signaling proteins to CC motifs of Robo
results in either activation or suppression of downstream signaling pathways, and transmits
growth and differentiation responses to Slit (Rhee et al., 2002). It is important to note that
not all Robos contains all four CC motifs (Fig. 1B). Their diversified cytoplasmic domains
may be engaged in binding of different sets of partners, thereby leading to distinct growth
responses (Dickson and Gilestro, 2006).

In endothelial cells, recent studies have revealed the downstream intracellular signaling
pathways that transduce the angiogenic responses of Slit/Robo signaling. Wang et al. (2003)
reported that activation of phosphatidylinositol 3-kinase is involved in the endothelial

cell responses to Slit2 (Wang et al., 2003). In addition, Slit2-induced endothelial cell
migration is derived by the activation of Wiskott-Aldrich syndrome protein (WASP), neural
Wiskott-Aldrich syndrome protein (N-WASP) and WASP-interacting protein complex that
is important in actin-nucleating and endothelial cell migration (Sheldon et al., 2009). In
zebrafish embryonic vasculature, Robo4 mediates the attractive signaling of Slit through
activation of a cytosolic signaling cascade involving Cdc42 and Racl Rho GTPase in
endothelial cells (Kaur et al., 2006). In other studies, Slit2 or Robo4 inhibits the VEGF

or FGF2 induced HUVEC migration, possibly via the Ras-Raf-MEK-extracellular signal-
regulated protein kinase (ERK2/1) signaling pathway (Seth et al., 2005). Activation of
Robo4 by Slit2 inhibits the VEGF-induced angiogenic responses through inactivation of the
Src family kinase (Jones et al., 2008). Since the novel role of Slit/Robo in angiogenesis

has just begun to be recognized, more studies are necessary to dissect a complete spectrum
of the intracellular signaling pathways activated by Slit via binding to Robo and their
pro-angiogenic or anti-angiogenic effects in endothelial cells.

Slit/Robo Signaling and Placental Angiogenesis

Placenta is perhaps the most active site of physiological angiogenesis. It serves as the

best model for research toward uncovering the molecular mechanisms of this complex
process. To date, virtually little is known about the expression and function of the Slit/
Robo signaling system in the placenta. Robo4 mRNA has been shown to be expressed in
placental arteriole and venule (Huminiecki et al., 2002; Seth et al., 2005). Robo4 protein
has been also detected in trophoblasts undergoing pseudo-vasculogenesis (Seth et al., 2005).
Slit3 mRNA has been detected in placental tissue (Dickinson et al., 2004). These are

the only pieces of evidence to date about Slit/Robo expressions in the placenta. We have
recently analyzed the expression of Slit/Robo system in healthy term human placentas
using immunohistochemical staining. As shown in Fig. 2, Slit2 protein is localized in the
syncytiotrophoblast of the placental villi (open arrowheads). Similar to Slit2, Robol protein
is also detectable in the syncytiotrophoblast (open arrowheads) of the placental villi and

in the trophoblast capillary endothelium (solid arrowheads). These interesting results may
have implicated a paracrine role of Slit2 produced by the trophoblast cells in regulating
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endothelial cell functions and angiogenesis by binding to Robol in endothelial cells. The
trophoblast co-expression of Slit2 and Robol also implicates a potential autocrine role of
Slit2 in regulating trophoblast functions such as differentiation, invasion, transport, and
hormone secretion, etc. It is also possibly that other Slits and Robo proteins may be
expressed in the trophoblast and capillary endothelium. They may play an integral role

in regulating trophoblast functions and placental angiogenesis (Fig. 3). However, these
hypotheses await further investigation.

Although the function of Slit/Robo in the placenta is currently unknown, the available Slit
and Robo KO mice models might have offered excellent opportunities for indentifying

the role of this system in placental biology. It would be of great interest to investigate

the placental phenotypes of mice bearing mutant Slit/Robo genes as these studies will
decipher the functional outcomes of genetic deletion of Slit/Robo in placental development,
particularly vasculature formation via angiogenesis and trophoblast differentiation and
invasion. Interestingly, Robo4 expression in human dermal microvascular endothelial cells is
inducible by hypoxia (Huminiecki et al., 2002), a condition readily present in the placentae
in the first trimester during pregnancy (Jaffe et al., 1997; Burton et al., 1999) and in many
pathologic conditions like preeclampsia (James et al., 2006; Myatt, 2006). Hypoxia has been
considered as the major physiological regulator for placental development (Genbacev et al.,
1997). Thus, the co-expression of Slit and Robo at the sites of active angiogenesis and the
possible regulation of Slit/Robo signaling by hypoxia in the placenta strongly implicate a
role of this system in placental angiogenesis.

Perspectives

The role of Slit/Robo signaling system in neuronal axon pathfinding is currently well-
defined (Dickson and Gilestro, 2006). The newly discovered role of this system in
angiogenesis has certainly added the paradigm of the regulation of endothelial and vascular
functions. Although our knowledge on Slit/Robo signaling in angiogenesis is still limited,
it is becoming increasingly clear that this system plays a key role in determining how
vessels are patterned. Studies are warranted to address important questions as to how Slit/
Robo induces or suppresses endothelial cell migration, differentiation and/or proliferation.
Because the role of the Slit/Robo signaling in placental angiogenesis is currently completely
unknown, it would be of great interest to investigate the expression and function of the
Slit/Robo signaling in the placenta, especially in its vasculature. Furthermore, controversial
findings showing a dual role of Robol and Robo4 in endothelial cell angiogenesis merit
further investigations for clarifying the specific functions of Slit/Robo in the placenta. In
addition, since both /n vivoand in vitro studies have shown a regulatory role of Slit/Robo
in VEGF/FGF2 functions, it is also of importance to investigate how Slit/Robo signaling
integrates with other angiogenic factors in regulating angiogenesis, especially in the
placenta. Investigations of the role of this system in the placenta in both physiological and
pathophysiological settings will advance the understanding of angiogenesis, which will offer
a promise for better management of high risk pregnancies such as preeclampsia and IUGR
and potential disease interventions. Because of its endothelial specific expression, Robo4
and its downstream signaling pathways evoked by Slit stimulation might have potential

for the development of diagnostic markers and/or for defining therapeutic targets for
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pregnancy complications such as preeclampsia and IUGR with characteristics of endothelial
dysfunctions.

Acknowledgements.

We thank Dr. Louis Laurent and Ms. Sally Agent, University of California San Diego, for assistance in placental
sample collection. Supported in part by the National Institutes of Health (NIH) grants RO3 HD58242 (to WX Liao)
and RO1 HL74947 and RO1 HL70562 (to DB Chen).

References

Acevedo LM, Weis SM and Cheresh DA (2008). Robo4 counteracts VEGF signaling. Nat. Med 14,
372-373. [PubMed: 18391935]

Anselmo MA, Dalvin S, Prodhan P, Komatsuzaki K, Aidlen JT, Schnitzer JJ, Wu JY and Kinane
TB (2003). Slit and robo: expression patterns in lung development. Gene Expr. Patterns 3, 13-19.
[PubMed: 12609596]

Autiero M, De Smet F, Claes F and Carmeliet P (2005). Role of neural guidance signals in blood
vessel navigation. Cardiovasc. Res 65, 629-638. [PubMed: 15664389]

Bagri A, Marin O, Plump AS, Mak J, Pleasure SJ, Rubenstein JL and Tessier-Lavigne M (2002). Slit
proteins prevent midline crossing and determine the dorsoventral position of major axonal pathways
in the mammalian forebrain. Neuron 33, 233-248. [PubMed: 11804571]

Barker DJ (1997). Maternal nutrition, fetal nutrition, and disease in later life. Nutrition 13, 807-813.
[PubMed: 9290095]

Bashaw GJ, Kidd T, Murray D, Pawson T and Goodman CS (2000). Repulsive axon guidance:
Abelson and Enabled play opposing roles downstream of the roundabout receptor. Cell 101, 703—
715. [PubMed: 10892742]

Bedell VM, Yeo SY, Park KW, Chung J, Seth P, Shivalingappa V, Zhao J, Obara T, Sukhatme VP,
Drummond IA, Li DY and Ramchandran R (2005). roundabout4 is essential for angiogenesis in
vivo. Proc. Natl. Acad. Sci. USA 102, 6373-6378. [PubMed: 15849270]

Borowicz PP, Arnold DR, Johnson ML, Grazul-Bilska AT, Redmer DA and Reynolds LP (2007).
Placental growth throughout the last two thirds of pregnancy in sheep: vascular development and
angiogenic factor expression. Biol. Reprod 76, 259-267. [PubMed: 17050858]

Brose K, Bland KS, Wang KH, Arnott D, Henzel W, Goodman CS, Tessier-Lavigne M and Kidd T
(1999). Slit proteins bind Robo receptors and have an evolutionarily conserved role in repulsive
axon guidance. Cell 96, 795-806. [PubMed: 10102268]

Burton GJ, Jauniaux E and Watson AL (1999). Maternal arterial connections to the placental
intervillous space during the first trimester of human pregnancy: the Boyd collection revisited.
Am. J. Obstet. Gynecol 181, 718-724. [PubMed: 10486489]

Camurri L, Mambetisaeva E, Davies D, Parnavelas J, Sundaresan V and Andrews W (2005). Evidence
for the existence of two Robo3 isoforms with divergent biochemical properties. Mol. Cell.
Neurosci 30, 485-493. [PubMed: 16226035]

Carmeliet P (2000). Mechanisms of angiogenesis and arteriogenesis. Nat. Med 6, 389-395. [PubMed:
10742145]

Charnock-Jones DS, Kaufmann P and Mayhew TM (2004). Aspects of human fetoplacental
vasculogenesis and angiogenesis. |. Molecular regulation. Placenta 25, 103-113. [PubMed:
14972443]

Chen JH, Wen L, Dupuis S, Wu JY and Rao Y (2001). The N-terminal leucine-rich regions in Slit
are sufficient to repel olfactory bulb axons and subventricular zone neurons. J. Neurosci 21, 1548—
1556. [PubMed: 11222645]

Cheng N, Brantley DM and Chen J (2002). The ephrins and Eph receptors in angiogenesis. Cytokine
Growth Factor Rev. 13, 75-85. [PubMed: 11750881]

Cross JC, Werb Z and Fisher SJ (1994). Implantation and the placenta: key pieces of the development
puzzle. Science 266, 1508-1518. [PubMed: 7985020]

Histol Histopathol. Author manuscript; available in PMC 2022 March 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liao et al.

Page 11

Dallol A, Da Silva NF, Viacava P, Minna JD, Bieche I, Maher ER and Latif F (2002a). SLIT2, a
human homologue of the Drosophila Slit2 gene, has tumor suppressor activity and is frequently
inactivated in lung and breast cancers. Cancer Res. 62, 5874-5880. [PubMed: 12384551]

Dallol A, Forgacs E, Martinez A, Sekido Y, Walker R, Kishida T, Rabbitts P, Maher ER, Minna JD
and Latif F (2002b). Tumour specific promoter region methylation of the human homologue of
the Drosophila Roundabout gene DUTT1 (ROBO1) in human cancers. Oncogene 21, 3020-3028.
[PubMed: 12082532]

Dallol A, Krex D, Hesson L, Eng C, Maher ER and Latif F (2003). Frequent epigenetic inactivation of
the SLIT2 gene in gliomas. Oncogene 22, 4611-4616. [PubMed: 12881718]

De Bellard ME, Rao Y and Bronner-Fraser M (2003). Dual function of Slit2 in repulsion and
enhanced migration of trunk, but not vagal, neural crest cells. J. Cell Biol 162, 269-279. [PubMed:
12876276]

Derynck R, Jarrett JA, Chen EY, Eaton DH, Bell JR, Assoian RK, Roberts AB, Sporn MB and
Goeddel DV (1985). Human transforming growth factor-beta complementary DNA sequence and
expression in normal and transformed cells. Nature 316, 701-705. [PubMed: 3861940]

Dickinson RE, Dallol A, Bieche I, Krex D, Morton D, Maher ER and Latif F (2004). Epigenetic
inactivation of SLIT3 and SLIT1 genes in human cancers. Br. J. Cancer 91, 2071-2078. [PubMed:
15534609]

Dickinson RE, Myers M and Duncan WC (2008). Novel regulated expression of the SLIT/ROBO
pathway in the ovary: possible role during luteolysis in women. Endocrinology 149: 5024-5034.
[PubMed: 18566128]

Dickson BJ (2002). Molecular mechanisms of axon guidance. Science 298, 1959-1964. [PubMed:
12471249]

Dickson BJ and Gilestro GF (2006). Regulation of commissural axon pathfinding by slit and its Robo
receptors. Annu. Rev. Cell Dev. Biol 22, 651-675. [PubMed: 17029581]

Fan X, Labrador JP, Hing H and Bashaw GJ (2003). Slit stimulation recruits Dock and Pak to the
roundabout receptor and increases Rac activity to regulate axon repulsion at the CNS midline.
Neuron 40, 113-127. [PubMed: 14527437]

Folkman J (2002). Role of angiogenesis in tumor growth and metastasis. Semin. Oncol 29, 15-18.

Folkman J and Shing Y (1992). Angiogenesis. J. Biol. Chem 267, 10931-10934. [PubMed: 1375931]

Freitas C, Larrivee B and Eichmann A (2008). Netrins and UNC5 receptors in angiogenesis.
Angiogenesis 11, 23-29. [PubMed: 18266062]

Fritz JL and VanBerkum MF (2002). Regulation of rho family GTPases is required to prevent axons
from crossing the midline. Dev. Biol 252, 46-58. [PubMed: 12453459]

Fukuhara N, Howitt JA, Hussain SA and Hohenester E (2008). Structural and functional analysis of slit
and heparin binding to immunoglobulin-like domains 1 and 2 of Drosophila Robo. J. Biol. Chem
283, 16226-16234. [PubMed: 18359766]

Genbacev O, Zhou Y, Ludlow JW and Fisher SJ (1997). Regulation of human placental development
by oxygen tension. Science 277, 1669-1672. [PubMed: 9287221]

Gospodarowicz D, Ferrara N, Schweigerer L and Neufeld G (1987). Structural characterization and
biological functions of fibroblast growth factor. Endocr. Rev 8, 95-114. [PubMed: 2440668]

Greenberg JM, Thompson FY, Brooks SK, Shannon JM and Akeson AL (2004). Slit and robo
expression in the developing mouse lung. Dev. Dyn 230, 350-360. [PubMed: 15162513]

Grieshammer U, Le M, Plump AS, Wang F, Tessier-Lavigne M and Martin GR (2004). SLIT2-
mediated ROBO?2 signaling restricts kidney induction to a single site. Dev. Cell 6, 709-717.
[PubMed: 15130495]

Grone J, Doebler O, Loddenkemper C, Hotz B, Buhr HJ and Bhargava S (2006). Robo1/Robo4:
differential expression of angiogenic markers in colorectal cancer. Oncol. Rep 15, 1437-1443.
[PubMed: 16685377]

Howitt JA, Clout NJ and Hohenester E (2004). Binding site for Robo receptors revealed by dissection
of the leucine-rich repeat region of Slit. EMBO J. 23, 4406-4412. [PubMed: 15496984]

Hu H, Li M, Labrador JP, McEwen J, Lai EC, Goodman CS and Bashaw GJ (2005). Cross GTPase-
activating protein (CrossGAP)/Vilse links the Roundabout receptor to Rac to regulate midline
repulsion. Proc. Natl. Acad. Sci. USA 102, 4613-4618. [PubMed: 15755809]

Histol Histopathol. Author manuscript; available in PMC 2022 March 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liao et al.

Page 12

Huminiecki L, Gorn M, Suchting S, Poulsom R and Bicknell R (2002). Magic roundabout is a new
member of the roundabout receptor family that is endothelial specific and expressed at sites of
active angiogenesis. Genomics 79, 547-552. [PubMed: 11944987]

Ito H, Funahashi S, Yamauchi N, Shibahara J, Midorikawa Y, Kawai S, Kinoshita Y, Watanabe A,
Hippo Y, Ohtomo T, lwanari H, Nakajima A, Makuuchi M, Fukayama M, Hirata Y, Hamakubo
T, Kodama T, Tsuchiya M and Aburatani H (2006). Identification of ROBOL1 as a novel
hepatocellular carcinoma antigen and a potential therapeutic and diagnostic target. Clin. Cancer
Res 12, 3257-3264. [PubMed: 16740745]

Itoh A, Miyabayashi T, Ohno M and Sakano S (1998). Cloning and expressions of three mammalian
homologues of Drosophila slit suggest possible roles for Slit in the formation and maintenance of
the nervous system. Brain Res. Mol. Brain Res 62, 175-186. [PubMed: 9813312]

Jaffe R, Jauniaux E and Hustin J (1997). Maternal circulation in the first-trimester human placenta--
myth or reality? Am. J. Obstet. Gynecol 176, 695-705. [PubMed: 9077631]

James JL, Stone PR and Chamley LW (2006). The regulation of trophoblast differentiation by oxygen
in the first trimester of pregnancy. Hum. Reprod. Update 12, 137-144. [PubMed: 16234296]

Jones CA, London NR, Chen H, Park KW, Sauvaget D, Stockton RA, Wythe JD, Suh W, Larrieu-
Lahargue F, Mukouyama YS, Lindblom P, Seth P, Frias A, Nishiya N, Ginsberg MH, Gerhardt
H, Zhang K and Li DY (2008). Robo4 stabilizes the vascular network by inhibiting pathologic
angiogenesis and endothelial hyperpermeability. Nat. Med 14, 448-453. [PubMed: 18345009]

Kaufmann P, Mayhew TM and Charnock-Jones DS (2004). Aspects of human fetoplacental
vasculogenesis and angiogenesis. 1. Changes during normal pregnancy. Placenta 25, 114-126.
[PubMed: 14972444]

Kaur S, Castellone MD, Bedell VM, Konar M, Gutkind JS and Ramchandran R (2006). Robo4
signaling in endothelial cells implies attraction guidance mechanisms. J. Biol. Chem 281, 11347—
11356. [PubMed: 16481322]

Keck PJ, Hauser SD, Krivi G, Sanzo K, Warren T, Feder J and Connolly DT (1989). Vascular
permeability factor, an endothelial cell mitogen related to PDGF. Science 246, 1309-1312.
[PubMed: 2479987]

Kidd T, Brose K, Mitchell KJ, Fetter RD, Tessier-Lavigne M, Goodman CS and Tear G (1998a).
Roundabout controls axon crossing of the CNS midline and defines a novel subfamily of
evolutionarily conserved guidance receptors. Cell 92, 205-215. [PubMed: 9458045]

Kidd T, Russell C, Goodman CS and Tear G (1998b). Dosage-sensitive and complementary functions
of roundabout and commissureless control axon crossing of the CNS midline. Neuron 20, 25-33.
[PubMed: 9459439]

Kidd T, Bland KS and Goodman CS (1999). Slit is the midline repellent for the robo receptor in
Drosophila. Cell 96, 785-794. [PubMed: 10102267]

Kramer SG, Kidd T, Simpson JH and Goodman CS (2001). Switching repulsion to attraction: changing
responses to slit during transition in mesoderm migration. Science 292, 737-740. [PubMed:
11326102]

Kryczek I, Wei S, Keller E, Liu R and Zou W (2007). Stroma-derived factor (SDF-1/CXCL12) and
human tumor pathogenesis. Am. J. Physiol. Cell. Physiol 292, C987-995. [PubMed: 16943240]

Lang U, Baker RS, Braems G, Zygmunt M, Kunzel W and Clark KE (2003). Uterine blood flow--a
determinant of fetal growth. Eur. J. Obstet. Gynecol. Reprod. Biol 110 Suppl 1, S55-61. [PubMed:
12965091]

Latil A, Chene L, Cochant-Priollet B, Mangin P, Fournier G, Berthon P and Cussenot O (2003).
Quantification of expression of netrins, slits and their receptors in human prostate tumors. Int. J.
Cancer 103, 306-315. [PubMed: 12471613]

Leach L, Babawale MO, Anderson M and Lammiman M (2002). Vasculogenesis, angiogenesis and
the molecular organisation of endothelial junctions in the early human placenta. J. Vasc. Res 39,
246-259. [PubMed: 12097823]

LeCouter J, Kowalski J, Foster J, Hass P, Zhang Z, Dillard-Telm L, Frantz G, Rangell L, DeGuzman
L, Keller GA, Peale F, Gurney A, Hillan KJ and Ferrara N (2001). Identification of an angiogenic
mitogen selective for endocrine gland endothelium. Nature 412, 877-884. [PubMed: 11528470]

Histol Histopathol. Author manuscript; available in PMC 2022 March 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liao et al.

Page 13

Legg JA, Herbert JM, Clissold P and Bicknell R (2008). Slits and Roundabouts in cancer, tumour
angiogenesis and endothelial cell migration. Angiogenesis 11, 13-21. [PubMed: 18264786]

Leung DW, Cachianes G, Kuang WJ, Goeddel DV and Ferrara N (1989). Vascular endothelial growth
factor is a secreted angiogenic mitogen. Science 246, 1306-1309. [PubMed: 2479986]

Li HS, Chen JH, Wu W, Fagaly T, Zhou L, Yuan W, Dupuis S, Jiang ZH, Nash W, Gick C, Ornitz
DM, Wu JY and Rao Y (1999). Vertebrate slit, a secreted ligand for the transmembrane protein
roundabout, is a repellent for olfactory bulb axons. Cell 96, 807-818. [PubMed: 10102269]

Liao WX, Magness RR and Chen DB (2005). Expression of estrogen receptors-alpha and -beta in
the pregnant ovine uterine artery endothelial cells in vivo and in vitro. Biol. Reprod 72, 530-537.
[PubMed: 15564597]

Liu D, Hou J, Hu X, Wang X, Xiao Y, Mou Y and De Leon H (2006). Neuronal chemorepellent Slit2
inhibits vascular smooth muscle cell migration by suppressing small GTPase Racl activation. Circ.
Res 98, 480-489. [PubMed: 16439689]

LiuJ, Zhang L, Wang D, Shen H, Jiang M, Mei P, Hayden PS, Sedor JR and Hu H (2003). Congenital
diaphragmatic hernia, kidney agenesis and cardiac defects associated with Slit3-deficiency in
mice. Mech. Dev 120, 1059-1070. [PubMed: 14550534]

Liu Z, Patel K, Schmidt H, Andrews W, Pini A and Sundaresan V (2004). Extracellular Ig domains 1
and 2 of Robo are important for ligand (Slit) binding. Mol. Cell. Neurosci 26, 232-240. [PubMed:
15207848]

Lundstrom A, Gallio M, Englund C, Steneberg P, Hemphala J, Aspenstrom P, Keleman K, Falileeva
L, Dickson BJ and Samakovlis C (2004). Vilse, a conserved Rac/Cdc42 GAP mediating Robo
repulsion in tracheal cells and axons. Genes Dev. 18, 2161-2171. [PubMed: 15342493]

Luo L (2000). Rho GTPases in neuronal morphogenesis. Nat. Rev. Neurosci 1, 173-180. [PubMed:
11257905]

Macara L, Kingdom JC, Kaufmann P, Kohnen G, Hair J, More IA, Lyall F and Greer 1A (1996).
Structural analysis of placental terminal villi from growth-restricted pregnancies with abnormal
umbilical artery Doppler waveforms. Placenta 17, 37-48. [PubMed: 8710812]

Maglione D, Guerriero V, Viglietto G, Delli-Bovi P and Persico MG (1991). Isolation of a human
placenta cDNA coding for a protein related to the vascular permeability factor. Proc. Natl. Acad.
Sci. USA 88, 9267-9271. [PubMed: 1924389]

Magness R (1999). Maternal cardiovascular and other physiologic responses to the endocrinology of
pregnancy. In: The endocrinology of pregnancy. Bazer F (ed). Totowa NJ. Human Press Inc. pp
507-539.

Magness R and Zheng J (1996). Maternal cardiovascular alterations during pregnancy. In: Perinatal
and pediatric pathophysiology: A clinical perspective. 2nd edition. Heymann P.G.a.M. (ed). pp
762-772.

Magness RR and Rosenfeld CR (1989). The role of steroid hormones in the control of uterine blood
flow. In: The uterine circulation. Chap 10. Rosenfeld CR (ed). Perinatology Press. Ithaca, NY. pp
239-271.

Marlow R, Strickland P, Lee JS, Wu X, Pebenito M, Binnewies M, Le EK, Moran A, Macias H,
Cardiff RD, Sukumar S and Hinck L (2008). SLITs suppress tumor growth in vivo by silencing
Sdf1/Cxcr4 within breast epithelium. Cancer Res. 68, 7819-7827. [PubMed: 18829537]

Mayhew TM, Charnock-Jones DS and Kaufmann P (2004). Aspects of human fetoplacental
vasculogenesis and angiogenesis. 111. Changes in complicated pregnancies. Placenta 25, 127-139.
[PubMed: 14972445]

Morlot C, Thielens NM, Ravelli RB, Hemrika W, Romijn RA, Gros P, Cusack S and McCarthy AA
(2007). Structural insights into the Slit-Robo complex. Proc. Natl. Acad. Sci. USA 104, 14923-
14928. [PubMed: 17848514]

Morrow RJ, Adamson SL, Bull SB and Ritchie JW (1989). Effect of placental embolization on the
umbilical arterial velocity waveform in fetal sheep. Am. J. Obstet. Gynecol 161, 1055-1060.
[PubMed: 2679101]

Myatt L (2006). Placental adaptive responses and fetal programming. J. Physiol 572, 25-30. [PubMed:
16469781]

Histol Histopathol. Author manuscript; available in PMC 2022 March 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liao et al.

Page 14

Neufeld G and Kessler O (2008). The semaphorins: versatile regulators of tumour progression and
tumour angiogenesis. Nat. Rev. Cancer 8, 632—645. [PubMed: 18580951]

Nguyen Ba-Charvet KT, Brose K, Ma L, Wang KH, Marillat V, Sotelo C, Tessier-Lavigne M and
Chedotal A (2001). Diversity and specificity of actions of Slit2 proteolytic fragments in axon
guidance. J. Neurosci 21, 4281-4289. [PubMed: 11404413]

Nusslein-Volhard C W.E.a.K.H. (1984). Mutations affecting the pattern of the larval cuticle in
Drosophila melanogaster. I. Zygotic loci on the second chromosome. Roux’s Arch. Dev. Biol
193, 267-283.

Park KW, Morrison CM, Sorensen LK, Jones CA, Rao Y, Chien CB, Wu JY, Urness LD and Li DY
(2003). Robo4 is a vascular-specific receptor that inhibits endothelial migration. Dev. Biol 261,
251-267. [PubMed: 12941633]

Piper M, Georgas K, Yamada T and Little M (2000). Expression of the vertebrate Slit gene family and
their putative receptors, the Robo genes, in the developing murine kidney. Mech. Dev 94, 213-217.
[PubMed: 10842075]

Plump AS, Erskine L, Sabatier C, Brose K, Epstein CJ, Goodman CS, Mason CA and Tessier-Lavigne
M (2002). Slitl and Slit2 cooperate to prevent premature midline crossing of retinal axons in the
mouse visual system. Neuron 33, 219-232. [PubMed: 11804570]

Qian L, Liu J and Bodmer R (2005). Slit and Robo control cardiac cell polarity and morphogenesis.
Curr. Biol 15, 2271-2278. [PubMed: 16360689]

Rao Y, Wong K, Ward M, Jurgensen C and Wu JY (2002). Neuronal migration and molecular
conservation with leukocyte chemotaxis. Genes Dev. 16, 2973-2984. [PubMed: 12464628]

Reynolds LP and Redmer DA (2001). Angiogenesis in the placenta. Biol. Reprod 64, 1033-1040.
[PubMed: 11259247]

Rhee J, Mahfooz NS, Arregui C, Lilien J, Balsamo J and VanBerkum MF (2002). Activation of the
repulsive receptor Roundabout inhibits N-cadherin-mediated cell adhesion. Nat. Cell Biol 4, 798—
805. [PubMed: 12360290]

Rothberg JM and Artavanis-Tsakonas S (1992). Modularity of the slit protein. Characterization of a
conserved carboxy-terminal sequence in secreted proteins and a motif implicated in extracellular
protein interactions. J. Mol. Biol 227, 367-370. [PubMed: 1404356]

Rothberg JM, Hartley DA, Walther Z and Artavanis-Tsakonas S (1988). Slit: an EGF-homologous
locus of D. melanogaster involved in the development of the embryonic central nervous system.
Cell 55, 1047-1059. [PubMed: 3144436]

Rothberg JM, Jacobs JR, Goodman CS and Artavanis-Tsakonas S (1990). Slit: an extracellular protein
necessary for development of midline glia and commissural axon pathways contains both EGF and
LRR domains. Genes Dev. 4, 2169-2187. [PubMed: 2176636]

Santiago-Martinez E, Soplop NH and Kramer SG (2006). Lateral positioning at the dorsal midline: Slit
and Roundabout receptors guide Drosophila heart cell migration. Proc. Natl. Acad. Sci. USA 103,
12441-12446. [PubMed: 16888037]

Sato TN, Tozawa Y, Deutsch U, Wolburg-Buchholz K, Fujiwara Y, Gendron-Maguire M, Gridley T,
Wolburg H, Risau W and Qin Y (1995). Distinct roles of the receptor tyrosine kinases Tie-1 and
Tie-2 in blood vessel formation. Nature 376, 70-74. [PubMed: 7596437]

Seeger MA and Beattie CE (1999). Attraction versus repulsion: modular receptors make the difference
in axon guidance. Cell 97, 821-824. [PubMed: 10399909]

Senger DR, Galli SJ, Dvorak AM, Perruzzi CA, Harvey VS and Dvorak HF (1983). Tumor cells
secrete a vascular permeability factor that promotes accumulation of ascites fluid. Science 219,
983-985. [PubMed: 6823562]

Seth P, Lin Y, Hanai J, Shivalingappa V, Duyao MP and Sukhatme VP (2005). Magic roundabout,

a tumor endothelial marker: expression and signaling. Biochem. Biophys. Res. Commun 332,
533-541. [PubMed: 15894287]

Sheldon H, Andre M, Legg JA, Heal P, Herbert JM, Sainson R, Sharma AS, Kitajewski JK, Heath
VL and Bicknell R (2009). Active involvement of Robol and Robo4 in filopodia formation and
endothelial cell motility mediated via WASP and other actin nucleation-promoting factors. FASEB
J. 23, 513-522. [PubMed: 18948384]

Histol Histopathol. Author manuscript; available in PMC 2022 March 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liao et al.

Page 15

Song H, Ming G, He Z, Lehmann M, McKerracher L, Tessier-Lavigne M and Poo M (1998).
Conversion of neuronal growth cone responses from repulsion to attraction by cyclic nucleotides.
Science 281, 1515-1518. [PubMed: 9727979]

Song HJ, Ming GL and Poo MM (1997). cAMP-induced switching in turning direction of nerve
growth cones. Nature 388, 275-279. [PubMed: 9230436]

Suchting S, Heal P, Tahtis K, Stewart LM and Bicknell R (2005). Soluble Robo4 receptor inhibits in
vivo angiogenesis and endothelial cell migration. FASEB J. 19, 121-123. [PubMed: 15486058]

Sundaresan V, Chung G, Heppell-Parton A, Xiong J, Grundy C, Roberts I, James L, Cahn A, Bench A,
Douglas J, Minna J, Sekido Y, Lerman M, Latif F, Bergh J, Li H, Lowe N, Ogilvie D and Rabbitts
P (1998). Homozygous deletions at 3p12 in breast and lung cancer. Oncogene 17, 1723-1729.
[PubMed: 9796701]

Tanno T, Tanaka Y, Sugiura T, Akiyoshi H, Takenaka S, Kuwamura M, Yamate J, Ohashi F, Kubo
K and Tsuyama S (2006). Expression patterns of the slit subfamily mRNA in canine malignant
mammary tumors. J. Vet. Med. Sci 68, 1173-1177. [PubMed: 17146174]

Vargesson N, Luria V, Messina |, Erskine L and Laufer E (2001). Expression patterns of Slit and
Robo family members during vertebrate limb development. Mech. Dev 106, 175-180. [PubMed:
11472852]

Wang B, Xiao Y, Ding BB, Zhang N, Yuan X, Gui L, Qian KX, Duan S, Chen Z, Rao Y and Geng JG
(2003). Induction of tumor angiogenesis by Slit-Robo signaling and inhibition of cancer growth
by blocking Robo activity. Cancer Cell 4, 19-29. [PubMed: 12892710]

Wang KH, Brose K, Arnott D, Kidd T, Goodman CS, Henzel W and Tessier-Lavigne M (1999).
Biochemical purification of a mammalian slit protein as a positive regulator of sensory axon
elongation and branching. Cell 96, 771-784. [PubMed: 10102266]

Weinstein BM (2005). Vessels and nerves: marching to the same tune. Cell 120, 299-302. [PubMed:
15707889]

Werbowetski-Ogilvie TE, Seyed Sadr M, Jabado N, Angers-Loustau A, Agar NY, Wu J, Bjerkvig
R, Antel JP, Faury D, Rao Y and Del Maestro RF (2006). Inhibition of medulloblastoma cell
invasion by Slit. Oncogene 25, 5103-5112. [PubMed: 16636676]

Wheeler T, Elcock CL and Anthony FW (1995). Angiogenesis and the placental environment. Placenta
16, 289-296. [PubMed: 7543674]

Wong K, Ren XR, Huang YZ, Xie Y, Liu G, Saito H, Tang H, Wen L, Brady-Kalnay SM, Mei L, Wu
JY, Xiong WC and Rao Y (2001). Signal transduction in neuronal migration: roles of GTPase
activating proteins and the small GTPase Cdc42 in the Slit-Robo pathway. Cell 107, 209-221.
[PubMed: 11672528]

Wu JY, Feng L, Park HT, Havlioglu N, Wen L, Tang H, Bacon KB, Jiang Z, Zhang X and Rao Y
(2001). The neuronal repellent Slit inhibits leukocyte chemotaxis induced by chemotactic factors.
Nature 410, 948-952. [PubMed: 11309622]

Xian J, Aitchison A, Bobrow L, Corbett G, Pannell R, Rabbitts T and Rabbitts P (2004). Targeted
disruption of the 3p12 gene, Duttl/Robol, predisposes mice to lung adenocarcinomas and
lymphomas with methylation of the gene promoter. Cancer Res. 64, 6432-6437. [PubMed:
15374951]

Xian J, Clark KJ, Fordham R, Pannell R, Rabbitts TH and Rabbitts PH (2001). Inadequate lung
development and bronchial hyperplasia in mice with a targeted deletion in the Dutt1/Robol gene.
Proc. Natl. Acad. Sci. USA 98, 15062-15066. [PubMed: 11734623]

Yang L and Bashaw GJ (2006). Son of sevenless directly links the Robo receptor to rac activation to
control axon repulsion at the midline. Neuron 52, 595-607. [PubMed: 17114045]

Yuan W, Rao Y, Babiuk RP, Greer JJ, Wu JY and Ornitz DM (2003). A genetic model for a central
(septum transversum) congenital diaphragmatic hernia in mice lacking Slit3. Proc. Natl. Acad.
Sci. USA 100, 5217-5222. [PubMed: 12702769]

Zhang Y, Proenca R, Maffei M, Barone M, Leopold L and Friedman JM (1994). Positional cloning of
the mouse obese gene and its human homologue. Nature 372, 425-432. [PubMed: 7984236]

Histol Histopathol. Author manuscript; available in PMC 2022 March 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Liao et al.

Page 16

/
A {){HZ){){HXXDW}(I]] Slit1-3

1500 amino acids

O LRR O EGF repeats
@ Laminin G domain
4l Cysteine knot

{j—[j—[j—[j{[}ﬂi’-‘"—— Robo2
«U—U—Dui"—} Robo4

“1000-1600 amino acids

U lg motifs §| cco-cc3
0 FN type Ill motifs

Transmembrane domain

Fig. 1.
Domain structures of Slit and Robo. A. Primary structures of mammalian Slits contain

leucine rich repeats (LRRS), EGF repeats, a laminin G domain, and a C-terminal cysteine-
rich domain. B. Mammalian Robo proteins are constituted by immunoglobulin (1g) motifs,
fibronectin type 111 (FNIII) domains, a single transmembrane (TM) segment, and conserved
cytoplasmic motifs (CCO-CC3).
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Slit2 Robo1

Fig. 2.

Sl?tz and Robol protein expression in healthy term human placental tissues. The placental
tissues were collected from the University of California San Diego (UCSD) Medical Center
Hospital with an approval from UCSD Institutional Review Board. The tissue segments
were fixed with 3.7% paraformadehyde and then paraffin embedded. Sections (6-4m)

were cut and used for immunohistochemically (Liao et al., 2005) localizing Slit2 and

Robol proteins with anti-Slit2 monoclonal antibody (10 wg/ml) or anti-Robol monoclonal
antibody (10 wg/ml) with the SuperPicture kit from Zymed Laboratories, Inc. (Invitrogen).
Negative controls ran in parallel with anti-mouse 1gG (10 g/ml). Open arrowhead denotes
syncytiotrophoblast and solid arrowhead denotes capillary endothelium.

Histol Histopathol. Author manuscript; available in PMC 2022 March 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Liao et al.

Page 18

Trophoblast Endothelial cells
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Fig. 3.

Pr?:)posed paracrine/autocrine roles of Slit/Robo in trophoblast and capillary endothelial
cells in the placenta. Trophoblast produced Slit2, possibly other Slits, regulates placental
angiogenesis through binding to Robol and/or Robo4 on the endothelial cells, whereas they
also regulate trophoblast functions via binding to Robo proteins.
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