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Slit3 inhibits activator protein 1-mediated
migration of malignant melanoma cells
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Abstract. The repellent factor family of Slit molecules has
been described to have repulsive function in the developing
nervous system on growing axons expressing the Robo recep-
tors. Alterations of the Slit/Robo system have been observed
in various pathological conditions and in cancer. However,
until today no detailed studies on Slit function on melanoma
migration are available. Therefore, we analysed the mRNA
expression in melanoma cells and found induction of Robo3
expression compared to normal melanocytes. Functional
assays performed with melanoma cells revealed that treatment
with Slit3 led to strong inhibition of migration. Interestingly,
we observed down-regulation of AP-1 activity and target gene
expression after Slit3 treatment contributing to the negative
regulation of migration. Taken together, our data showed
that Slit3 reduces the migratory activity of melanoma cells,
potentially by repulsion of the cells in analogy to the neuronal
system. Further studies will be necessary to prove Slit activity
in vivo, but due to its function, Slit3 activity may be helpful in
the treatment of melanoma.

Introduction

Cutaneous malignant melanoma is one of the most common
types of cancer worldwide with rising incidence rates (1,2).
Despite this rising trend current therapeutic options are very
limited, especially after the development of distant metastases
34).

Our aim in this study was to find new ways for the treat-
ment of malignant melanoma that have not yet been utilised.
The repellent-factor family of Slits and their receptors, the
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roundabouts (Robos) are best known for mediating axon guid-
ance through attraction or repulsion of growth cones [reviewed
in (5,6)] but also play a role in regulating cell-cell- and cell-
matrix-interactions of migrating cells during embryonic
development (7). In addition, their expression is known to
correlate with tumour angiogenesis (8-10).

In the last years, it has been shown that deregulation of
Robo and Slit can have crucial consequences for multiple
cancers. Slit2 for example can suppress tumour growth in
breast cancer (11) and recent findings show that Slit and Robo
expression is deregulated during hepatocarcinogenesis (12)
and in cervical cancer (13). It has also been described, that the
Slit/Robo system can inhibit the growth factor-mediated cell
motility and morphogenesis of different cancer cell lines (14).

Therefore, we began to investigate a potential role of the
Slits and Robos in different malignant melanoma cell lines,
starting with expression analyses. We then focused on Slit3
as a potential therapeutic agent in malignant melanoma and
showed that Slit3 can inhibit migration of malignant mela-
noma cells in vitro.

Materials and methods

Cell culture. The melanoma cell lines Mel Im, Mel Ei, Mel Juso,
HMB2, SK Mel3 and SK Mel28 were used as previously
described (15). The melanoma cell line A375 was used as
described in Bundscherer ef al (16). Briefly, cells were main-
tained in DMEM supplemented with penicillin (400 U/ml),
streptomycin (50 ug/ml), L-glutamine (300 pg/ml) and 10%
fetal calf serum (FCS) (Sigma, Deisenhofen, Germany) and
split at a 1:5 ratio every 3 days. Human primary melanocytes
derived from normal skin (NHEM) were cultivated in melano-
cyte medium MGM-3 (Gibco, Eggenstein, Germany) under a
humidified atmosphere of 5% CO, at 37°C. The purity of the
melanocytes was proven by confirming the expression of mela-
nocytic markers like tyrosinase, TRP-1 and E-cadherin and a
lack of keratinocytic markers like cytokeratin 5, -10 or -14 and
KGF receptor. Cells were used between passages 3 to 6 and
detached for subcultivation or assay with 0.05% trypsin, 0.02%
EDTA in PBS. Recombinant mouse Slit3 (rmSlit3) (R&D
Systems) was used in all cell culture experiments at a concentra-
tion of 0.1 pg/ml.

RNA isolation and reverse transcription. Total cellular RNA
was isolated from cultured cells using the RNeasy kit (Qiagen,
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Hilden, Germany) and cDNAs were generated by reverse tran-
scriptase reaction as previously described (15).

Quantitative real-time PCR (RT-PCR). Quantitative RT-PCR
was performed on a LightCycler (Roche, Mannheim, Germany)
using 10 1 SYBR Mix (Takara, Shiga, Japan), 0.5 ul (20 uM)
of forward and reverse primers and 1 1l cDNA template in a
total of 20 ul. cDNA fragments were amplified according to
the following PCR program: 30 sec 95°C (initial denaturation);
20°C/sec temperature transition rate up to 95°C for 5 sec,
10 sec 55°C, 15 sec 72°C (for Robol, Robo2, Robo3) or 95°C
for 3 sec, 10 sec 58°C, 8 sec 72°C (for MMP2 and MMP14)
and 10 sec 82°C acquisition mode single, repeated for 40 times
(amplification). The annealing temperature was optimized for
each primer set and the PCR reaction was evaluated by melting
curve analysis following the manufacturer's instructions and
checked by electrophoresis. -actin was amplified to ensure
cDNA integrity and to normalize expression. Each quantita-
tive PCR was performed at least in duplicate for 2 sets of RNA
preparations. Primer sequences are available on request.

FACS analysis. Cells (2x10°) were fixed for 10 min in 100%
methanol, washed twice in PBS, permeabilized in 0.1% Tween/
PBS and again washed twice in PBS. Cells were then incubated
for 1 h with anti-Robo3 primary antibody (1:50; Everest Biotech,
Oxfordshire, UK) in 1% BSA/PBS. After three times washing
with PBS, cells were incubated for 30 min with Cy5-conjugated
anti-goat antibody (1:100; Jackson ImmunoResearch, Suffolk,
UK) in 1% BSA/PBS and washed thrice in PBS. Finally, cells
were resuspended in 300 ul PBS and measured with the BD
FACSCanto IT (BD Biosciences, Franklin Lakes, USA) and BD
FACSDiva software. Data were afterwards analysed with the
WinMDI software (version 2.9).

Cloning and expression of Robo2-N-terminal region
(Robo2N). Human Robo2 from amino acids 1 to 841 was
amplified by PCR (Robo2 forward: 5'-gac gaa ttc aat gag tct
gct gat gtt tac ac; Robo2 reverse: 5'-gac gaa ttc taa atg aca act
tca ttg cgt ctc ¢) using Phusion Polymerase (NEB, Frankfurt
am. Main, Germany) and subsequently cloned into a pcDNA3
vector (Invitrogen, Karlsruhe, Germany) via EcoRI restriction
sites.

Mel Im cells were transfected via Lipofectamine Plus
(Invitrogen) with Robo2N expressing construct and expression
was confirmed by quantitative RT-PCR. Cells were used in
migration assays 24 h after transfection.

Migration assay (Boyden Chamber). The migration assay was
performed using Boyden Chambers containing polycarbonate
filters with 8 ym pore size (Costar, Bodenheim, Germany),
as previously described (17). Briefly, filters were coated with
gelatine. The lower compartment was filled with fibroblast-
conditioned medium, used as a chemoattractant. Melanoma
cells were harvested with trypsin incubation for 2 min, resus-
pended in DMEM without FCS at a density of 3x10* cells/ml
and injected in the upper compartment of the chamber on the
filter. After incubation at 37°C for 4 h, all cells attached to the
upper surface of the membrane were removed. Cells adhering
to the lower surface were fixed, stained and counted. rmSlit3
(R&D Systems) was used at a concentration of 0.1 xg/ml and
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Figure 1. Robo expression in malignant melanoma cells and NHEM. Robol
(A), Robo2 (B) and Robo3 (C) mRNA was quantified in malignant melanoma
cells (7 cell lines), pooled and compared to melanocytes (NHEM; 3 dif-
ferent donors) by qRT-PCR (melanoma cell line Mel Im was set as 1). Robol
expression was unchanged. Robo2 expression was dramatically reduced in
all melanoma cells compared to melanocytes, whereas Robo3 expression was
significantly increased ("P<0.01; ““P<0.001). ns, not significant.

added to the cells in the upper chamber of the system. All
experiments were repeated at least three times.

3D-spheroid migration. Spheroids of B16 DC (double trans-
fected with FITC histone and TRITC actin marker) cells
were designed after the hanging drop method (18). After
72 h, spheroids were harvested and embedded in collagen
matrix + rmSlit3 (100 ng/ml) and covered with DMEM
medium mixed with fibroblast-conditioned medium plus
FCS (1:1) = rmSlit3 (100 ng/ml) which was changed at 24 h.
Migration was analyzed after 24, 48, 72 and 96 h with the
Axiovert 200 M and the AxioVision Software 4.5.0.0. For
quantification of migration, the area of migrated cells after
72 h was measured with ImageJ Software 1.410 and compared
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Figure 2. Comparison of Robo3 expression in Mel Im and NHEM. (A) Robo3
mRNA expression in the melanoma cell line Mel Im was quantified via
qRT-PCR and compared to melanocytes (NHEM). Significant induction of
Robo3 could be detected in the melanoma cell line Mel Im (““P<0.001). (B)
Robo3 protein expression was measured via fluorescent activated cell scan-
ning (FACS) in Mel Im cells and compared to NHEM. Higher Robo3 protein
levels could be detected in the melanoma cells compared to NHEM.

to the spheroid area, followed by comparison of rmSlit3-
treated cells and untreated control (set as 100%).

AP-1 luciferase assay. Mel Im cells (0.2x10%/well of a 6-well
plate) were transfected via the Lipofectamine plus method with
0.5 pug plasmid DNA of pGL2-basic or AP-1 luciferase reporter
vector. The cells were lysed 24 h after transfection and lucif-
erase activity in the lysate was quantified (Promega, Mannheim,
Germany). Transfection efficiency was normalized according
to renilla luciferase activity by co-transfection of 0.1 ug of the
plasmid pRL-TK (Promega). Transfections were repeated at
least four times.

Statistical analysis. Calculations were performed using the
GraphPad Prism software (GraphPad software, Inc., San Diego,
USA). All results are expressed as mean + SD (range) or in %.
Error bars represent standard deviation. Comparison between
groups was made using the Student's paired t-test (two-tailed).

Results

Robo expression in malignant melanoma cell lines compared to
NHEM . Robo receptor mRNA expression was analysed in seven
malignant melanoma cell lines compared to normal human

723

100+
X 75-
» etk
& s
m dedede
©
<)
2 251
£
0 T T
& & a® ©
> & S S
¥ 8
N -‘S\b
N4 ¥

Figure 3. Slit3 effect on migration of malignant melanoma cells in the Boyden
Chamber Assay. Mel Im (n=8) and A375 (n=5) cells were tested in the Boyden
Chamber assay. Migration was significantly reduced in cells treated with
100 ng/ml recombinant mouse Slit3 (rmSlit3; ““P<0.001).

epidermal melanocytes (NHEM) of three different donors
by qRT-PCR (Fig. 1). Robol was not differentially expressed
(Fig. 1A), whereas Robo2 expression was significantly reduced
(Fig. 1B), and Robo3 expression was significantly increased in
the melanoma cell lines compared to NHEM (Fig. 1C).

Robo3 protein expression was measured by fluorescent
activated cell sorting/scanning (FACS) analysis (Fig. 2B).
Compared to the low Robo3 protein-expressing NHEM, a
higher Robo3 expression was confirmed in the melanoma cell
line Mel Im paralleling the expression at the mRNA level as
determined by RT-PCR (Fig. 2A).

Slit3 inhibits migration of melanoma cells Mel Im and A375.
The repellent factor family Slit has been described to control
neuronal migration (19). We, therefore, aimed to analyse the
effect of Slit on melanoma cell migration, since melanoma
cells are essentially of neural crest origin. Gain of migratory
activity plays a critical role in spreading of melanoma cells
during metastasis. Mel Im and A375 (both cell lines derived
from melanoma metastases) were treated with rmSlIit3 in
Boyden Chamber migration assays (Fig. 3). Migration was
significantly reduced in both cell lines after Slit3 treatment
compared to untreated controls. Proliferation of the melanoma
cell lines Mel Im, A375, Mel Ei and Mel Juso was not influ-
enced by Slit3 (data not shown).

Slit3 inhibits migration of B16 mouse melanoma cells in 3D.
We used B16 cells that were stably transfected with FITC
histone marker to illustrate migration of the cells out of a three-
dimensional (3D) spheroid into a collagen matrix (Fig. 4).
This highly reproducible method has the great advantage of
abolishing surface interactions (18) and allowed us to study the
long term effects of Slit3 on migration. The spheroids treated
with rmSlit3 showed a significant reduction of migration to
about 50% compared to untreated control spheroids.

Robo2N neutralises Slit3-mediated inhibition of migration
of melanoma cells. To confirm that inhibition of melanoma
cell migration is due to direct Slit effects, we transfected an
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Figure 4. Spheroid migration of B16 melanoma cells. (A) Cells of spheroids
treated with rmSlit3 showed significantly reduced migration compared to
the untreated spheroid control ("P<0.05). (B) Representative pictures of three
rmSlit3 treated and control spheroids with FITC-labelled histone marker of
B16 DC cells.
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Figure 5. Boyden Chamber migration assay of melanoma cells expressing
Robo2N. Mel Im cells were transiently transfected with Robo2N (expression
was examined by qRT-PCR; data not shown). The inhibitory effect of rmSlit3
on migration was neutralized in Robo2N expressing cells.

expression construct for the N-terminal, extracellular domain
of Robo2 (Robo2N) into Mel Im cells (re-expression was
controlled by qRT-PCR; data not shown). This soluble receptor
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Figure 6. Modulation of AP-1 activity and target gene expression. (A) Mel Im
cells treated with rmSlit3 for 24 h showed significantly decreased AP-1
activity compared to the untreated control ("P<0.05). (B) MMP2 expression
significantly decreased in rmSlit3-treated Mel Im cells after 24 h compared to
the untreated control ("P<0.05). (C) MMP14 expression significantly decreased
in rmSlit3-treated Mel Im cells after 24 h compared to the untreated control
("P<0.01).

for the ligand Slit3 was fully capable of neutralising the Slit3-
mediated inhibition of migration (Fig. 5).

Slit3 modulates AP-1 activity. To elucidate the signalling
pathways regulated by Slit/Robo interaction we determined
the effect of Slit treatment on strongly activated pathways
in melanoma. After treatment with rmSlit3 for 24 h, activity
of AP-1 was significantly reduced to about 50% compared
to untreated control (Fig. 6A), whereas LEF/TCF and NF«kB
activity were not influenced by rmSlit3 (data not shown).

To analyze, whether Slit3 treatment also affects AP-1
target genes, we determined the expression of MMP2 and
MMP14 mRNA via qRT-PCR. Expression of both, MMP2
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and MMP14, were significantly reduced after 24 h of rmSlit3
treatment (Fig. 6B and C).

Discussion

The repellent factor family Slit and Robo have been primarily
described in axon guidance of neurons and have been exten-
sively reviewed (5,6,19). Recent data suggest that deregulation
of the Robo/Slit system can lead to tumour development
(11,12,14,20) and influence cell guidance of tumour cells (21).

We revealed a significant loss of Robo2 in melanoma
cells compared to normal melanocytes. A recently published
study revealed regulation of Robo2 by miR-218 (22). This
miRNA is strongly induced in melanoma (23) suggesting
that suppression of Robo2 expression could be regulated via
miR-218. In addition, strong induction of Robo3 was observed
in melanoma cells at the mRNA and protein level suggesting a
regulation on the transcriptional level. We recently could link
strong Robo3 expression to aggressive, invasive behaviour in
synovial fibroblasts derived from patients with rheumatoid
arthritis (24), although the molecular mechanisms are still
unclear. Potentially, a similar correlation of increased Robo3
expression and aggressiveness and invasive potential may be
found in melanoma cells.

It has already been shown that Slit2 can attract vascular
endothelial cells via Robol and therefore, promote tumour
growth of malignant melanoma cells (8). On the other hand, the
nerve repellent factors Slit and Robo may be able to directly
regulate melanoma cell migration during the process of
tumour dissemination similarly to chemokine attraction (25).
In our study, the treatment of melanoma cell lines with Slit3
could strongly reduce the migratory activity of melanoma cells
both in the Boyden Chamber and in spheroid migration assays,
whereas proliferation of melanoma cells was not affected. This
inhibitory effect of Slit3 could be neutralized after expres-
sion of the soluble, extracellular Robo2 protein (Robo2N),
confirming a direct effect of Slit3. Other studies could show
effects of Slit on the migratory potential of non- melanoma
cancer cells such as glioma, hepatocellular carcinoma or
breast cancer (26-28). A recent study of Yuasa-Kawada et al
(29) could define the mechanism in more detail and revealed
that the deubiquitinating enzyme USP33 is a mediator of the
Slit/Robo signaling. Expression of USP33 is strongly induced
in melanoma cells compared to melanocytes (data not shown)
suggesting that this modulator of Slit activity could also be of
importance in melanoma.

Interestingly, signalling induced by Slit is not via modula-
tion of the f-catenin/LEF/TCF activity in melanoma cells as
suggested by Rhee et al for other cell types (30). We deter-
mined a strong inhibitory effect of Slit3 on AP-1 signalling
resulting in reduced expression of AP-1 target genes. Until
now regulation of this signalling pathway by Slit/Robo has
not been reported. We recently described that modulation of
the cytoskeleton can influence AP-1 activity by stabilising
the c-Jun protein (31,32). Robo/Slit signalling is known to
influence actin polymerisation (33) and could influence AP-1
activity via the newly determined pathway.

Taken together, this is the first study where the repellent
factor molecule Slit was analysed for further application for the
therapy of cutaneous malignant melanoma.
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