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Multiple Regulation of Roundabout (Robo) Phosphorylation in a

Heterologous Cell System
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Roundabout (Robo) is the transmembrane receptor for slit, the neuronal guidance molecule. In this
study, the tyrosine phosphorylation of Robo was observed in Robo-transfected human embryonic kidney
cells and developing rat brains, and found to be increased by the treatment with protein kinase A
activator, forskolin. In contrast, protein kinase C activation by phorbol-12-myristate-13-acetate de-
creased the phosphorylation of Robo. Intracellular calcium was required for the tyrosine phos-
phorylation. Furthermore, the transfection of an Eph receptor tyrosine kinase dramatically enhanced
the tyrosine phosphorylation. These findings indicate that the tyrosine phosphorylation of Robo is
regulated by multiple mechanisms, and that Eph receptor kinases may play a role in the regulation
of tyrosine phosphorylation of Robo in the rat brain.
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INTRODUCTION

The development of neural connections in the central
nervous system involves accurate guidance of axons to their
final targets (Tessier-Lavigne & Goodman, 1996). Many
studies in the past few years indicate that the combined
works of attractive and repulsive guidance cues regulate
proper axon pathfindings. Among them, diffusible guidance
cues, such as netrins and slits, have been suggested to be
capable of making attractive or repulsive gradients over
distances, thereby directing the trajectory of migrating
axonal growth cones (Serafini et al, 1996; Tessier Lavigne
& Goodman, 1996; Kidd et al, 1999; Wong et al, 2002). In
vivo genetic evidences obtained from knockout mice of the
guidance cues have clearly indicated the importance of the
diffusible guidance cues in the development of neuronal
projections (Serafini et al, 1996; Bagri et al, 2002).

The secreted slit family proteins are repulsive guidance
cues implicated in direction control of axon projection in
worms, flies and mammals (Kidd et al, 1999; Li et al, 1999;
Brose et al, 2000; Hao et al, 2001). Slits are involved in
guiding olfactory axons of the olfactory bulb and midline
crossing of several axons, including retinal axons in
vertebrates (Li et al, 1999; Erskine et al, 2000; Bagri et
al, 2002). In the spinal cord, slit plays a role in commissural
axon crossing (Brose et al, 1999) and acts as a positive
regulator of branching and elongation of dorsal root
ganglion axons (Wang et al, 1999). The several actions of
slits seem to require a well-conserved receptor, Roundabout
(Robo)(Nguyen Ba Charvet & Chedotal, 2002).

Corresponding to: Hwan Tae Park, Department of Physiology and
Institute of Medical Science, College of Medicine, Dong-A Uni-
versity, 3-1, Dondaesin-dong, Seo-gu, Busan 602-714, South Korea.
(Tel) 82-51-240-2636, (Fax) 82-51-246-6481, (E-mail) phwantae
@daunet.donga.ac.kr

111

Robo was discovered in a genetic screening for mutation
affecting axon pathfinding in Drosophila (Kidd et al, 1998):
Robo mutants exhibit an increased number of axons cros-
sing and recrossing the ventral midline. The extracellular
region of Robo contains five immunoglobulin domains and
three fibronectin type III repeats (Kidd et al, 1998, Wong
et al, 2002). The large intracellular region of Robo which
determines the repulsive response to slit contains four
identifiable conserved motifs, designated CCO, CC1, CC2
and CC3. A study with Drosophila demonstrated that the
Abelson (Abl) tyrosine kinase and the Enabled protein
(Ena) are involved in slit-Robo signaling (Bashaw et al,
2000). CC1 and CC2 motifs of Robo are important for its
biochemical interaction with Ena, whereas the CC3 motif
is important for its interaction with Abl. Cotransfection of
Robo and constitutively active Abl results in significant
tyrosine phosphorylation of Robo in Cosl cells. Abl seems
to be a negative regulator of Robo, because the tyrosine
phosphorylation of Robo by Abl reduced the effect of slit
on Robo (Bashaw et al, 2000). This finding indicates that
the tyrosine phosphorylation of Robo might be an important
mechanism regulating slit-Robo signalings.

In this study, the molecular mechanism of the tyrosine
phosphorylation of Robo in a heterologous cell system and
in the developing brain was investigated. The results
revealed the importance of several protein kinase systems
and ephrin-Eph receptor kinase (EPH) in the tyrosine
phosphorylation of Robo.

ABBREVIATIONS: EPH, eph receptor kinase; Robo, roundabout;
PKA, protein kinase A; PKC, protein kinase A.
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METHODS
Materials

Following antibodies were used: anti-HA, anti-myc (Santa
Cruz), and anti-phosphotyrosine (4G10, Upstate Biotechno-
logy). Anti-Robo antibody was provided by Dr. Y. Rao
(Washington Univ.). Several pharmacological reagents were
obtained from Calbiochem. The reagents for cell culture
were purchased from Gibco, and other reagents were from
Sigma.

Cell cultures

Human embryonic kidney (HEK) 293 cell lines were
maintained in Dulbecco's modified Eagle medium contain-
ing 10% fetal bovine serum. Transient transfections were
carried out by the calcium-phosphate methods. Ten g of
plasmid DNA were transfected in a 100 mm dish. After
overnight incubation, the transfected medium was replaced
with fresh medium. The total protein extracts were pre-
pared from the transfected cells after 2 days of transfection.
The stably transfected HEK 293 cell lines were established
with human HA-Robo-1 ¢cDNA transfection. After transient
transfection, neomyein (500 pg/ml) resistance clones were
selected for 2 months. Several neomycin-resistant clones
were analyzed with anti-HA Western blotting.

Western blot analysis and immunoprecipitation

Cells were lysed with boiled 2 X sodium dodecyl sulfate
(SDS) sample buffer or RIPA buffer [50 mM Tris-HCl (pH
7.4), 150 mM NaCl, 0.5% deoxycholic acid, 0.5% Triton X-
100, 1 mM PMSF, 1 mM sodium orthovanadate, 1protease
inhibitor mixture (Roche Molecular Biochemicals)]. Protein
extracts were separated by 7.5% SDS-polyacrylamide gel
electrophoresis (PAGE) and transferred to a nitrocellulose
membrane. The membrane was immunostained with pri-
mary antibodies, and then washed with phosphate buffered
saline (PBS). The blots were reacted with horseradish
peroxidase conjugated secondary antibody (3000 : 1) and
visualized with the enhanced chemiluminescence kit (Amer-
sham). Some membranes were stripped with a buffer con-
taining 100 mM mercaptoethanol, 2% SDS and 62.5 mM
Tris-HC1 (pH 7.6), and then reprobed. All experiments were
repeated at least three times with similar results.

For immunoprecipitation, RIPA lysates were precleared
with protein A/G agarose for 1 h. The lysates were incu-
bated with specific antibodies and protein A/G agarose
beads for 3 h at 4°C. The samples were washed three times
with RIPA buffer and then boiled in 2 X SDS sample buffer
for 5 min. The samples were resolved by SDS-PAGE, trans-
ferred to nitrocellulose membranes, and immunoblotted
with antibodies.

Rat brain extracts

The timed pregnant Sprague-Dawley rats were killed
under ether anesthesia. The pups were decapitated and the
brains were extracted. The brains were homogenized in
glass tubes with RIPA buffer, and the homogenates were
centrifuged at 13000 rpm for 30 min at 4°C, and the
supernatant was used for the experiments.

RESULTS

Tyrosine phosphorylation of Robo in HEK 293 cells
and developing rat brains

To examine whether Robo could have its tyrosine residue
phosphorylated in heterologous systems, a HEK 293 cell
line stably transfected with full length HA-Robo-1 ¢cDNA
was used, and protein extracts from the cells were immuno-
precipitated with anti-HA antibody and immunoblotted
with anti-phosphotyrosine. A tyrosine phosphorylated band
with about 200 kDa molecular mass appeared in anti-HA
immunoprecipitates (Fig. 1A). The immunoprecipitation
with anti-myc antibody did not show any positive band. The
straight Western analysis of cellular extracts with anti-HA
antibody showed a clear expression of Robo, indicating that
the tyrosine phosphorylation of Robo occurs in HEK cells.

To examine whether the Robo tyrosine phosphorylation
of Robo could be observed in rat brain and regulated during
development, total protein lysates were extracted from
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Fig. 1. The tyrosine phosphorylation of Robo in transfected HEK
cells and rat brains. (A) The protein extracts from HA-Robo-
transfected HEK cells were immunoprecipitated (IP) and immu-
noblotted (IB) with anti-phosphotyrosine antibody (anti-Pty, left
panel). The protein extracts were immunoblotted with anti-HA
antibody to show the expression of Robo in transfected-HEK cells
(right panel). Arrow indicates Robo. (B) The immunoprecipitation
of protein extracts from the brains of various ages of rats (E;
embryonic, P; postnatal) shows the developmental regulation of the
tyrosine phosphorylation of Robo (upper panel). Among two tyrosine
phosphorylated bands, the upper one is rat Robo. The same
membrane was reprobed with anti-robo antibody. R; reprobing.
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Fig. 2. The role of PKC and calcium on the tyrosine phosphoryl-
ation of Robo. The protein extracts from HA-Robo-transfected HEK
cells were immunoprecipitated (IP) and immunoblotted (IB) with
anti-phosphotyrosine antibody (anti-Pty). The same membrane was
reprobed with anti-HA antibody (R). (A) PKC activation by PMA
treatment (0.2 zM) reduced the tyrosine phosphorylation of Robo,
and the PMA-induced decrease of the tyrosine phosphorylation was
blocked by the pretreatment with GF109203X (2 xM). (B) Intracel-
lular calcium chelation by BAPTA/AM (20 M) reduced the tyrosine
phosphorylation of Robo, whereas neither EGTA (3 mM) nor cal-
cium ionophore A23187 (10 M) had any effect.

various developmental stages of rat brains, and proteins
were immunoprecipitated with a polyclonal anti-Robo anti-
body, and the immune complexes were immunoblotted with
an anti-phosphotyrosine antibody. As shown in Fig 1B, the
tyrosine phosphorylation of Robo was observed in develop-
ing brains, especially from postnatal day 1 and 7. The
phosphorylation level was very low in the prenatal and
adult brains. Reprobing the membrane with anti-Robo
showed similar expression level of Robo during the develop-
mental period. This finding indicates that the tyrosine
phosphorylation of Robo is developmentally regulated in
the rat brain.

The role of protein kinase C (PKC) and calcium in
the tyrosine phosphorylation of Robo

PKC and calcium play important roles in the regulation
of axon guidance (Hong et al, 2000; Xiang et al, 2002;
Nishiyama et al, 2003). Therefore, a question of whether
these signaling molecules are involved in the tyrosine phos-
phorylation of Robo was tested using several pharmacolo-
gical agents. The treatment with phorbol-12-myristate-13-
acetate (PMA, 200 nM), a strong PKC activator, inhibited
the Robo tyrosine phosphorylation, and the inhibitory effect
of PMA was blocked by the cotreatment with PKC inhibitor,
GF109203X (Fig 2A). This finding suggests that PKC pa-
thway decreases the Robo tyrosine phosphorylation by
either inhibiting tyrosine kinase systems or increasing the
tyrosine phosphatase activity.

The increase of intracellular calcium by the treatment
with calcium ionophore, A23187 (10 M), did not affect the
tyrosine phosphorylation, whereas the chelation of intracel-
lular calcium by BAPTA (20 xM) almost completely inhi-
bited the tyrosine phosphorylation (Fig. 2B). The chelation
of extracellular calcium level by the addition of 3 mM EGTA
in the medium did not significantly alter the level of
tyrosine phosphorylation of Robo. Therefore, the proper
maintenance of intracellular calcium level seems to be
required for the tyrosine phosphorylation.
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Fig. 3. The role of PKA and adenosine on the tyrosine phosphoryla-
tion of Robo. The protein extracts from HA-Robo-transfected HEK
cells were immunoprecipitated (IP) and immunoblotted (IB) with
anti-phosphotyrosine antibody (anti-Pty, left panel). The same
membrane was reprobed with anti-HA antibody (R). (A) PKA
activation by forskolin (FK, 10 #M) increased the tyrosine phos-
phorylation of Robo. The forskolin-induced tyrosine phosphoryl-
ation of Robo was blocked by the pretreatment with PKA inhibitor,
H89 (10 M) or tyrosine kinase inhibitor, PP2 (2 xM). (B) Adenosine
treatment (AD, 200 #M) increased the tyrosine phosphorylation of
Robo. The effect of adenosine was inhibited by H89 and PP2, but
not by DMSO.

The role of protein kinase A (PKA) in the tyrosine
phosphorylation of Robo

Next, the possible role of PKA in the tyrosine phosphoryl-
ation of Robo was investigated. As seen in Fig 3A, the
tyrosine phosphorylation of Robo was increased by the
treatment with the activator of adenylyl cyclase, forskolin
(20 ¢ M). The increase was dose-dependent, and it occurred
within 5 min, persisting until 30 min. The forskolin-induced
tyrosine phosphorylation was blocked by the specific PKA
inhibitor, H89 (10 zM), showing that the increase of the
Robo tyrosine phosphorylation by forskolin was caused by
the activation of PKA. It was previously reported that Src
family kinases are involved in the tyrosine phosphorylation
of Robo (Jeon et al, 2003). The forskolin-induced increase
of the tyrosine phosphorylation of Robo was blocked by the
pretreatment with a Src family kinase inhibitor, PP2,
implicating the requirement of Src family kinases in the
PKA-induced Robo tyrosine phosphorylation.

Adenosine is a neurotransmitter that increases the
activity of PKA through A2B adenosine receptor which is
endogenously expressed in HEK 293 cells (Gao et al, 1999).
Therefore, a possible involvement of the adenosine receptor
activation in the tyrosine phosphorylation of Robo was
tested. As expected, adenosine treatment (200 x M) increased
the tyrosine phosphorylation in HEK 293 cells in 5 min,
and this effect was blocked by the pretreatment with either
H89 or PP2 (Fig. 3B). This finding indicates that both PKA
and Src family kinases are involved in the adenosine-
induced tyrosine phosphorylation of Robo.

EPH38 receptor tyrosine kinase increased tyrosine
phosphorylation of Robo

EPH is the receptor tyrosine kinase for ephrins, and
ephrin-EPH interaction is important for proper develop-
ment of several axonal projections such as retinal axons
(Kullander & Klein, 2002). Thus, the possible function of
EPH in the Robo tyrosine phosphorylation was explored.
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Fig. 4. The effect of transfection of EPH38 on the tyrosine phos-
phorylation of Robo. The transfection of Flag-EPH38 cDNA, not the
transfection of empty vector (pc-DNA), into HEK cells expressing
Robo induced a dramatic increase of the Robo tyrosine phos-
phorylation (upper panel). Western blot with anti-Flag antibody
(lower panel) showed the expression of transfected Flag-EPH38 in
HEK cells.

As shown in Fig 4, the transfection of EPH38 (Xenopus
EPH-B2 homologue) cDNA dramatically enhanced the Robo
tyrosine phosphorylation, whereas the transfection of pcDNA
vector did not affect at all. In addition, the increased Robo
tyrosine phosphorylation was also observed in EPH-A5
transfected cells (data not shown). This finding indicates
that EPH directly or indirectly phosphorylates Robo in
HEK cells.

DISCUSSION

The data presented in this study provide a novel
functional relationship of several signaling molecules in the
tyrosine phosphorylation of Robo. I have established a
heterologous cell system to dissect the molecular mecha-
nism of the Robo tyrosine phosphorylation in eukaryotic
cells. Since there are several tyrosine residues in the
intracellular region of Robo which can be phosphorylated
(Kidd et al, 1998), identification of the tyrosine residues
phosphorylated by several signaling pathways and the
functional importance of each tyrosine residue remain to
be elucidated.

The direction of axonal growth is regulated not only by
extracellular guidance cues, but also by the intracellular
concentration of cAMP, ¢cGMP and calcium (Ming et al,
1997; Song et al, 1998; Song et al, 1998; Nishiyama et al,
2003). An attractive guidance cue also acts as a repellent

in certain situations in vitro and in vivo. For example,
netrin, an attractant for the axons of Xenopus spinal neu-
rons, repels spinal axons in the presence of high concen-
tration of cAMP (Ming et al, 1997). The repulsive response
of Xenopus spinal axons to semaphorin changes into
attraction to the same cue, depending on the level of
intracellular ¢cGMP (Song et al, 1998). In addition, slit, an
repellent, attracts muscle progenitor cells during develop-
ment in Drosophila (Kramer et al, 2001). Therefore, it
seems that an axonal response to a guidance cue is largely
modulated by the intracellular condition of signaling mole-
cules. The present study showed that the tyrosine phos-
phorylation of Robo is changed depending on the activity
of PKA and PKC, indicating the possible role of a tyrosine
kinase/phosphatase system in the regulation of axonal
response to a guidance cue. It is likely that PKA or PKC
modulates the reaction of neurons to slit by altering the
tyrosine kinase or phosphatase systems which regulate the
tyrosine phosphorylation of Robo.

The present study also showed that the Xenopus homo-
logue of EPH-B2 (and EPH-A5) enhanced the tyrosine
phosphorylation of Robo, when both proteins were co-
expressed in HEK cells. However, it remains still unknown
whether EPH directly or indirectly phosphorylates Robo.
Recently, hetero-dimerization of the receptors for different
guidance cues has been reported. For example, Robo binds
to Deleted in Colorectal Cancer, the netrin receptor (Stein
et al, 2001), and L1 cell adhesion molecule forms a receptor
complex with neuropilin, the semaphorin receptor (Castel-
lani et al, 2000). It is possible that direct interaction
between EPH and Robo is responsible for the tyrosine
phosphorylation of Robo by EPH. Alternatively, Src family
kinases may mediate the EPH-induced Robo tyrosine phos-
phorylation, because Src family kinase inhibitors reduced
the Robo tyrosine phosphorylation caused by several stim-
uli (this study), and Src family kinases are important
mediator of intracellular EPH signaling (Davy et al, 1999;
Yu et al, 2001; Steinle et al, 2002). We are now in the
process to investigate this possibility.

Even though the role of the tyrosine phosphorylation of
Robo has been analyzed in Drosophila axon guidance
(Bashaw et al, 2000), the exact function of the tyrosine
phosphorylation of Robo in the mammalian brain has not
yet been defined at all. As shown in the present study, the
tyrosine phosphorylation of Robo is developmentally reg-
ulated and, interestingly, the phosphorylation reaches a
peak at around postnatal day 1~7. Therefore, it is tempt-
ing to speculate that the tyrosine phosphorylation of Robo
may not be important for axon guidance, since the axonal
outgrowth usually occurs during embryonic period. It has
recently been shown that slit is a regulator of dendritic
branching (Godenschwege et al, 2002; Whitford et al, 2002),
and this phenomenon occurs mainly after the axon out-
growth was accomplished during development. It is possible
that the tyrosine phosphorylation of Robo might be a
regulatory mechanism of dendritic branching by slit. In
addition, novel roles of slit, such as angiogenesis and cell
migration have recently been demonstrated (Wu et al, 2001;
Park et el, 2002; Park et al, 2003; Wang et al, 2003). Thus,
it is necessary to elucidate the role of tyrosine phos-
phorylation of Robo in slit-induced dendritic branching,
angiogenesis and chemotaxis inhibition.
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