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Acquisition of insidious invasiveness by malignant 
glioma cells involves multiple genetic alterations in sig-
naling pathways. Slit2, a chemorepulsive factor, controls 
cell migration of neuronal and glial cells during devel-
opment and inhibits chemotaxic migration of various 
types of cells in vitro. However, the role of Slit2 in vitro 
remains controversial, and the biological significance of 
Slit2 expression in cancer cell invasion in vivo has not 
yet been determined. In the present study, we charac-
terized the effects of Slit2 expression on the migration 
and invasion of invasive glioma cells in vitro and in 
vivo. By reverse transcriptase polymerase chain reac-
tion (PCR) analyses, Slit2 was found to be expressed at 
lower levels in primary glioma specimens and invasive 
glioma cells compared with normal human brain cells 
and astrocytes. Ectopic expression of Slit2 or treatment 
with recombinant Slit2 on glioma cells attenuates cell 
migration and invasion through inhibition of Cdc42 
activity in vitro. Cellular depletion of Robo1, a cognate 
receptor for Slit2, prevented Slit2 inhibition of Cdc42 

Slit2 inhibits glioma cell invasion in the brain 
by suppression of Cdc42 activity

Jia-Jean Yiin, Bo Hu, Michael J. Jarzynka, Haizhong Feng, Kui-Wei Liu, Jane Y. Wu, 
Hsin-I Ma, and Shi-Yuan Cheng
University of Pittsburgh Cancer Institute (J.-J.Y., B.H., M.J.J., H.F., K.W.L., S.-Y.C.), Department of Pathology 
(J.-J.Y., M.J.J., H.F., K.W.L., S.-Y.C.), and Department of Medicine (B.H.), University of Pittsburgh, Pittsburgh, 
PA, USA; Department of Neurological Surgery, Tri-Service General Hospital and Graduate Institute of Medical 
Sciences, National Defense Medical Center, Taipei, Taiwan (J.-J.Y., H.-I.M.); Veterans Hospital, Taoyuan, 
Taiwan (J.-J.Y.); Department of Neurology, Northwestern University Feinberg Medical School, Robert H. Lurie 
Comprehensive Cancer Center, Center for Genetic Medicine, Chicago, IL, USA (J.Y.W.)

Received July 14, 2008; accepted January 24, 2009.

Address correspondence to Shi-Yuan Cheng, Department of 
Pathology, University of Pittsburgh Cancer Institute, Research Pavilion 
at the Hillman Cancer Center, 2.26f, 5117 Centre Ave., Pittsburgh, PA 
15213, USA (chengs@upmc.edu), or Bo Hu, Department of Medicine, 
University of Pittsburgh Cancer Institute, Research Pavilion at the 
Hillman Cancer Center, 2.19, 5117 Centre Ave., Pittsburgh, PA 15213, 
USA (hub@upmc.edu).

activity and glioma cell migration. In vivo, expression of 
Slit2 by invasive SNB19 glioma cells markedly inhibited 
glioma cell infiltration into the brain of mice. Moreover, 
impediment of glioma cell invasion by Slit2 did not affect 
the expression of N-cadherin and -catenin in glioma 
cells. These results provide the first evidence demonstrat-
ing that Slit2–Robo1 inhibits glioma invasion through 
attenuating Cdc42 activity in vitro and in the brain. 
Understanding the mechanisms of Slit2–Robo1 inhibi-
tion of glioma cell invasion will foster new treatments for 
malignant gliomas. Neuro-Oncology 11, 779–789, 2009 
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Malignant gliomas are diffuse, highly invasive, 
and often multifocal tumors that have a dismal 
prognosis with a median survival of approxi-

mately 16 months.1 One of the major obstacles to effec-
tive treatment of gliomas is the intrinsic ability of single 
tumor cell infiltration that extends tendrils of the tumor 
several centimeters away from the main tumor mass, 
resulting in incomplete surgical removal and contribut-
ing to the high frequency of tumor recurrence.2 It has 
been established that acquisition of invasive behaviors 
by malignant glioma cells involves multiple and coordi-
nated cellular programs, including those necessary for 
cell migration and invasion, rendering the tumor cells 
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highly resistant to conventional treatments.3 Although 
accumulating evidence demonstrates that various stimuli 
promote glioma cell infiltration into brain parenchyma, 
the mechanisms underlying the dysregulation of cell 
motility during tumor invasion by the insidious glioma 
cells remain largely unknown.

Slit proteins (Slit1–Slit3) are secreted extracellular 
matrix (ECM)-associated glycoproteins and ligands for 
the repulsive guidance receptor Roundabout (Robo1–
Robo4) family.4 In the central nervous system (CNS), 
the Slit–Robo interactions play an important role in 
axon guidance.5 The Slit proteins control the migra-
tion of neurons6 and neural crest cells7 by enhancing the 
interaction between novel Slit-regulated Rho GTPase-
activating proteins (srGAPs) and the Robo receptor, 
thereby inactivating Cdc42, a small Rho GTPase8 that 
is critical in cell motility.9 Outside the CNS, Slit2 inhib-
its in vitro migration of various types of mammalian 
cells such as leukocytes,10 dendritic cells,11 and vascular 
smooth muscle cells.12 In human cancers, the Slit2 gene 
is frequently inactivated by hypermethylation in its pro-
moter region or allele loss in lung, breast, and colorectal 
cancers and malignant gliomas,13–15 suggesting a tumor-
suppressive role for Slit2. In breast cancer and medullo-
blastoma cells, Slit2 inhibits cell migration and invasion 
in vitro.16,17 However, whether Slit2 inhibits cell migra-
tion and invasion of human cancers in vivo has not been 
demonstrated.

In this study, we determined whether Slit2 inhibits 
the migration and invasion of glioma in vitro and in the 
murine brain. We report here that Slit2 expression by 
invasive glioma cells impeded cell migration and inva-
sion in vitro. When invasive glioma cells stably express-
ing Slit2 were implanted into the brain of mice, glioma 
cell infiltration into the brain parenchyma was markedly 
attenuated. The effects of Slit2 impairment on migration 
and invasion of glioma cells were mediated by inhibit-
ing Cdc42 activity in migrating cells. Our results also 
show that Slit2 inhibits human glioma cell invasion in 
vivo through a distinct mechanism of suppressing Cdc42 
activity without affecting the expression of N-cadherin 
and -catenin proteins.

Materials and Methods

Cell Lines, Antibodies, and Reagents

We obtained U373MG glioma cells from American 
Type Culture Collection (Manassas, VA, USA) and cul-
tured them as previously described.18 SNB19 glioma 
cells were a gift from Dr. Y.-H. Zhou, University of 
California, Irvine. Normal human astrocytes (NHAs) 
were from Lonza (Allendale, NJ, USA). The following 
antibodies were used in our studies: goat anti- -actin 
(I-19, SC-1616) and mouse anti-c-Myc (9E10, SC-40 
(Santa Cruz Biotechnology, Santa Cruz, CA, USA); 
anti- -catenin (610153; BD Biosciences, San Diego, 
CA, USA); anti-N-cadherin (3B9, 33-3900; Invitrogen 
Life Science Zymed, Carlsbad, CA, USA); antiphospho-
tyrosine (4G10, 05-321, Upstate Biotechnology, Lake 

Placid, NY, USA); and mouse anti-N-Cadherin (GC-4, 
C3865; Sigma Chemicals, St. Louis, MO, USA). Protein 
G agarose beads were from Invitrogen, Inc. (Carlsbad, 
CA, USA). The secondary antibodies were from Dako 
(Carpinteria, CA, USA) or Molecular Probes (Eugene, 
OR, USA). Cell culture media and other reagents were 
from Hyclone (Salt Lake City, UT, USA), Sigma, and 
Fisher Scientific (Hanover Park, IL, USA). 

RNA Isolation and Reverse Transcriptase PCR

Total RNA was isolated from snap-frozen normal human 
brain (NB), glioma specimens (from Dr. R. Nishikawa, 
Saitama, Japan), NHA, and various glioma cell lines 
using Trizol reagent. Total RNA (5 g) was reverse-tran-
scribed with a superscript reverse transcriptase (Invitro-
gen Life Science, Carlsbad, CA, USA) using oligo(dT) 
and random hexanucleotide primers. Polymerase chain 
reaction (PCR) primers were as follows: human Robo1, 
sense: 5'-GCA TCG CTG GAA GTA GCC ATA C-3', 
antisense: 5'-GTG TAT GAA CCC ATG TCA CCA 
GC-3'; human Slit2, sense: 5'-GGT GTC CTC TGT 
GAT GAA GAG-3', antisense: 5'-GTG TTT AGG 
AGA CAC ACC TCG-3'; and -actin, sense: 5'-TCC 
CCC AAC TTG AGA TGT ATG AAG-3', antisense: 
5'-AAC TGG TCT CAA GTC AGT GTA CAG G-3'.17 
The PCR reactions were performed by using 300 nM 
of each primer under the following conditions: 3 min  
at 95°C for one cycle followed by 35 cycles of 1 min at 
94°C, 1 min at 58°C, and 2 min at 72°C. Each reverse 
transcriptase (RT)-PCR product (6 l) was analyzed by 
electrophoresis on a 2% agarose gel (SeaKem LE, cat-
alog no. BMA 50000. Images of the gels stained with 
ethidium bromide were captured with a digital video 
image analyzer (BioVision, Exton, PA, USA).

Expression of Human Slit2 in Glioma Cells

SNB19 and U373MG cells were seeded at 70% density 
into 100 mm dishes. On the following day, the cells were 
transfected with 2 g hSL2myc cDNA containing a 6-c-
Myc tag17 using Effectene transfection reagent (Qiagen, 
Inc., Valencia, CA, USA). After 24 h, the cells were 
selected in medium containing 500 g/ml Geneticin 
(G-418 sulfate; Invitrogen) for 3–4 weeks. Geneticin-
resistant cell clones that showed no alteration of their 
growth and survival were characterized for ectopic Slit2 
expression by immunoblot (IB) analyses.

Intracranial Xenograft and Histological Analyses

The intracranial glioma xenograft model was per-
formed as previously described.19 Briefly, 1  106 of 
SNB19 parental and Slit2-expressing cell clones in 5 l 
phosphate-buffered saline (PBS) were stereotactically 
implanted into the brain of 8-week-old female mice 
(Ncr, athymic nu/nu; Taconic Farms, Germantown, PA, 
USA). At 7, 14, and 20 days postimplantation, mice were 
euthanized and their brains were removed, embedded, 
and stored at –80°C. Brain tissues were sectioned on a 
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Immunoblot, Immunoprecipitation, and 
Immunodepletion Analyses

The IB, immunoprecipitation (IP), and immunodepletion 
analyses of various cells were performed as previously 
described.19,23–25 Antibodies used in analyses were, for 
IB, anti-c-Myc (SC-40, 1:1,000), anti-N-cadherin (3B9, 
1:500), anti- -catenin (610153, 1:500), antiphosphoty-
rosine (4G10, 1:500), and -actin (SC-1616, 1:500); for IP, 
5 g of anti-N-cadherin (3B9) or -catenin antibody; and 
for immunodepletion, an anti-c-Myc antibody (SC-40,  
20 g/ml).

Cdc42 Activation Assay

Guanosine-5'-triphosphate (GTP) loading of Cdc42 was 
measured using the Cdc42 Activation Assay Kit (Upstate 
Technology), according to manufacturer’s instructions. 
Briefly, cells were lysed in ice-cold magnesium lysis buf-
fer and cleared with glutathione-agarose beads. Cell 
extracts were then incubated with PAK-1 PBD agarose 
beads included in the kit, pelleted, and washed. The 
beads were resuspended in sample buffer and separated 
by 10% polyacrylamide gel electrophoresis. GTP-bound 
Cdc42 was detected using an anti-Cdc42 antibody.

Statistical Analysis

A one-way analysis of variance with Newman-Keuls 
post test or a paired, two-way Student’s t-test was per-
formed using GraphPad Prism version 4.00 for Windows 
(GraphPad Software, San Diego, CA, USA). A p-value 
less than 0.05 was considered statistically significant.

Results

Slit2/Robo mRNA Expression by Glioma Cells

Slit2 has been shown to exhibit a repulsive effect for 
Robo-expressing axons of the commissural neurons, 
olfactory bulb neurons, and retinal ganglion cells 
through inactivation of a small GTPase, Cdc42.8 In 
human cancers, including gliomas, Slit2 is inactivated 
or downregulated.13–15 Two recent genomic studies using 
a large number of primary glioma specimens, including 
WHO grade II–IV tumors, validated the frequent down-
regulation of Slit2 expression in primary gliomas.26,27 
Thus, we hypothesized that downregulation of Slit2 in 
the invasive glioma cells suggests an inhibitory role of 
Slit2 in migration and invasion of glioma cells. To deter-
mine the role of Slit2 in glioma cell migration and inva-
sion, we first examined expression of Slit2 and its recep-
tor, Robo1, in NB tissues, primary glioma specimens, 
NHAs, and U373MG and SNB19 glioma cells. Because 
no reliable anti-Slit2 and anti-Robo1 antibodies were 
available, we isolated total RNA from snap-frozen NB 
tissues, four primary glioma specimens (WHO grade III, 
J15, J16; and grade IV, J4, J5), NHA, and U373MG and 
SNB19 glioma cells and performed RT-PCR analyses to 
examine mRNA expression of Slit2 and Robo1 in these 

cryostat in 8- m thickness and stained with hematoxy-
lin and eosin.

Cell Viability and Wound Healing Assays

Cell viability assays were performed as previously 
described.20 Four thousand various glioma cells were 
seeded per well in a 96-well plate. Twenty-four hours 
later, the cells were serum-starved for 24 h before addi-
tion of fresh media containing 1% fetal bovine serum 
(FBS) and 0.05% bovine serum albumin (BSA). At 
24 and 48 h, cell viability was measured by using the 
WST-1 reagent (Roche Applied Sciences, Indianapolis, 
IN, USA) following the manufacturer’s recommenda-
tions. Wound healing experiments were performed as 
previously described.21 Briefly, glioma parental or Slit2-
expressing cell clones were seeded on six-well plates 
with Dulbecco’s modified Eagle’s medium (DMEM) 
containing 10% FBS and grown to confluence. Cells 
were scratched with a sterile 200- l pipette tip to create 
an artificial wound. At 0, 24, and 48 h after wound-
ing, phase-contrast images of the wound-healing process 
were photographed digitally using an inverted micro-
scope (model IX50; Olympus America, Inc., Center 
Valley, PA, USA).

In Vitro Migration and Invasion Assays

In vitro migration and invasion assays were performed 
as previously described.19 Briefly, 5  105 SNB19 cells/ml 
and 1  106 U373MG cells/ml in 50 l DMEM contain-
ing 0.5% FBS and 0.05% BSA were separately placed 
into the top compartments of a 48-well Boyden cham-
ber (Neuro Probe, Inc., Gaithersburg, MD, USA). The 
cells were allowed to migrate through a polycarbonate 
membrane (8 m pores; Neuro Probe, Inc.) precoated 
with gelatin (250 g/ml) or invade through a membrane 
precoated with Growth Factor Reduced Matrigel (0.78 
mg/ml; BD Biosciences, Boston, MA, USA) for 8 or 16 
h at 5% CO2 and 37°C. Afterward, the membrane was 
fixed and stained, nonmigrating and noninvading cells 
were removed, and the remaining cells were counted 
with a total magnification 100 under an Olympus 
BX51 microscope.

Small Interfering RNAs and Transfections

A pool of four small interfering RNAs (siRNAs) for 
Robo1 (siGENOME SMARTpool, M-011381-00) was 
synthesized by Dharmacon (Lafayette, CO, USA). Trans-
fection of glioma cells with the aforementioned siRNA 
was performed using Lipofectamine 2000 (Invitrogen 
Life Science) as previously described.22 Mock transfec-
tion was done in parallel using the Stealth RNAi Nega-
tive Control Med GC (Invitrogen Life Science). After 
24 h, the siRNA/lipid complexes were removed, and 
the cells were maintained in complete medium for an 
additional 48 h. The inhibition of Robo1 expression was 
determined by RT-PCR analyses.
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specimens and cells. As shown in Fig. 1A, expression 
of Slit2 was at lower levels in J5, J15, and J16 primary 
glioma specimens and in U373MG and SNB19 glioma 
cells compared with that in NB and NHA. Expression of 
Robo1 showed a similar pattern in tumor specimens but 
at similar levels among glioma cell lines. These results 
are consistent with their expression in primary glioma 
tissues and cell lines as previously reported.17,26,27

Ectopic Expression of Slit2 Inhibits Cell Migration  
and Invasion of Glioma Cells In Vitro

In human gliomas, Slit2 has been shown to be downreg-
ulated through hypermethylation at its promoter region 
in primary glioma specimens and cell lines, suggest-
ing a suppressive role for Slit2 during glioma progres-
sion.15,16,26,27 To determine the impact of Slit2 expres-

sion in glioma cell migration and invasion in vitro, 
SNB19 and U373MG cells were stably transfected with 
a human SL2myc cDNA containing a 6xc-Myc tag.17 
Among various Slit2-expressing cell clones of SNB19 
and U373MG cells, we chose three independent Slit2-
expressing cell clones of each cell line for our studies. As 
shown in the top panels of Fig. 1B, SNB19/Slit2 clone 
3 and 4 cells expressed exogenous Slit2 at high levels, 
while SNB19/Slit2 clone 2 cells expressed Slit2 at a lower 
level. In U373MG cells, U373MG/Slit2 clone 7 and 56 
cells expressed Slit2 at high levels, and U373MG/Slit2 
clone 38 cells expressed Slit2 at a lower level. IB analyses 
of conditioned media (CM) of various glioma cells also 
showed that ectopically expressed Slit2 was effectively 
secreted out of glioma cells at high levels, whereas no 
Slit2 was found in CM of parental glioma cells (Fig. 1B, 
bottom panel). Additionally, compared with the parental 
cells, the morphology of Slit2-expressing cell clones of 
SNB19 and U373MG cells was noticeably different, with 
the Slit2 clones having a lesser ability to spread out on 
the culture dish (data not shown).

We determined whether the expression of Slit2 affects 
cell proliferation and survival using WST-1 cell viability 
assays.20 As shown in Fig. 2A, in a 48-h culture, ecto-
pic expression of Slit2 only had minimal impact on cell 
growth and survival in U373MG and SNB19 cells. Next, 
we evaluated whether ectopically expressed Slit2 affects 
migration of glioma cells by wound-healing assays. 
Serum-starved cells in six-well plates were scratched 
by a 200- l pipette tip and cultured for an additional 
24 h and 48 h. As shown in Fig. 2B, at 24 h SNB19 
Slit2-expressing cells encompassed approximately 5% of 
the scratched area compared with 30% by the parental 
cells (Fig. 2B). At 48 h, Slit2-expressing cells moderately 
migrated toward the center of the wound, whereas the 
parental cells completely closed the wound (Fig. 2B, 
lower panels).

We then tested whether expression of Slit2 by glioma 
cells or treatment of glioma cells with recombinant Slit2 
affects their ability to migrate through ECM protein-
coated membranes using in vitro cell migration and inva-
sion assays. An equal number of serum-starved glioma 
parental cells and their Slit2-expressing cell clones were 
separately placed into the top wells of a Boyden cham-
ber. Media containing 0.5% FBS were placed to top and 
bottom wells of the chambers. In parallel, serum-starved 
parental SNB19 and U373MG cells were resuspended in 
CM from their Slit2-expressing cell clones and placed 
on the top wells on the Boyden chamber. The cells were 
then allowed to migrate through gelatin-coated mem-
branes for 16 h (for SNB19 cells) or 8 h (for U373MG 
cells). As shown in Fig. 2C, U373MG and SNB19 Slit2-
expressing cell clones migrated through the membrane 
approximately 2-fold less than their parental cells (left 
two panels). To a similar extent, treatment of parental 
SNB19 and U373MG cells with CM containing recom-
binant Slit2 also attenuated the capacity of these cells 
to migrate through the membrane (Fig. 2C, right two 
panels). To determine the effect of Slit2 expression or 
treatment of glioma cells with CM containing recom-
binant Slit2 on glioma cell invasion, we performed in 

Fig. 1. Expression of Slit2 and Robo1 in primary glioma specimens 
and glioma cell lines. (A) Slit2 and Robo1 are expressed at lower 
levels in primary human glioma specimens and invasive SNB19 and 
U373MG glioma cells compared with normal human brain tissue 
(NB) and normal human astrocytes (NHA). Synthesized first-strand 
cDNA from total RNA of NB, primary glioma specimens (J4, J5, 
glioblastoma multiforme, WHO grade IV; J15 and J16, anaplas-
tic oligodendroglioma, grade III), NHA, and SNB19 and U373MG 
glioma cells was used for PCR reactions. The length of synthesized 
cDNA fragments is 514 bp for Robo1 and 387 bp for Slit2, respec-
tively. -Actin was used as internal control. (B) Ectopic expression 
of Slit2 in SNB19 and U373MG glioma cells. Cell lysates (top two 
panels) or conditioned media (CM, bottom panel) from SNB19, 
SNB19 Slit2-expressing, U373MG, or U373MG Slit2-expressing 
cells were analyzed by immunoblot using an anti-c-Myc antibody. 
Lanes 2, 3, and 4 are SNB19 Slit2-expressing cell clones; lanes 7, 
56, and 38 are U373MG Slit2-expressing cell clones. -Actin was 
used as a loading control. Results shown in A and B are representa-
tive of three independent experiments.
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vitro invasion assays for these glioma cells under similar 
conditions using a Growth Factor Reduced Matrigel–
coated membrane. As shown in Fig. 2D, capacities of 
Slit2-expressing SNB19 and U373MG cell clones (left 
two panels) or parental SNB19 and U373MG cells 
treated with recombinant Slit2 (right two panels) to 
invade through the Matrigel-coated membrane were 
significantly impaired compared with that of their con-
trol cells. Taken together, these results showed that Slit2 
expression inhibits glioma cell migration and invasion in 
vitro, consistent with its inhibitory role of cell migration 
as previously reported.11,12,14,17

Expression of Slit2 by Glioma Cells Inhibits Tumor 
Cell Infiltration in the Brains of Animals

Although Slit2 has been shown to inhibit cell motility in 
various types of human cells in vitro, whether expres-
sion of Slit2 inhibits the invasion of cancer cells in their 
native tumor microenvironment in vivo has not been 
demonstrated. It is established that human glioma cells 
are intrinsically invasive in the brain.1,2 However, inva-

sive behavior of glioma cells in vitro is often not cor-
related with their infiltrative phenotype in the brain.28 
U373MG and SNB19 cells are able to form invasive 
tumors in the brain. In general, U373MG cells form 
invasive intracranial tumors in 60 days,29 while SNB19 
cells developed small but invasive tumors in the brain 
within 3 weeks.30 To determine whether Slit2 suppresses 
the invasion of glioma cells in the brain, we stereotacti-
cally implanted SNB19 parental cells and SNB19 Slit2-
expressing cell clones 3 and 4 into the brain of mice. As 
shown in Fig. 3A(a), 20 days after intracranial implan-
tation, SNB19 parental cells formed small but invasive 
tumors in the brain. The SNB19 parental tumor has an 
irregular shape with single cells and cell clusters that 
invade along white matter tracts as well as into gray 
matter, perhaps also associated with blood vessels (Fig. 
3A, a–c, arrows). In contrast, SNB19/Slit2 clone 3 or 
clone 4 (data not shown) cells formed noninvasive oval-
shaped tumors with a smoother border and necrosis 
in the center of tumor mass (Fig. 3A, e–g, arrows). To 
confirm that those single cells or cell clusters that are 
marked in the brain section in Fig. 3A (a–c) were SNB19 

Fig. 2. Slit2 inhibits glioma cell migration and invasion in vitro. (A) Cell viability of parental (P) and Slit2-expressing cells was assessed by 
WST-1 assays in a 48-h culture in the absence of serum. Ectopic expression of Slit2 in SNB19 and U373MG cells has minimal impact on cell 
proliferation and survival. No significant difference was found. (B) Slit2 inhibits glioma cell migration in a wound-healing assay. Migration 
of parental SNB19 cells and U373MG cells (data not shown) or their Slit2-expressing cell clones was assessed in a wound closure at 0, 24, 
and 48 h after the wounds were generated. (C) Slit2 inhibits glioma cell migration in vitro. Slit2-expressing cell clones (left two panels) 
and their parental cells treated with Slit2-containing conditioned media (CM; right two panels) have reduced ability to migrate through 
the gelatin-coated membranes. Abbreviations: P, parental; C, control. (D) Slit2 inhibits glioma cell invasion in vitro. Both Slit2-expressing 
cell clones (left two panels) and their parental cells treated with Slit2-containing CM (right two panels) have decreased ability to invade 
through membranes coated with growth factor reduced Matrigel. Cells migrating and invading through the membrane were counted in 
10 random high-powered fields (total magnification, 200). Abbreviations: P, parental; C, control. For A–D, results represent three inde-
pendent experiments performed in triplicate. Error bars in A, C, and D represent SD. *p  0.05, one-way analysis of variance followed by 
Newman-Keuls post hoc test.
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tumor cells, we stained sister sections of the brains with 
an anti-phosphorylated Akt antibody. SNB19 cells were 
recently found to be PTEN (phosphatase and tensin 
homolog)-null cells.31 Thus, lack of PTEN expression in 
SNB19 cells could result in constitutive activation of Akt 
in SNB19 cells and their xenograft in the brain. Indeed, 
those single cells or cell clusters that migrated away from 
the tumor mass in the brain with the parental SNB19 
tumor were positive for phosphorylated Akt (Fig. 3A, d), 
as were noninvasive cells in the Slit2-expressing tumor 
(Fig. 3A, h).

The authenticity of our immunohistochemistry results 
was further validated by IB analyses of phosphorylated 
Akt using lysates of normal mouse brain and parental 
and Slit2-expressing SNB19 tumors (Fig. 3B). Taken 
together, these data provide the first evidence demon-
strating that Slit2 expression in the invasive SNB19 
gliomas impeded tumor cell infiltration into the brain 
parenchyma in mice.

Slit2 Expression Downregulates Cdc42 Activation 
through Its Receptor Robo1 in Glioma Cells

Cdc42, a member of the small Rho GTPase family, 
plays important roles in cell migration by regulating the 
actin cytoskeleton.32,33 In the repulsive response by Slit2 
stimulation, Robo1 receptor recruits srGAPs that inac-
tivate Cdc42 GTPase activity, thus controlling neuron 
migration.8 To investigate whether Slit2 expression in 
glioma cells regulates the activity of Cdc42, we tested 
the expression level of the GTP-bound form of endog-
enous Cdc42 in SNB19 and U373MG parental cells and 
Slit2-expressing cell clones. GTP-bound (active form) 
Cdc42 was separated from cell lysates of various paren-
tal glioma cells and Slit2-expressing cell clones with 
PAK-1 PBD agarose beads. The GTP-bound Cdc42 was 
examined using an anti-Cdc42 antibody. As shown in 
Fig. 4A, Slit2 expression in both SNB19 and U373MG 
cells significantly attenuated the GTP-binding activity 
of Cdc42 compared with their parental cells, whereas 
no alteration of Cdc42 protein expression was found. 
To validate the specificity of inhibition by recombinant 
Slit2 in CM, we performed immunodepletion with or 
without an anti-c-Myc antibody on the CM and assessed 
the impact of recombinant Slit2 on Cdc42 activity and 
cell migration. As shown in Fig. 4B, CM of SNB19/Slit2 
clone 3 and U373MG/Slit2 clone 56 containing recom-
binant Slit2 attenuated Cdc42 GTP-binding activities, 

Fig. 3. Expression of Slit2 in SNB19 tumors inhibits glioma cell 
infiltration into the brain parenchyma of mice. (A) Representative 
results of hematoxylin and eosin (H&E; a–c, e–g) and immunohis-
tochemical staining using an anti-phosphorylated Akt (pAkt; d and 
h) of glioma-bearing mouse brain cryosections. We stereotactically 
implanted 5  105 SNB19 parental (P) or Slit2-expressing cells in 
a volume of 5 l phosphate-buffered saline into the brain. After 
20 days, mice were euthanized and the brains were analyzed. a–h 
represent a section of brain with an SNB19 parental tumor (a–c) 
and a section of brain with an SNB19/Slit2 clone 3 tumor (Slit2; 
e–g); the enlarged regions marked in a and b are shown in b and c, 
respectively, and the enlarged regions marked in e and f are shown 
in f and g, respectively; d is a sister section of a–c, and h is a sister 
section of e–g. Arrows indicate the following: in a, the invasive 
parental tumor cells invading along white matter tracks, gray mat-
ter, and entering ventricle; in c, invasive tumor cells and dissemi-
nated tumor clusters away from the tumor mass; in g, a smoother 
border of the SNB19 Slit2-expressing tumor; in d and h, pAkt- 
positive tumor cells that appear to be an identical cell population, 
respectively, invaded brain parenchyma (b and c) or were noninva-
sive (f and g). Magnification: a and b, 12.5; b and f, 40; c, d, g, 
and h, 100. The intracranial glioma xenograft experiments were 
repeated in three independent studies along with two other SNB19 
Slit2-expressing cell clones with similar results. (B) Expression of 
phosphorylated Akt (pAkt) in normal mouse brain, SNB19 paren-
tal (P), and Slit2-expressing tumors. Cell lysates of normal mouse 
brain tissues and parental and Slit2-expressing SNB19 tumors were 
analyzed by immunoblot using an anti-pAkt antibody. -Actin was 
used as a loading control. Results represent three independent 
experiments with similar results.
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while removal of recombinant Slit2 by immunodepletion 
prior to the Cdc42 activity assays prevented Slit2 inhibi-
tion. When the same batch of CM (parental CM, nonde-
pleted CM-Slit2, or depleted-CM-Slit2) was applied to 
in vitro cell migration assays, recombinant Slit2 inhib-
ited glioma cell migration while removal of Slit2 from 
the CM by the antibody prior to the assays did not affect 
glioma cell migration (Fig. 4C). These results indicate 
that Slit2 regulates the activity of Cdc42 in glioma cells, 
consistent with previous reports showing Slit2 inhibition 
of Cdc42 function in several cell types.11,12,14,17

Next, we assessed the impact of knockdown of 
Robo1, a cognate receptor for Slit2, in glioma cells by 
siRNA on Slit2 inhibition of Cdc42 activity and cell 
migration. Because no reliable anti-Robo1 antibody was 
available for endogenous Robo1 detection in glioma 
cells, we used RT-PCR to validate siRNA knockdown 
of Robo1 in glioma cells. As shown in Fig. 5A, a pool 
of four separate siRNAs for Robo1 effectively depleted 
endogenous Robo1 in SNB19 and U373MG cells. When 
the Robo1 siRNA-transfected glioma cells were treated 

with CM containing recombinant Slit2, Slit2 inhibition 
of Cdc42 GTP-binding activities was prevented com-
pared with CM-treated cells that were transfected with 
control siRNA. When Robo1 knocked-down glioma 
cells were analyzed for their ability of migration through 
a precoated membrane in the Boyden chamber, depletion 
of Robo1 reversed Slit2 inhibition of cell migration in the 
assays compared with control siRNA-transfected cells 
(Fig. 5C). Taken together, these data suggest that Slit2 
specifically inhibits glioma cell motility via its receptor 
Robo1 through attenuating Cdc42 GTP binding activi-
ties in glioma cells.

Slit2 Expression Does Not Affect the Expression of 
N-Cadherin and -Catenin Proteins in Glioma Cells

In the CNS, Slit2 exerts its repulsive function by decreas-
ing N-cadherin–mediated cell adhesion.34 In mouse fibro-
blasts and human embryonic kidney 293T cells, Slit2 
inactivation of cell–cell adhesion is through Abl-medi-
ated tyrosine phosphorylation of -catenin, attenuating 
its affinity to N-cadherin. The dissociated -catenin 
translocates to the nucleus. Concurrently, dissociated 
N-cadherin proteins were degraded.24,34 Thus, we deter-
mined the impact of Slit2 expression on tyrosine phos-
phorylation of -catenin and association of N-cadherin  
and -catenin in glioma cells. After serum starvation, 
parental SNB19 cells and U373MG were treated with 
serum-free Slit2-containing CM or control CM for 10 
min, 30 min, 3 h, 12 h, and 24 h. Then, tyrosine phos-
phorylation of -catenin proteins was examined by IP 
and IB analyses. A basal level of tyrosine phosphoryla-
tion on -catenin was found in both parental U373MG 
and SNB19 cells that were treated with control CM. 

Fig. 4. Slit2 specifically inhibits Cdc42 activity and glioma cell 
motility in vitro. (A and B) Slit2 expression (A) or treatment with 
recombinant Slit2 (B) attenuated GTPase activity of Cdc42 but not 
the expression of Cdc42 proteins in glioma cells. (A) Slit2 expres-
sion attenuated Cdc42 activity in glioma cells. Total cell lysates of 
parental (P) SNB19 and U373MG cells and various Slit2-expressing  
cell clones were analyzed for guanosine-5'-triphosphate (GTP) 
loading of Cdc42 using a Cdc42 activity assessment assay kit. (B) 
Recombinant Slit2 specifically inhibits Cdc42 activity. Parental cells 
of SNB19 and U373MG were treated with conditioned media (CM) 
collected from their parental cells (P) or Slit2-expressing cell clones 
(S). In parallel, CM of Slit2-expressing cell clones were incubated 
with 20 g/ml of an anti-c-Myc antibody overnight at 4°C fol-
lowed by immunodepletion of Slit2 from the CM prior to the assays 
(S/Ab). The assays were performed using CM of SNB19/Slit2 clone 
3 and 4 cells and U373MG/Slit2 clone 7 and 56 cells with similar 
results. In both A and B, the membranes were probed with anti-
Cdc42 and anti- -actin antibodies as loading controls. (C) In vitro 
cell migration. Treatment of parental SNB19 and U373MG cells 
with Slit2-containing CM reduces ability to migrate through the 
gelatin-coated membranes, whereas removal of Slit2 from CM by 
immunodepletion prior to the assays prevents Slit2 inhibition of 
cell migration in vitro. Error bars in C represent SD *p  0.05. For 
A–C, results represent three independent experiments with similar 
results.
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However, no alteration of tyrosine phosphorylation on 
-catenin was observed in glioma cells that were treated 

with Slit2-containing CM (data not shown). In parallel, 
parental and Slit2-expressing U373MG and SNB19 cells 
were analyzed by IP followed by IB using anti- -catenin 
and anti-N-cadherin antibodies. As shown in Fig. 6A, 
N-cadherin could be effectively coprecipitated with 

-catenin in parental and Slit2-expressing U373MG 
and SNB19 cells, indicating that Slit2 did not affect 
the association of N-cadherin and -catenin in glioma 
cells. Next, we examined whether Slit2 affects protein 
stability of N-cadherin and -catenin in 293T and 
glioma cells. After a 24-h serum starvation, cell lysates 
of 293T, 293T Slit2-expressing cells,17 SNB19 parental 
and Slit2-expressing cells, and U373MG parental and 
Slit2-expressing cells were analyzed for expression of 
N-cadherin and -catenin. As shown in Fig. 6B, Slit2 
expression in 293T cells resulted in significant decrease 
in levels of N-cadherin and -catenin proteins com-
pared with parental 293T cells. However, in SNB19 
and U373MG cells, Slit2 expression had no effect on the 
levels of N-cadherin and -catenin proteins. In parallel, 
parental U373MG and SNB19 cells were also incubated 
with Slit2-containing CM or control CM for 24 and 48 
h. We found that treatment of recombinant Slit2 did not 
cause any degradation of N-cadherin and -catenin pro-
teins in these glioma cells (data not shown). Together, 
these results suggest that the inhibitory effects of Slit2 
on cell migration and invasion of glioma cells did not 
involve modulation of phosphorylation -catenin, asso-
ciation of N-cadherin and -catenin, or degradation of 
N-cadherin and -catenin proteins, thus differing from 
studies of Slit2 modulation of N-cadherin and -catenin 
in fibroblasts and 293T cells.24,34

Discussion

In this study, we demonstrate for the first time that 
expression of a neuronal repulsive factor, Slit2, inhibits 
human glioma cell invasion into the brain parenchyma 
of mice. Slit2 is a chemorepulsive factor that controls 
axonal guidance and neuronal migration during devel-
opment.4 Outside the CNS, in vitro studies have shown 
that Slit2 attenuates cell migration of various types of 
human cells, including breast cancer and medulloblas-
toma cells.10–12,16,17 We identified Slit2 as a downregu-
lated gene in DNA microarray analysis followed by real-
time PCR of highly invasive human glioma U87MG 
Ang2-expressing cells versus noninvasive parental 
cells.19 Because the Slit2 gene is often silenced by hyper-
methylation at CpG islands in its promoter region in 
human cancers, including gliomas,13–15 we hypothesized 
that Slit2 expression impedes the insidious glioma cell 
infiltration in the brain in vivo. In the present study, we 
found that mRNA of Slit2 is expressed at lower levels in 
three of four primary glioma specimens and two highly 
invasive human glioma cell lines, SNB19 and U373MG, 
compared with NB and NHA. These data corroborate 
results of recent studies of Slit2 expression in primary 

Fig. 5. Knockdown of Robo1 in glioma cells reverses Slit2 inhibi-
tion, restoring guanosine-5'-triphosphate (GTP) loading of Cdc42 
and glioma cell motility. (A) Knockdown of Robo1 by small inter-
fering RNA (siRNA) in glioma cells. Parental SNB19 and U373MG 
cells were transfected with a pool of four Robo1 siRNAs (R) and 
stealth control siRNA (C) for 48 h. Total RNA prepared from the 
transfected SNB19 and U373MG cells was used for PCR reactions. 
The length of synthesized cDNA fragments for Robo1 is 514 bp. 

-Actin was used as internal control. (B) Knockdown of Robo1 pre-
vents Slit2 inhibition of Cdc42 activity. Total cell lysates of parental 
SNB19 and U373MG cells that were transfected with Robo1 siRNA 
(R) or control siRNA (C) followed by treatment with ( , Slit2- 
containing conditioned media [CM]) or without (–, CM of parental 
cells) recombinant Slit2 were analyzed for GTP loading of Cdc42 
using a Cdc42 activity assessment assay kit. The membranes were 
probed with an anti-Cdc42 antibody as a loading control. Knock-
down of Robo1 by siRNA restored Cdc42 GTP loading activity in 
Slit2-treated glioma cells. (C) In vitro cell migration. Knockdown 
of Robo1 in parental SNB19 and U373MG cells with Robo1 siRNA 
but not control reverses the inhibition by recombinant Slit2 in CM 
of ability of glioma cells to migrate through the gelatin-coated 
membranes in vitro. Error bars in C represent SD *p  0.05. For 
A–C, results represent three independent experiments with similar 
results.
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glioma specimens. In an analysis of 26 WHO grade II 
astrocytomas, 50 grade III oligodendrogliomas, and 77 
grade glioblastoma multiforme clinical specimens, Slit2 
expression was found to be downregulated compared 
with that in NB.26 Serial analysis of gene expression of 
19 grade IV glioblastoma multiforme samples revealed 
that Slit2 is expressed at minimal levels.27 Due to lack 
of reliable antibodies against Slit2 and Robo1, we could 
only perform RT-PCR analyses to evaluate the impact 
of knockdown of endogenous Robo1 in U373MG and 
SNB19 cells. Moreover, knockdown of endogenous 
Robo1 in glioma cells prevented Slit2 inhibition of cell 
motility in vitro.

Our data also demonstrated that when highly migra-
tory glioma cells were treated with Slit2, by either 
ectopic expression or recombinant protein using Slit2-
containing CM, the ability of these cells to migrate in 
wound-healing assays, migrate, and invade through pre-
coated membrane was significantly attenuated. The inhi-
bition by recombinant Slit2 of cell migration was specific 
because immunodepletion of Slit2 in CM diminished the 
inhibitory impact on cell motility by Slit2-containing 
CM. When invasive SNB19 cells that express exogenous 
Slit2 were implanted into the brain of mice, SNB19 
glioma cell infiltration into the surrounding brain paren-
chyma of mice was markedly impaired. In addition, we 
found that Slit2 treatment did not influence glioma cell 
proliferation and survival in vitro and in vivo (data not 
shown). These results provide convincing evidence that 
the neuronal repulsive factor Slit2 exerts an inhibitory 
role in glioma cell invasion in vivo. These data cor-
roborate previous in vitro studies that Slit2 inhibits cell 
migration and invasion of various types of mammalian 
cells.10–12,16,17

The inhibitory effects of Slit2–Robo interaction on 
migration and invasion of various cell types are medi-

ated by several downstream effectors. In leukocytes and 
breast cancer cells, Slit2 inhibits chemokine/CXCR4-
mediated cell migration through inhibition of ERK1/2 
activation.10,16 In CNS and human meduloblastoma 
cells, Slit2 controls cell motility by attenuating activity 
of the small Rho GTPase Cdc42.8,17 In vascular smooth 
muscle cells, the proteolytic fragment of the N-terminal 
region of Slit2 peptide that exhibits distinct cell associa-
tion characteristics35 inhibits cell migration by imped-
ing platelet-derived growth factor–activated Rac1.12 In 
this study, we found that Slit2 expression or treatment 
of glioma cells with CM containing recombinant Slit2 
significantly inhibited Cdc42 but not Rac1 activity (data 
not shown). Slit2 inhibition of cell migration and Cdc42 
activity was specific because immunodepletion of recom-
binant Slit2 from CM prior to the assays significantly 
attenuated Slit2 inhibition. When the cognate receptor of 
Slit2, Robo1, was knocked down by siRNA, Slit2 inhi-
bition of Cdc42 activity and cell motility was reversed. 
Additionally, Slit2 inhibition of U373MG and SNB19 cell 
motility is not in agreement with previous results dem-
onstrating that exogenous Slit2 did not alter U251MG 
cell invasion behavior in vitro.17 A plausible explanation 
for this inconsistency is that expression of regulators of 
small Rho GTPases, such as guanine exchange factors 
(GEFs) that activate Cdc42 and Rac1, differs in various 
glioma cells. For example, a bipartite GEF, ELMO1 and 
Dock180, is highly expressed in U373MG and SNB19 
cells but expressed at low levels in U251MG and several 
other glioma cell lines.22 Because this bipartite GEF is 
highly expressed by actively invading glioma cells in the 
invasive regions of primary glioma specimens,22 the lack 
of modulators of Cdc42 in U251MG cells probably attri-
butes to the unresponsiveness to Slit2.

Recent reports proposed other mechanisms by which 
Slit2-Robo interaction modulates cell migration. In 

Fig. 6. Slit2 expression did not affect the expression of N-cadherin 
and -catenin in glioma cells. (A) Immunoprecipitation (IP) and 
immunoblot (IB) analyses. Cell lysates of parental (P) and Slit2-
expressing cell clones of SNB19 and U373MG cells were subjected 
to IP using an anti-N-cadherin antibody followed by IB using 
anti-N-cadherin and anti- -catenin antibodies. -Catenin was 
effectively precipitated with N-cadherin in both parental and Slit2-
expressing cells. (B) IB analyses. Human embryonic kidney 293T 
and human glioma SNB19 and U373MG parent cells (P) and their 
Slit2-expressing cell clones were analyzed for expression of Slit2,  
N-cadherin, and -catenin by IB using anti-c-Myc, anti-N-cadherin, 
and anti- -catenin antibodies. The molecular weights of proteins 
are, for Slit2 with c-Myc tags, ~250 kDa; N-cadherin, 136 kDa; 
and -catenin, 92 kDa. -Actin was used as a loading control. Slit2 
expression significantly decreased expression of N-cadherin and 

-catenin in 293T cells but did not affect the expression of these 
proteins in SNB19 and U373MG glioma cells. For A and B, results 
represent three independent experiments with similar results.
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chick neural retinal cells and mouse fibroblasts, Slit2 
induces formation of a Robo/Abl/Cable-N-cadherin/

-catenin complex and tyrosine phosphorylation of 
-catenin that moves into nucleus, resulting in disasso-

ciation of -catenin with N-cadherin, and degradation 
of -catenin and N-cadherin proteins.24,34 Alternatively, 
loss of N-cadherin function could also be caused by pro-
teolytic cleavage releasing N- and C-terminal peptides 
of N-cadherin.36 Because expression of N-cadherin 
correlates with high-grade glioma progression,37 we 
examined whether Slit2 treatment affected expression 
and stability of N-cadherin and -catenin proteins in 
invasive glioma cells. Our data show that Slit2 expres-
sion had no impact on protein stability in glioma cells, 
whereas a significant decrease in levels of expression of 

-catenin and N-cadherin was evident in Slit2-express-
ing 293T cells. We also did not observe any changes in 

-catenin phosphorylation and association of -catenin 
and N-cadherin in Slit2-treated glioma cells. In addi-
tion, no alteration in the cleavage of N-cadherin in 
Slit2-treated versus nontreated glioma cells was found. 
Clearly, our findings in human glioma cells are different 
from previous studies in fibroblasts and human embry-
onic kidney 293T cells in that Slit2 affects expression 
and stabilities of N-cadherin and -catenin proteins in 
these cells. Taken together, the signaling of Slit2–Robo 
axis in inhibiting cell invasion appears to be complex in 
glioma cells and distinct from its action in neural cells, 

fibroblasts, and human breast cancer cells, thus war-
ranting further investigation.

In summary, this study demonstrates an inhibitory 
role of Slit2 in human glioma cell migration in vitro and 
tumor cell infiltration into the brain parenchyma in vivo. 
Our results show that Slit2 impedes glioma cell invasion 
through inhibition of Rho GTPase activity of Cdc42 
without affecting the expression of N-cadherin and 

-catenin in invasive glioma cells. Because diffuse inva-
sion by single glioma cells into the NB is a major obstacle 
in treatment of patients with malignant gliomas, under-
standing how neurorepulsive cues such as the Slit–Robo 
axis modulate glioma cell motility is highly significant 
and could provide insight for development of effective 
treatments for these deadly brain cancers.
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