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Slit2 and Robol induce opposing effects on metastasis
of hepatocellular carcinoma Sk-hep-1 cells
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Abstract. The neural guidance molecular, Slit2, and its cognate
receptor, Robol, play critical roles in the development of the
nervous system, nevertheless, their functions are not limited
to this system. Numerous studies have shown decreased S7ir2
expression in a wide variety of cancers, highlighting its poten-
tial as a tumor suppressor. However, the Slit2/Robol signaling
axis was reported to induce either suppressive or stimulatory
effects on tumor growth and metastasis, depending on cellular
context. There is a paucity of information on the effects of
the Slit2/Robol signaling axis on the growth and metastasis
of human hepatocellular carcinoma (HCC). Large-scale data
mining of the Oncomine database has revealed heterogeneous
expression of Slit2 in HCC. We screened the Sk-hep-1, a cell
line showing a relatively high level of Slit2, and low level of
Robol expression. After Sliz2 knockdown and Robol over-
expression in these cells, we found Slit2 and Robol exerted
opposing effects on tumor growth and metastasis both in
in vitro and in vivo models. Slit2 knockdown and Robol
overexpression in Sk-hep-1 cells promoted tumor growth and
metastasis, suggesting a negative and positive role for Slit2 and
Robol, respectively, in tumor progression. Robol overexpres-
sion upregulated matrix metalloproteinase (MMP)2, -9 and
membrane-typel MMP (MT1-MMP) expression, stimulated
MMP2, but not MMP9 activation, and downregulated expres-
sion of TIMP1 and 2. The PI3K/Akt signaling pathway is of
importance in regulating MMP2 expression in Sk-hep-1 cells,
since Robol overexpression stimulated phosphorylation of Akt
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while the PI3K inhibitor LY294002, significantly inhibited the
upregulation of MMP2 and also the enhanced cell invasion
induced by Robol overexpression. We postulate that Robol
promotes tumor invasion partly by the upregulation of MMP2
after activation of PI3K/Akt signaling pathway. Notably, Slit2
knockdown caused the upregulation of Robol expression both
at the mRNA and protein levels. Thus, the stimulatory effects
of Slit2 knockdown on tumor progression can be ascribed, at
least in part, to the upregulation of Robol and its positive role
in tumor progression.

Introduction

Slits (Slit1-3) proteins and their cognate receptors (Robol-4)
were originally identified as key regulators in neural devel-
opment, yet, their functions are not limited to neurons. The
Slit/Robo signaling pathway also functions in the development
of the heart (1), gonad (2), follicle (3) and kidney (4). Altered
expression of Slits and Robo is common in various patho-
logical conditions, particularly in cancer. Current research
on the Slit/Robo signaling pathway in tumors is focused on
growth and metastasis, of which the Slit2/Robol signaling
axis is the most studied. Numerous studies demonstrate
that Slit2 exerts its functions through binding to the Robol
receptor. This induces controversial effects on two aspects of
tumor cells, by either promoting or suppressing tumor growth
and on metastasis, depending on cancer types. While the
Slit2/Robol signaling axis suppressed growth or metastasis
in breast cancer (5,6), pancreatic ductal adenocarcinoma (7),
intrahepatic cholangiocarcinoma (8), medulloblastoma (9),
and glioma (10-12), it promoted growth and metastasis in
intestinal cancer (13), colorectal carcinoma (14), pancreatic
islet tumors (15), and chemically-induced squamous cell
carcinoma (16). These results underline the multiple effects of
Slit2/Robol signal pathway on tumor progression.

For tumor metastasis to occur, tumor cells must degrade
the extracellular matrix and basement membrane to facili-
tate invasion. MMPs, in particular, MMP2 and MMP9 are
thought to play a critical role in this process. To date, very
few studies have reported on the effect of the Slit2/Robol
signaling pathway on MMP2 and MMP9 expression. In
Slit2-transgenic mice, MMP2, but not MMP9 expression
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was upregulated in chemically-induced skin tumors (17).
Moreover, a Robol blocking monoclonal antibody inhibited
the activity of MMP2 and MMP?9 in tongue cancer cells (18).
Conversely, Slit2 inhibited the CXCL12-induced activities of
MMP2 and MMPD9 in breast cancer cells (19). These results
suggest that Slit2 could have both inhibitory and stimula-
tory effects on MMP2 and MMP9 expression and activity
in different tumors. However, how the Slit2/Robol signaling
pathway modulates MMP2 and MMP9 expression and
activity currently remains unknown.

Although the effects of the Slit2/Robol signaling axis on
tumor growth and metastasis have been reported in various
cancers, very little is known of this pathway in hepatocellular
carcinoma (HCC). In the present study, we first examined the
expression of Slit2 and Robol in several HCC cell lines, and
then, explored the effects of Slit2/Robol on tumor growth and
metastasis of cells by lentivirus-mediated S/iz2 RNA knock-
down and Robol overexpression. We found that, unlike the
previously reported either inhibitory or promoting effects of
the Slit2/Robol signaling axis on tumor growth and metas-
tasis, Slit2 and Robol induced opposing effects on these tumor
characteristics.

Materials and methods

Cell lines, vector constructs and reagents. All HCC cell lines,
Sk-hep-1, SMMC-7721, HepG2 and normal hepatic cell lines
L-O2 were cultured in high-glucose Dulbecco's modified
Eagle's medium (DMEM; HyClone Laboratories, Logan,
UT, USA) supplemented with 10% fetal bovine serum (FBS;
Gibco-BRL, Carlsbad, CA, USA). The human full length
cDNA of Robol (4824 bp) was supplies by Professor Jiahuai
Han (State Key Laboratory of Cellular Stress Biology, School
of Life Sciences, Xiamen University, Xiamen, China) and
subcloned into the lentiviral expression vector pBobi (gift from
Professor Jiahuai Han) with acMyc tag at the carboxyl terminus.
Small haipin RNA (shRNA) oligos directed against Slit2
which were designed and screened with online service (http://
katahdin.cshl.org/siRNA/RNAi.cgi?type=shRNA), were
annealed and cloned into the lentivirus vector pll13.7 (State Key
Laboratory of Cellular Stress Biology, School of Life Sciences).
MAPK inhibitors, SB203580, PD98059, SP600125 and PI3K
inhibitor, LY294002, were purchased from Calbiochem (San
Diego, CA, USA).

Establishment of stable cell lines. Virus stocks were prepared
by co-transfecting pll3.7 or pBobi (cMyc tag) with two pack-
aging plasmids (pHR and pVSVG) into 293T cells. Viral
supernatants were harvested after 48 h, filtered and centri-
fuged (90 min at 75,000 x g). For Sliz2 RNA knockdown, cell
lines were infected with pll3.7-Slit2-shRNA in the presence
of polybrene (8 ug/ml; Sigma, St. Louis, MO, USA) for 2
days. Infected cells were screened by G418 (1,500 pg/ml for
Sk-hep-1; Sigma) treatment. The same pll3.7 vectors with
scramble sequence of Slit2 were used as a control (pl13.7-Slit2-
shetrl). For Robol overexpression, the method is the same as
mentioned above, except cell lines were infected with pBobi-
Robol, and screened by puromycin (2.5 pg/ml; Sigma), the
same vector encoding GFP was used as a control (pBobi-GFP).
Stable transfectants were assayed for the expression of Slit2
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and Robol by real-time quantitative PCR (QPCR) and western
blot analysis.

PCR. Real-time qPCR and primers used were previously
described (20). For reverse transcription PCR (RT-PCR),
amplification conditions were initial denaturation at 95°C
for 1 min, followed by 32 cycles of 95°C for 30 sec, 58°C for
30 sec and 72°C for 1 min for MMPs and TIMPs, by 23 cycles
and the same conditions for GAPDH. All primer sequences
are listed in Table I.

Enzyme-linked immunosorbent assay. A total of 1x10° cells
were seeded per well in 6-well microplates (Shanghai Sunub
Bio-Tech Development, Inc., Shanghai, China). After cells
became attached (8 h later), the culture medium was replaced
with 2 ml serum-free fresh DMEM/well. Twenty-four hours
later, culture supernatants were collected and centrifuged to
remove cell debris. Secreted Slit2 production in supernatants
was measured by Enzyme-linked immunosorbent assay
(ELISA) kit (ETAab, #E06 72 h) in accordance with the manu-
facturer's instructions. Optical densities of supernatants were
measured at 450 nm in a microplate reader (MultiSkan MK3;
Thermo Fifher Scientific, Waltham, MA, USA).

Cell proliferation, migration and invasion assay. Cell prolif-
eration, migration and invasion assays were performed as
previously described (20). Briefly, a total of 500 cells were
seeded per well in 96-well microplates (Shanghai Sunub
Bio-Tech Development) and cultured for 4 consecutive days.
The medium was changed every other day. On each day, one
group of culture media was replaced with 100 pl serum-free
fresh medium containing 10% MTT (Sigma) and maintained
at 37°C for 4 h. After discarding the medium, 150 ul of DMSO
was added to each well to dissolve MTT formazans. Optical
densities were measured at 560 nm with a reference wave-
length at 630 nm.

For cell migration, cells that were 90% confluent in a 24-well
plate (Shanghai Sunub Bio-Tech Development) were scratched
with a 200-ul pipette tip to form wounded gaps. After washing
out cell debris, the wounded gaps were photographed under a
microscope at x40 magnification to acquire a baseline image.
Cells were then cultured in DMEM containing 10% FBS for
24 h and photographed to obtain the second set of images.
Gap width was measured by Image-Pro Plus 6.0 software. Cell
migration was quantitatively analyzed by subtracting the gap
width of the second image from the baseline image.

For cell invasion, chambers (8 ym; Millipore, Billerica,
MA, USA) were coated with 20 ul diluted Matrigel (0.1 mg
protein/ml; BD Biosciences) for 30 min at 37°C and inserted
into a 24-well plate. A total of 1x10* cells/chamber in 100 ul
serum-free DMEM were plated on the upper side of Matrigel-
coated Transwell chambers. Medium in the lower chambers
contained 10% FBS as the source of chemo-attractants. The
plates were incubated for 24 h at 37°C. Cells that had invaded
the lower surface at 37°C were fixed with methanol and stained
with crystal violet. Three random fields were counted under a
light microscope.

Cell adhesion assay. Twenty-four-well plates were pre-coated
with 0.2% gelatin. Cells were then plated on coated culture
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Primers

hMMP1-Forward
hMMP1-Reverse
hMMP2-Forward
hMMP2-Reverse
hMMP3-Forward
hMMP3-Reverse
hMMP8-Forward
hMMP8-Reverse
hMMP9-Forward
hMMP9-Reverse
hMMP10-Forward
hMMP10-Reverse
hMMP11-Forward
hMMP11-Reverse
hMMP13-Forward
hMMP13-Reverse

hMT1-MMP-Forward
hMT1-MMP-Reverse

hTIMP1-Forward
hTIMP1-Reverse
hTIMP2-Forward
hTIMP2-Reverse
hGAPDH-Forward
hGAPDH-Reverse

5'-CATCCAAGCCATATATGGACGTTCC-3'
5'TCTGGAGAGTCAAAATTCTCTTCGT-3'
5S'-TTTGACGGTAAGGACGGACTC-3'
5-TTGGTGTAGGTGTAAATGGGTG-3'
5'-TCAGTCCCTCTATGGACCTC-3'
5'-GAGGGAAACCTAGGGTGTGG-3'
5'-AGTGCCTGACAGTGGTGGTTTT-3'
5'-CCAGTAGGTTGG ATAGGGTTGC-3'
5'-CGGAGCACGGAGACGGGTAT-3'
5'-GCCGCCACGAGGAACAAACT-3'
5'-AGTTTGGCTCATGCCTACCC-3'
5-GGCCCAGAACTCATTTCCTTT-3'
5-GGTGGCAGCCCATGAATTTG-3'
5'-ACTGAGCACCTTGGAAGAACC-3'
5'-TGGAATTAAGGAGCATGGCG-3'
5'-CCTCGGAGACTGGTAATGGC-3'
5'-AGGTGATCATCATTGAGGTGG-3'
5'-ACAGAGAGAAGCAAGGAGGC-3'
5-TGCACCTGTGTCCCACCCCACCCACAGACG-3'
5'-GGCTATCTGGGACCGCAGGGACTGCCAGGT-3'
5'-AGGGCCAAAGCGGTCAGT-3'
5'-CCTGCTTATGGGTCCTCGA-3'
5'-ACCACAGTCCATGCCATCAC-3'
5'-TCCACCACCCTGTTGCTGTA-3'

plates and incubated for 30 min. After medium and non-
adherent cells were removed, adherent cells were washed with
PBS two times, and stained with crystal violet. After being
washed twice, the adherent cells were counted by counting the
cell numbers on eight random fields.

Gelatin zymography. Gelatin zymography was performed
as previously described (20). A total of 2 million cells
were cultured in a 6-cm dish (Shanghai Sunub Bio-Tech
Development) with 5 ml DMEM (10% FBS) for 8 h. Medium
was replaced with 2-ml serum-free DMEM and incubated for
an additional 12 h. The conditioned medium was collected and
filtered through a 0.22-um filter (Millipore). A total of 10 pl
of conditioned media was mixed with 10 ul sample buffer
(0.25 M Tris-HCI, pH 6.0, 8.5% glycerol, 4% sodium dodecyl
sulfate and 0.01% bromophenol blue) and electrophoresed in
a 7.5% SDS-polyacrylamide gel containing 2 mg/ml gelatin
(Sigma). After electrophoresis, the gel was washed three times
for 10 min in 2.5% Triton X-100 and placed in incubation
buffer (50 mM Tris-HCI, pH 7.6, 10 mM CacCl,, 50 mM NaCl
and 0.05% Brij-35) overnight at 37°C. After incubation, the gel
was stained with a solution of 0.25% Coomassie blue R250,
40% methanol and 10% acetic acid for 1 h at room tempera-
ture and destained with 40% methanol and 10% acetic acid
until protein bands were apparent.

Western blot analysis. Western blot analysis was performed
as previously described (20). A total of 50 ug of protein
samples were examined for each protein. After electropho-
resis and membrane transfer, the membranes were incubated
with rabbit polyclonal primary antibody for Robol (#ab7279;
Abcam) at a 1:1,000 dilution, rabbit polyclonal primary anti-
body Akt (#9272; Cell Signaling Technology), phospho-Akt
(#9271; Cell Signaling Technology) at a 1:1,000 dilution,
mouse monoclonal antibody for a-tubulin (#T6074; Sigma)
at a 1:4,000 dilution and appropriate horseradish peroxidase-
linked secondary antibodies at a 1:2,000 dilution. After
washing three times with TBST, bound antibody was devel-
oped using the ECL plus Western Blotting Detection system
(Thermo Fisher Scientific).

Invivo tumor growth. Cells (2x107 cells/ml) were suspended in
PBS,and a 0.1 ml of suspension was inoculated subcutaneously
(s.c.) into the right flanks of 4-week-old Balb/c nude mice on
day 0. All animals were sacrificed after 30 days, the resulting
tumors were completely dissected, and then the tumor volumes
calculated using the formula (length x width) %/2.

Experimental metastasis. Cells (2x10%/mouse) in 0.1 ml of PBS
were injected into 4-week-old Balb/c nude mice through the
tail vein. All animals were sacrificed after 30 days. The lungs
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Figure 1. Oncomine data analysis. Slit2 is heterogeneously expressed, while Robol is markedly elevated in HCC. The original data for the microarray analysis
of Slit2 and Robol from different published reports was extracted from Oncomine database. The box plot shows the 25th and 75th percentiles as the bottom
and top boundaries of the box, respectively. The line within the box represents the median, and the whiskers above and below the box indicate the 90th and

10th percentiles.

were first dissected and visible tumor nodules in all lung lobes
counted using a stereo fluorescence microscope. Nodules were
then fixed in 4% paraformaldehyde (PAF) solution, embedded
in paraffin, sectioned and stained with hematoxylin and eosin
(H&E) for routine histological examination by light micros-

copy.

Statistical analysis. Statistical analysis was carried out using
GraphPad Prism 5 software (GraphPad Software, Inc., Irvine,
CA, USA) and depicted as mean = SD or SEM. Student's t-test
or the two-way analysis of variance (ANOVA) were performed
and P<0.05 was considered statistically significant.

Results

Slit2 is heterogeneously expressed in HCC. Jin et al (21)
reported the epigenetic inactivation of Slit2 in 6 of 8§ HCC
cell lines and 45 of 54 tumor tissues. To extend our under-
standing of Slit2 expression in HCC samples on a large-scale,
we explored the Slit2 expression using an Oncomine database.
Data mining revealed a heterogeneous expression pattern
of Sliz2 in HCC samples (22-24). As shown in Fig. 1A, only
one analysis showed significantly reduced S/it2 expression
compared to normal tissues (24), suggesting that the observed
reduction in Slit2 expression does not apply to all HCC
samples. In contrast, the expression of Robol was markedly
elevated in HCC samples (Fig. 1B). To verify the results in
HCC cell lines, we contrasted Slit2 and Robol gene expres-
sion in 3 commonly used HCC cell lines to those of a normal
hepatic cell line, L-O2 by real-time qPCR. As shown in
Fig. 2A, compared to L-O2, Hep3B cells showed a comparable
level of Slit2 expression to L-O2, and reduced Slit2 expres-

sion was observed in HepG2 cells. However, Sk-hep-1 cells
showed elevated Slit2 expression relative to L-O2 (P=0.0016,
n=3). Robol expression in Sk-hep-1 was comparable to that of
L-02, while Hep3B and HepG2 cells maintained a markedly
elevated Robol expression level. Sk-hep-1 cells were selected
for further study by establishing the stable SIi2 knockdown or
Robol-overexpressing cell lines. Furthermore, to understand
the expression of other slit ligands and Robo receptors in
Sk-hep-1 cells, the expression of Slit3 and Robo2, 3 and 4 were
compared to that of Slir2 or Robol, respectively. As shown
in Fig. 2C, the expression of S/it3 was nearly 5-fold greater
than that of S/it2 in Sk-hep-1 cells, indicating a potentially
important role for Slit3 in Sk-hep-1 cells. Robo4 was slightly
less expressed compared with Robol, while Robo2 and Robo3
expression levels were extremely low (Fig. 2D).

Generation of stable Slit2 knockdown and Robol overex-
pressing cell lines. Sk-hep-1 cells were transduced with a
VSV-G pseudotyped lentivirus vector (pll3.7) for stable Sliz2
knockdown (Sk-Slir2-shRNA), and with a pBobi vector for
stable Robol overexpression (Sk-Robol). The efficiency of
gene knockdown and overexpression were assayed at both
mRNA and protein levels. Sliz2 expression in Sk-hep-1 cells
was significantly decreased when transduced with two pll3.7
vectors containing S/ir2-shRNA, with knockdown efficiencies
of 55 and 60% for Slit2 in Sk-hep-1 cells (Fig. 3A), respec-
tively. These mRNA results were further confirmed at the
protein level. As Slit2 is a secreted soluble protein, an ELISA
assay was performed to examine changes in Slit2 proteins in
the supernatant of Sk-hep-1 cells. The concentration of Slit2
in the supernatant of Sk-Sliz2-shctrl cells was 2.26 ng/ml
(n=3). After Slit2 mRNA knockdown, the concentration of
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Figure 3. Slit2 knockdown and Robol overexpression in Sk-hep-1 cells. For Slit2 knockdown, Sk-hep-1 cells were stably transduced by pll3.7-Slit2-shRNA
(Sk-Slit2-shRNA) or a control plasmid (Sk-Slit2-shctrl) as described in Materials and methods. For Robol overexpression, pBobi-Robol (Sk-Robol) or control
plasmid (Sk-GFP) was transduced into cells. Knockdown of Slit2 expression was analyzed by (A) real-time qPCR and (B) ELISA. Secreted Slit2 production
in cell supernatants was measured with a Slit2 ELISA kit. Robol overexpression was analyzed by (C) real-time qPCR and (D) western blot analysis. Data are
expressed as the mean = SEM. Significant differences ('P<0.05, “P<0.01, "“P<0.001, n=3) were determined by the Student's t-test using GraphPad Prism 5.0
software.

Slit2 reduced to 1.39 ng/ml (n=3, P=0.0098), 0.94 ng/ml (n=3,
P=0.0105) in Sk-S7i#2-shRNA1 and shRNA?2 cells, respectively
(Fig. 3B). Overexpression of Robol in Sk-hep-1 cells induced
a nearly 300-fold increase in mRNA levels (Fig. 3C), this was
confirmed at the protein level by western blotting (Fig. 3D).
Stable Slit2-knockdown and Robol-overexpressing cell lines
were thus generated successfully.

Slit2 knockdown and Robol overexpression promote prolif-
eration and tumor growth of Sk-hep-1 cells. To investigate
the effects of Slit2 knockdown and Robol overexpression
on the proliferation of Sk-hep-1 cells, an MTT assay was
performed. As shown in Fig. 4A, Slit2 knockdown in Sk-hep-1
cells promoted cell proliferation, suggesting an innate role
for Slit2 in Sk-hep-1 cells as a tumor suppressor. Contrary
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Figure 4. The effects of Slit2 knockdown and Robol overexpression on tumor growth. Sk-hep-1 cells were cultured in 96-well microplates for four consecutive
days. MTT assays were performed each day to examine the effects of Slit2 knockdown (A) or Robol overexpression (C) on cell proliferation (n=5). The results
are expressed as the mean + SD and significant differences were determined by the two-way analysis of variance (ANOVA, “““P<0.0005). For the tumor
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and tumor volumes calculated. Both Slit2 knockdown (B, n=3) and Robol overexpression (D, n=4) promoted tumor growth. The results are expressed as the
mean = SD. Significant differences were determined by Student's t-test using GraphPad Prism 5.0 software (“P<0.01, ““P<0.001).

to Slit2, Robol appears to be a tumor promoter, since Robol
overexpression in Sk-hep-1 cells resulted in enhanced cell
proliferation (Fig. 4C). To test whether the effects of Slit2
and Robol on in vitro cell proliferation can be reproduced
in in vivo model, transduced Sk-hep-1 cells were injected
into nude mice, and 30 days later tumor volumes measured.
As expected, Slit2 knockdown stimulated the growth of
Sk-hep-1 tumors (Fig. 4B), although a significant difference
in tumor volume was not observed between Sk-Slit2-shcetrl
(125.6+61 mm?) and Sk-Slit2-shRNA1 (587.3+£267.3 mm?,
P=0.168) xenografts due to individual differences in mice,
a significant increase in tumor volume was observed in
Sk-S1it2-shRNA2 tumors (825.7+120.9 mm?, P=0.0067)
relative to Sk-Slit2-shctrl tumors. Overexpression of Robol
in Sk-hep-1 cells also promoted tumor growth. As shown in
Fig. 4D, a significant increase in tumor volume was observed
in Sk-Robol xenografts (1315+£164.4 mm?, P=0.0015), when
compared to Sk-GFP control xenografts (237.5£121.7 mm?).
These results suggest that Slit2 and Robol exerted opposing
effects on HCC proliferation and tumor growth.

Slit2 knockdown and Robol overexpression promote inva-
sion and metastasis of Sk-hep-1 cells. Metastasis is the main
cause of death for patients with HCC, with cell migration, and
adhesion affecting aspects of tumor metastasis. We examine
the effects of Sliz2 knockdown and Robol overexpression
on tumor metastasis, using both in vitro assays such as cell
migration, adhesion and an in vivo intravenous injection of
Sk-hep-1 cells for an experimental metastasis assay. As with
cellular proliferation and tumor growth, Slit2 and Robol also
displayed contrasting functions in aspects of metastasis. Both

Slit2 knockdown and Robol overexpression in Sk-hep-1 cells
enhanced cell migration (Fig. 5A and D) and decreased cell
adhesion (Fig. 5B and E). The effects of Slit2 knockdown and
Robol overexpression on metastasis of Sk-hep-1 cells were
observed after the intravenous injection of tumor cells, since
all lentiviral pll3.7 vectors for Si2 knockdown carried a GFP
marker, the pulmonary metastasis of cells was conveniently
analyzed by directly counting fluorescent metastatic Sk-hep-1
tumor nodules on the surface of lung tissues. Since the pBobi
vectors for Robol overexpression did not have a GFP marker,
the pulmonary metastasis of cells was determined by counting
tumor nodules on lung tissues sections. S/ir2 knockdown
(Fig. 5C) or Robol overexpression (Fig. 5F) in Sk-hep-1
cells significantly increased the number of metastatic tumor
nodules. Therefore, the counter effect of Slit2 and the effect of
Robol, on tumor metastasis were validated in an in vivo model.

Slit2 knockdown induces upregulation of Robol expression.
An inverse correlation between Slit2 and Robol expression has
recently been reported (25-27). To investigate the effects of
Slit2 knockdown on Robol expression, PCR and western blot
analysis were performed. As shown in Fig. 6, S/iz2 knockdown
induced the upregulation of Robol at both the mRNA and
protein level. Given the stimulatory effects of Robol overex-
pression on tumor growth and metastasis, the observation that
Slit2 knockdown promoted tumor growth and metastasis of
Sk-hep-1 cells could be partly ascribed to the upregulation of
Robol.

Robol overexpression increases MMP2, -9 and decreases
TIMPI, -2 expression through different signaling pathways.
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Figure 5. The effects of Slit2 knockdown and Robol overexpression on tumor metastasis. Migration and adhesion assays were performed as described in Materials
and methods. Both Slit2 knockdown and Robol overexpression promoted cell migration (A and D, respectively, n=3) and suppressed cell adhesion (B and E,
respectively, n=4). For tumor metastasis, Slit2-shRNA, Robol and control transduced stable Sk-hep-1 cell lines were injected intravenously. Metastatic tumor
nodules in all lung lobes were counted either under a fluorescence microscope directly. Original magnification, x40 (C) or in paraffin sections x200 (F). Results
are expressed as the mean = SD. Significant differences were determined by Student's t-test using GraphPad Prism 5.0 software ("P<0.05, “P<0.01, ““P<0.001).
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Figure 6. Slit2 knockdown upregulated Robol expression. RNA and protein samples were purified from confluent Sk-hep-1 cells and (A) real-time qPCR and

(B) western blot analysis was performed.

Most MMPs are secreted as inactive proenzymes whose
activities are tightly regulated by mRNA transcription and
stability control, and proenzyme activation via their activators
and inhibitors. MT1-MMP (MMP14, activator), and TIMP1

and -2 (inhibitors) are key molecules for pro-MMPs activation.
To explore the underlying correlations between Robol overex-
pression and MMPs, the expression of several secreted MMPs
and TIMP1, -2 was examined by RT-PCR. As shown in Fig. 7A,
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Figure 7. Robol overexpression stimulated expression of MMP2 and 9 and the
activation of MMP2, but not MMP?9, through a PI3k/Akt signaling pathway.
(A) RT-PCR. Expression of MMP2 and 9 and MT1-MMP was upregulated and
TIMPI and 2 expression was downregulated in Sk-Robol cells. (B) Gelatin
zymography. Robol overexpression stimulated the activation of MMP2, but
not MMP9I. (C) RT-PCR. Three MAPK inhibitors (10 uM SB203580 for p38
blockage, 20 xM PD98059 for ERK blockage, and 10 uM SP600125 for INK
blockage) and a PI3K inhibitor (10 M LY294002) were added to the culture
medium of Sk-hep-1 cells, RT-PCR was performed 24 h later. LY294002
significantly suppressed MMP?2 expression, indicating the importance of the
PI3k/Akt signaling pathway in regulating MMP2 expression. (D) Western blot
analysis. Robol overexpression stimulated the phosphorylation of Akt.

MMP2, -9 and MT1-MMP expression were upregulated, and
TIMP1 and 2 expression were downregulated in Robol over-
expressing Sk-hep-1 cells. Other MMPs, except MMP10, were
either not detected or detected in minute quantities, suggesting
MMP2 and 9 to be the key secreted MMPs involved in the
metastasis of these cells. As a pro-MMP activity assay, gelatin
zymography was performed. Robol overexpression increased
the production of pro-MMP?2 and 9, and induced pro-MMP2,
but not pro-MMP9, activation (Fig. 7B).

Robol overexpression stimulated the phosphorylation of Akt.
The MAPK (28-30) and PI3k/Akt (31-33) signaling pathways
have been widely reported to be involved in regulating the
expression of MMPs in HCC. To determine whether the
alteration in MMP and TIMP expression induced by Robol
overexpression in Sk-hep-1 cells was mediated by these two
signaling pathways, three MAPK inhibitors (SB203580 for
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Figure 8.1Y294002 antagonizes the enhancement of cell invasion and MMP2
expression induced by Robol overexpression. (A) Matrigel invasion assay. A
total of 1x10* cells/chamber in 100 pl serum-free DMEM were plated on the
upper Matrigel-coated chambers. LY294002 dissolved in DMSO was added
to the medium in the lower chambers. After incubation, the invaded cells on
the lower surface were counted (“P<0.01, n=3). (B) LY294002 was added to
the culture medium of Sk-Robol cells. RT-PCR was performed 24 h later.

p38 blockage, PD98059 for ERK blockage, and SP600125 for
JNK blockage) and a PI3k inhibitor (LY294002) were used
to block the corresponding signal transduction pathways. The
expression of MMPs and TIMPs was assayed by RT-PCR. As
shown in Fig. 7C, LY294002 significantly inhibited MMP2
expression. SB203580 inhibited MMP9 and PD98059 inhib-
ited MMP2 and 9 expression slightly. Significant changes were
not observed in TIMPs expression upon inhibitor treatment
(Fig. 7C). This suggested that varied signaling pathways for
the modulation of MMP2 and 9 expression exist in cells. It was
observed that p38 MAPK only slightly affected MMP2 expres-
sion, and that ERK MAPK slightly affected MMP9. The PI3k/
Akt signaling pathway, however, significantly affected MMP2
expression. Combined with the observation that Robol over-
expression stimulated the phosphorylation of Akt (Fig. 7D),
we postulated that the PI3K/Akt signaling pathway mediates
Robol-induced metastasis of Sk-hep-1 cells, at least partly, by
upregulating MMP2.

LY294002 antagonizes the enhancement of cell invasion and
MMP?2 expression induced by Robol overexpression. To test
the theory that the PI3k/Akt signaling pathway is involved
in metastasis of Sk-hep-1 cells, the effects of LY294002 on
in vitro tumor invasion were examined. As shown in Fig. 8A,
LY294002 neutralized the enhanced invasive ability of
Sk-hep-1 cells induced by Robol overexpression, concomitant
with blocking the upregulation of MMP2 (Fig. 8B). These
results confirmed the crucial role of the PI3k/Akt signaling
pathway in Robol-mediated tumor metastasis.

Discussion

Reduced S/ir2 expression has been reported in a great variety
of cancers, and is predominantly due to the hypermethylation
of the Sliz2 promoter (34-39). Although Slit2 downregulation
has also been reported in HCC tissues (21), large-scale mining
of microarray data from the Oncomine database revealed a
heterogeneous expression pattern for S/iz2 in HCC clinical
samples (Fig. 1A). Conversely, expression of the Slit2 cognate
receptor, Robol, is aberrantly upregulated in HCC samples
(Fig. 1B). Interestingly, a negative regulatory loop between
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Slit2 and Robol mediated by miR-218, which targets the 3'
untranslated region (3’UTR) of Robol and resides in the intron
of the Slit2 genome, has recently been confirmed (25-27). The
significance of the negative regulatory loop is still elusive. In
the present study, a similar inverse correlation between Slit2
and Robol was found in Sk-hep-1, which maintain a high level
of Slit2 and a low level of Robol, and in Hep3B and HepG2
cells, which maintain a high level of Robol but a low level of
Slit2 (Fig. 2A and B). Notably, we found, S7i2 knockdown led
to the upregulation of Robol (Fig. 6). As the target of RNA
knockdown is a final sliced Slit2 mRNA, not a genomic Slit2
sequence, effects are not exerted on the miR-218 localized
within an intron. Thus, the upregulation of Robol caused by
Slit2 knockdown is presumed to be via an as yet unknown
mechanism distinct from one that is miR-218 mediated. We
examined the functions of Slit2 and Robol by knockdown of
Slit2 or by overexpression of Robol, respectively, in Sk-hep-1
cells. Unexpectedly, these alteration in Slit2 and Robol expres-
sion induced opposing effects on tumor growth and metastasis.

Though still controversial, reports on the inhibitory effects
of Slit2 on the progression of various tumors are more numerous
than those describing its stimulatory effects. The effects of the
Slit2/Robol signaling axis in HCC, however, have rarely been
studied. Jin et al (21) reported that adenovirus mediated S/if2
overexpression in an SMMC-7721 cell line suppressed cell
growth, migration and invasion. However, the author did not
state whether the suppressive effects of Slit2 were mediated
by the Robol receptor. Our results strengthened the above
(21) findings by further providing evidence that lentivirus-
mediated S/iz2 knockdown in Sk-hep-1 cells, promoted cell
proliferation, highlighting the potential tumor suppressor role
of Slit2 in cells. Moreover, Robol overexpression in Sk-hep-1
cells also promoted cell proliferation. These results were also
confirmed in our tumor xenograft model, suggesting Slit2 and
Robol induce opposing effects on tumor growth (Fig. 4).

Cell migration, adhesion and invasion are closely associ-
ated with tumor metastasis. Weakened cell adhesion, and
enhanced cell migration and invasion, are characteristics of
metastatic tumor cells. We found, both S/it2 knockdown and
Robol overexpression in Sk-hep-1 cells promoted tumor metas-
tasis, concomitant with decreased cell adhesion and enhanced
migration, indicating Slit2 and Robol induce opposing effects
on tumor metastasis (Fig. 5).

MMPs are critical participants in degrading the extracel-
lular matrix to pave the way for tumor metastasis, of which
MMP?2 and 9 are key molecules due to their unique ability to
degrade type IV collagens, major components of the basement
membrane. Notably, MMP2 and 9 are secreted as latent pro-
enzymes whose activities rely on proteolytic activation. TIMP1
and 2 are inhibitors of MMP activation, with MT1-MMP a
specific activator of MMP?2 activation. The balance between
MTI1-MMP and TIMP2 determines MMP2 activation. The
activation of MMP9 is more complex, as many molecules,
including MMP?2, are involved in this process (40). We found
that only MMP?2, -9 and regulators of their activity such as
MTI-MMP and TIMPI and 2 were dominantly expressed
in Sk-hep-1 cells, suggesting the alterations of MMP2 and
-9 expression and their activities are important for cellular
metastasis. Robol overexpression stimulated MMP2, -9
and MTI-MMP, but suppressed expression of TIMPI and 2,
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thereby promoting the activation of MMP2, but not MMP9,
and causally resulted in the promotion of tumor metastasis
(Fig. 7A and B).

The expression of MMP2 and 9 is regulated heteroge-
neously by different signaling pathways in HCC tissues (41-43).
We found that MMP2, but not MMP9, was regulated by the
PI3K/Akt signaling pathway (Fig. 7C). Robol overexpres-
sion enhanced the phosphorylation of Akt and SK-hep-1 cell
invasion which was antagonized by PI3K-specific inhibitor,
LY294002 (Figs. 7D and 8). This led us to postulate that Robol
promoted tumor invasion partly by the upregulation of MMP2
after activating the PI3K/Akt signaling pathway. These results
strengthened the importance place on the PI3K/Akt signaling
pathway in the metastasis of HCC as frequently reported by
others (31-33).

From results reported to date, the confirmed involvement of
the Slit2/Robol signaling pathway on tumor progression either
induces inhibitory or stimulatory effects. In our experiments,
the effects of Slit2 knockdown in Sk-hep-1 cells suggested a
negative role for Slit2 in tumor metastasis, whereas Robol
overexpression in Sk-hep-1 cells pointed to a positive role
for Robol in tumor metastasis. As a result, a question arises:
how does the Robol receptor, which plays a positive role on
tumor metastasis, mediate the negative effects of Slit2 in
tumor metastasis if the Slit2/Robol signaling axis mediates
the effects observed in Sk-hep-1 cells? Although we did not
explore the exact mechanisms for the contrasting effects of
Slit2 and Robol on HCC growth and metastasis, the observa-
tion that Slit2 knockdown caused the upregulation of Robol
expression provides an indication to the possible mechanism.
Basically, the Slit2/Robol signaling axis induces suppressive
effects on HCC metastasis, while the knockdown of Slit2
removes the suppressive effects, resulting in the enhancement
of the metastasis. Furthermore, the upregulation of Robol
induced by Slit2 knockdown might induce stimulatory effects
upon the binding of other Slit ligands such as Slit3. We found
that, while Sk-hep-1 cells maintained a relatively high expres-
sion of Slit2 and low expression of Robol compared levels
in with normal cells, an even higher expression of Slit3 was
detected (Fig. 1C). Our previous study demonstrated that Sliz3
knockdown promoted proliferation, migration and invasion
of A549 cells, indicating a tumor suppressor role for Slit3 in
lung adenocarcinoma (20). However, the effects of Slit3 might
depend on either the Robo receptors it interacts with, or the
cell context. Among the four members of Robo receptors,
Robo4 is structurally distinct from the others, indicating it
may be involved in signaling differently to that of Robol. The
Slit3/Robo4 signaling pathway has been shown to play a pro-
angiogenic role in embryonic angiogenesis (44) and human
engineered tissues (45). In Sk-hep-1 cells, Robo4 was second
in expression to Robol, although at a low level (Fig. 1D).
Whether Slit3 can induce the stimulatory effects on tumor
metastasis by binding to Robol that has been upregulated by
Slit2 knockdown or to Robo4, deserves further study.

In summary, our results provide evidence that Slit2 and
Robol induce opposing effects on tumor growth and metas-
tasis. S7iz2 knockdown and Robol overexpression in Sk-hep-1
cells promotes tumor growth and metastasis, suggesting a
negative and positive role for Slit2 and Robol, respectively, in
tumor progression. These results contradict published reports
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to date that indicate the Slit2/Robol signaling axis induces
either a suppressive or stimulatory effect on tumor progression.
Our finding that Slit2 knockdown leads to the upregulation
of Robol, presumably not mediated by miR-218, provides a
potential new mechanism for these contradictory results.
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