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Robo1 promotes angiogenesis in hepatocellular carcinoma
through the Rho family of guanosine triphosphatases’
signaling pathway
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Abstract Robo1 is a member of the Robo immunoglobulin
superfamily of proteins, and it plays an important role in an-
giogenesis and cancer. In this study, we investigate the role of
roundabout 1 (Robo1) in tumor angiogenesis in hepatocellular
carcinoma (HCC). Firstly, the relationship between Robo1
expression on tumors and patient’s survival and endothelial
cells in tumor blood vessels and patient’s survival was studied.
Secondly, Robo1 was overexpressed or knocked down in hu-
man umbilical vein endothelial cells (HUVECs). Cell prolif-
eration, motility, and tube formation were compared in
HUVEC with different Robo1 expression. Also, HUVECs
with different Robo1 expression were mixed with HCCLM3
and HepG2 hepatoma cells and then implanted in a nude

mouse model to examine the effects of Robo1 in endo-
thelial cells on tumor growth and angiogenesis. Cell
motility-related molecules were studied to investigate
the potential mechanism how Robo1 promoted tumor
angiogenesis in HCC. The disease-free survival of the
patients with high Robo1 expression in tumoral endo-
thelial cells was significantly shorter than that of those
with low expression (P=0.021). Overexpression of
Robo1 in HUVECs resulted in increased proliferation, motil-
ity, and tube formation in vitro. In the implanted mixture of
tumor cells and HUVECs with an increased Robo1 expres-
sion, tumor growth and microvessel density were enhanced
compared with controls. Robo1 promoted cell division cycle
42 (Cdc42) expression in HUVECs, and a distorted actin cy-
toskeleton in HUVECs was observed when Robo1 expression
was suppressed. In conclusion, Robo1 promoted angiogenesis
in HCC mediated by Cdc42.
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Introduction

Hepatocellular carcinoma (HCC) is the second leading cause
of cancer death in men and the sixth leading cause of cancer
death in women worldwide [1]. Most patients with HCC ex-
perience a recurrence after resection/ablation or are diagnosed
at advanced stages. Active angiogenesis plays an important
role in progression and metastasis of HCC [2–4], but the
mechanisms responsible for HCC progression and metastasis
are still not fully understood.

Sorafenib, an anti-angiogenesis therapy, has become the
standard of care for patients with advanced HCC, but its effi-
cacy is not satisfactory [5]. Although many other anti-
angiogenesis drugs have been tested in phase III trials in
first-line (brivanib, sunitinib, erlotinib, and linifanib) and/or
second-line (brivanib and everolimus) settings, none of them
showed superior effects compared with sorafenib [5]. Thus,
more research on the mechanism of angiogenesis in HCC
needs to be done.

Nerves and blood vessels use common genetic pathways
[6, 7]. Roundabout receptors (Robo) play an important role in
axon guidance and neuronal migration [8, 9], and they have
been implicated in angiogenesis and cancer [10, 11]. Robo1 is
a member of the Robo immunoglobulin superfamily of pro-
teins [10]. Previous studies showed that Robo1 is a tumor
suppressor in breast, prostate, gastric, and colorectal cancers
[12–14], and it also functions as an oncogene in skin, naso-
pharyngeal, and gallbladder cancers [15–17]. In a melanoma
xenograft model, neutralization of Robo1 on endothelial cells
reduced tumor angiogenesis and tumor growth [11]. Expres-
sion of Robo1 was found on HCC cells, and monoclonal an-
tibody against Robo1 on tumor cells exhibited antitumor ac-
tivity in a HCC xenograft model [18]. However, it is still not
clear whether Robo1 is expressed by endothelial cells in tumor
vessels in HCC.

In this study, we investigated whether Robo1 expression
promoted angiogenesis in HCC and explored its clinical sig-
nificance and downstream pathway.

Materials and methods

Patients and specimens

Archived surgical specimens from 292 consecutive patients
who underwent liver resection for HCC in our institute (Liver
Cancer Institute, Fudan University) from March 2004 to De-
cember 2006 were collected as cohort 1. Fresh HCC and liver
specimens from 81 patients who received liver resection for
HCC in the same institute from January 2012 to November
2013 were collected as cohort 2. Hepatitis B history was de-
fined as ever detectable serum hepatitis B surface antigen.
Microvascular invasion was defined as the presence of tumor

cells within a vascular lumen lined by endothelium under
microscopy [19]. The study was approved by the Zhongshan
Hospital Research Ethics Committee. Informed consent was
obtained from patients according to the hospital regulations.

Clinicopathological features of cohort 1 and 2 patients are
detailed in Supplementary Tables 1 and 2. All the patients
were histologically diagnosed as HCC. None of these patients
received any preoperative anticancer treatment, including che-
motherapy or anti-angiogenesis drugs. Patients were followed
up every 2 months in the first postoperative year and at least
every 3 months afterward. The median follow-up time of co-
horts 1 and 2 were 32.4 and 9 months, respectively. Follow-up
procedures were described in our previous report [20].

Cell lines

Human HCC cell lines HepG2 (Shanghai Institute of Cell
Biology, Shanghai, China) and HCCLM3 (Liver Cancer Insti-
tute, Fudan University, Shanghai, China) were cultured in
Dulbecco’s modified Eagle’s medium (Invitrogen, Carlsbad,
CA, USA) containing 10% fetal bovine serum in a humidified
incubator at 37 °C with an atmosphere of 5 % CO2. A human
umbilical vein endothelial cell (HUVEC) line was purchased
from AllCells (Shanghai, China). HUVECs were grown in an
AllCells-completed medium supplemented with 10 % (v/v)
fetal bovine serum at 37 °C in a humidified atmosphere with
5 % CO2. Tumor endothelial cells (TECs) were obtained from
fresh HCC specimens right after removal from patients with a
positive α-fetoprotein (AFP; >20 ng/ml), as described previ-
ously [21], TECs were grown in an AllCells-completed me-
dium supplemented with 10 % (v/v) fetal bovine serum at
37 °C in a humidified atmosphere with 5 % CO2.

Immunohistochemical analysis

Paraffin-embedded tumor tissues were cut into 6-μm sections,
and CD31 antibody staining (1:100; Abcam) or Robo1 anti-
body staining (1:100; Abcam) was performed on these sec-
tions. Frozen sections (5-μm) of tumor samples were used to
determine the expression of Robo1 and CD31 using an anti-
Robo1 antibody (1:100; Abcam) and an anti-CD31 antibody
(1:100; Santa Cruz Biotechnology, TX, USA) by immunoflu-
orescent staining. The positive staining area/integrated optical
density (IOD) value was determined as described previously
[20].

HUVECs and TECs growing on glass coverslips were
fixed in 4 % paraformaldehyde for 15 min. The cells were
then rinsed three times with phosphate-buffered saline (PBS)
for 5 min each time and incubated in a protein-blocking solu-
tion for 30 min at room temperature. After incubation with the
primary antibody against Robo1 or CD31 overnight at 4 °C,
followed by incubation with the secondary antibody (Alexa
Fluor 488 donkey anti-mouse, Alexa Fluor 546 donkey anti-
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rabbit, 1:300; Jackson ImmunoResearch Laboratories Inc.,
PA, USA) at 37 °C for 2 h, the cells were counterstained with
4′,6-diamidino-2-phenylindole (DAPI) (Beyotime Biotech-
nology, Shanghai, China). Cells or slides not incubated with
primary antibodies served as negative controls. The cells or
slides were then analyzed by confocal laser scanning
microscopy.

Cells were transfected with Robo1 (HUVEC-oe-Robo1),
small interfering RNA (siRNA)-targeting Robo1 (HUVEC-
kd-Robo1), or scramble oligomers (HUVEC-nc-Robo1).
HUVEC-oe-Robo1, HUVEC-nc-Robo1, and HUVEC-kd-
Robo1 cells growing on glass coverslips were fixed in 4 %
paraformaldehyde for 15 min. The cells were then rinsed three
times with PBS for 5 min and then incubated in a protein-
blocking solution for 30 min at room temperature. After incu-
bation with the primary FITC-phalloidin antibody (1:100,
Yeasen, Shanghai, China) overnight at 4 °C, the cells were
counterstained with DAPI (Beyotime Biotechnology, Shang-
hai, China) to reveal the nuclei. Cells or slides not incubated
with primary antibodies served as negative controls. The cells
or slides were then analyzed by confocal laser scanning
microscopy.

The positive staining area of CD31 and Robo1 on vessels
was measured with a computerized image system or via mi-
croscopy. Briefly, under×400 magnification, four photo-
graphs of the representative fields were captured by a laser
confocal (TCS SP8; Leica, Wetzlar, Germany) image system
and analyzed with Image-Pro Plus version 6.2 software (Me-
dia Cybernetics Inc., Bethesda, MD, USA) [22]. A uniform
setting for all the slides was applied to decrease the oper-
ational error. All positive staining of CD31 in each photo-
graph was measured as vascular area, and only CD31 and
Robo1 double-positive area was considered to be Robo1
staining on endothelial cells. The intensity of Robo1 ex-
pression on endothelial cells is presented as a ratio of
Robo1 expression to CD31 expression. The IOD value of
tumor cells is defined as Robo1 expression in tumors.
Those patients with the ratio higher than the median value
were defined as having high expression of Robo1 on en-
dothelial cells/tumor cells.

We used nondestructive procedures of confocal laser
scanning microscopy in combination with computer-
assisted methods to visualize tumor vessels. Two inde-
pendent sets of DAPI and mCherry images were collect-
ed and then merged into one image to give a three-
dimensional impression at high light microscopic reso-
lution and sensitivity [23].

Interfering with the expression of Robo1 and Cdc42
in endothelial cells

Synthetic siRNA oligonucleotides specific for regions in the
Robo1 and Cdc42 messenger RNAs (mRNAs) were designed

and synthesized by Sigma-Aldrich (St. Louis,MO, USA). The
silencing effects of several siRNA oligonucleotides were
screened and tested initially for their ability to silence Robo1
expression. The most effective oligonucleotides for Robo1
(5′-CACAAUGACUGCUCCAUCA-3′, sense) almost
completely blocked its expression. The most effective oligo-
nucleotides for Cdc42 (5′-AGAUUACGACCGCUGAGUU-
3′, sense) almost completely blocked its expression. HUVECs
in 60-mm dishes at 30–50% confluency were transfected with
siRNA oligonucleotides using Lipofectamine RNAiMAX
(Invitrogen) for 24 h, and then the medium was changed with
the fresh AllCells-completed medium. After 48 h, the cellular
protein was collected. The control transfection was performed
with Stealth RNAi Negative Control Duplexes (Sigma-
Aldrich).

The human Robo1 gene was synthesized and inserted in
the lentivirus (GeneChem, Shanghai, China) to obtain a
Robo1 expression vector. We then generated the vector with
the greatest capacity to reduce Robo1 expression and the neg-
ative control vector in HEK293 cells. These vectors, with their
packaging vectors, were transfected into 293-T cells using
Lipofectamine 2000 (Invitrogen). HUVECs were then
transfected with virus following the manufacturer’s instruc-
tions, and Western blot was used to measure Robo1 expres-
sion for validation. The vector-reducing Robo1 expression
was U6-MCS-ubiquitin-Cherry-IRES-puromycin, and that
upregulating Robo1 expression was Ubi-MCS-3FLAG-
SV40-Cherry-IRES-puromycin.

Reverse transcription polymerase chain reaction analysis

Cells were transfected with vectors of Robo1 (HUVEC-oe-
Robo1), siRNA-targeting Robo1 (HUVEC-kd-Robo1), or
scramble oligomers (HUVEC-control). Total RNA from
HUVECs described above was extracted and reverse tran-
scribed into single-stranded complementary DNA (cDNA)
using the iScript cDNA synthesis kit (Bio-Rad Laboratories,
USA) following the manufacturer’s instructions. For quantita-
tive PCR, primers were designed by Sangon Biotech, Shang-
hai, China, and their efficiency was tested on a genomic DNA
dilution series. Quantitative PCR was performed with the Ap-
plied Biosystems 8100 HT Sequence Detection System (Ap-
plied Biosystems, USA). Expression of the glyceraldehyde-3-
phosphate gene was used to normalize the expression of each
gene. The following primer sequences were used to determine
the expression of the target gene: TGF-β [5′-CCTGCCTGTC
TGCACTATTCC-3′ (forward); 5′-CCAAGGTGCTCAAT
AAATAGATCTAACTAC-3′ (reverse)], proliferating cell nu-
clear antigen (PCNA) [5′-CCACTCCACTCTCTTCAACG
G-3′ (forward); 5′-TACTCTACAACAAGGGGTACAT
CTG-3′ (reverse)], Cdc42 [5′-AAGAAAAGTGGGTGCC
TGAGATAA-3′ (forward); 5′-GTCTCTGGAGTGATAGGC
TTCTGTT-3′ (reverse)], EGFR [5′-GCGGCAGGACCAAG
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CA-3′ (forward); 5′-CGTAATCCCAAGGATGTTATGT
TCA-3′ (reverse)], cyclin-D1 [5′-CTGGGTCTGTGCATTT
CTGGTT-3′ (forward); 5′-GCTGGAAACATGCCGGTTA-
3′ (reverse)], and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) [5′-CGGAGTCAACGGATTTGGTCGTAT-3′
(forward); 5′-AGCCTTCTCCATGGTGGTGAAGAC-3′
(reverse)].

Western blot analysis

The HUVEC-kd-Robo1 cells, HUVEC-oe-Robo1 cells,
and their controls were lysed with RIPA Lysis Buffer
(Santa Cruz Biotechnology, TX, USA) containing prote-
ase inhibitors (Beyotime Biotechnology, Shanghai, Chi-
na). The protein concentration was determined using a
bicinchoninic acid assay (Beyotime Biotechnology) and
equalized before loading. Aliquots of 25–50 μg of pro-
tein were separated by SDS-PAGE and transferred onto
polyvinylidene difluoride membranes (Millipore, MA,
USA). Membranes were blocked and blotted with the
relevant antibodies. Horseradish peroxidase-conjugated
secondary antibodies were detected with an enhanced
chemiluminescence reagent (Beyotime Biotechnology).
Rho GTPase antibody sampler kit (CST, MA, USA)
was used to determine the expression of the Ras homo-
log family member (Rho) of guanosine triphosphatases
(GTPases). GAPDH was used as a loading control. All
antibody dilutions were 1:1000 except for the GAPDH
antibody, which was used at a dilution of 1:5000.

Cell proliferation assay

Cell suspension was inoculated in a 96-well plate (3–5×103

cells in 100 μl/well) and then incubated in a humidified incu-
bator (37 °C, 5 % CO2). After 48 h, 10 μl of the CCK-8
solution (Dojindo Laboratories, Kumamoto, Japan) was
added to each well, and then the plate was incubated for 2–
4 h (37 °C, 5 % CO2). Absorbance at 450 nm was measured
using a microplate reader.

Cell migration assay

Cell migration assays were performed using a chamber
(Corning, Tewksbury, MA, USA) with 8.0-μm polycar-
bonate filter inserts in 24-well plates. Briefly, the lower
chamber was filled with 2 % (v/v) fetal bovine serum
medium. HUVECs (5×104 cells/well) in a serum-free
medium were added to the upper chamber. The cells
were allowed to migrate for 12 h at 37 °C. The non-
migrated cells were removed from the upper surface of
the membrane by scraping with a cotton swab, and the
migrated cells were fixed with methanol, stained with
crystal violet, and photographed under an inverted

microscope. Migration was assessed by counting the
number of stained cells from 10 random fields at×100
magnification.

Tube formation assay

The 96-well microplates (Corning, Tewksbury, MA,
USA) were coated with Matrigel (65 μl/well) (Becton
Dickinson, Piscataway, NJ, USA) and allowed to poly-
merize for 30 min at 37 °C. HUVECs were added at
2×104 cells/well into each well covered with Matrigel
in 100 μl of a mixture of Matrigel and EGM-2 (2:1,
v/v). Tube formation was recorded at different time
points with an inverted microscope (Olympus, Tokyo,
Japan) from five random fields at×100 magnification.

Animal study

Male BALB/c nude mice (5 weeks old) were obtained from the
Shanghai Institute of Materia Medica, Chinese Academy of Sci-
ence, and housed under specific pathogen-free conditions. The
experimental protocol was approved by the Shanghai Medical
Experimental Animal Care Commission. Twenty-four mice were
randomized into four groups: (1) HepG2 cells (5×106 cells)
mixed with HUVEC-control cells (5×106 cells), (2) HepG2 cells
(5×106 cells)mixedwithHUVEC-kd-Robo1 cells (5×106 cells),
(3) HCC-LM3 cells (5×106 cells) mixed with HUVEC-control
cells (5×106 cells), or (4) HCC-LM3 cells (5×106 cells) mixed
with HUVEC-oe-Robo1 cells (5×106 cells) in 200 μl normal
Matrigel which were implanted by subcutaneous injection to
obtain subcutaneous tumors. The tumor volumes were measured
using a Vernier caliper every 4 days, and the mice were eutha-
nized after 4 weeks. The tumor volume was calculated according
to the following formula: tumor volume=(largest diameter×
perpendicular height2)/2.

Statistical analysis

Statistical analysis was performed with SPSS for Windows
(version 13.0; SPSS Inc., Chicago, IL, USA). The associ-
ation between expression of Robo1 on endothelial cells
and clinicopathological variables was analyzed using
Pearson’s chi-square test or Fisher’s exact test, as appro-
priate. Quantitative variables were analyzed using the in-
dependent samples t test. Time to recurrence were
assessed using the Kaplan-Meier method and compared
with the log-rank test. A P value <0.05 was considered
statistically significant. Western blot, HUVEC tube forma-
tion, and IOD of filamentous actin (F-actin) was analyzed
by ImageJ (National Institutes of Health, Bethesda, MD,
USA).
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Results

Robo1 can be detected on endothelial cells and tumor cells
in HCC

CD31 staining was mainly found on the endothelial
cells, whereas Robo1 expression was found on tumor
cells (Fig. 1a, Supplementary Fig. S1a–c) and

endothelial cells with a co-staining of CD31 (Fig. 1b).
Tumor size was significantly associated with Robo1 ex-
pression on endothelial cells in tumor vessels (P=0.025;
Supplementary Table 2). Furthermore, HUVECs and
TECs isolated from tumor by CD31 antibody-
conjugated magnetic beads from three patients were
Robo1 positive (Fig. 1c–f), which was further validated
by Western blot (Fig. 1g).

Fig. 1 Robo1was found with co-staining of CD31 on endothelial cells in
HCC, isolated tumor endothelial cells, and human umbilical vein
endothelial cells. a Confocal laser scanning microscopy images of
Robo1 expression on tumor cells and endothelial cells. CD31 (green)
expression on endothelial cells. Robo1 and CD31 showed co-staining
on tumor cells (green arrows) and endothelial cells (white arrows) in
HCC. Scale bars=10.0 μm. b Confocal laser scanning microscopy
images of Robo1 expression on angiogenesis endothelial cells. CD31
(green) expression on endothelial cells. Robo1 and CD31 showed co-
staining on intratumoral endothelial cells (white arrows) in HCC. Scale

bars=10.0μm. c–fConfocal laser scanningmicroscopy images of Robo1
expression in isolated TECs and HUVECs. TECs [TEC1 (c), TEC2 (d),
TEC3 (e)] isolated from three patients by CD31 antibody-conjugated
magnetic beads were Robo1 positive and were found in HUVECs (f).
DAPI was used to stain the cell nuclei (blue). Scale bars=100.0 μm. g
Western blot validated Robo1 expression of TEC1, TEC2, TEC3, and
HUVECs. GAPDH was used as the loading control. h High Robo1 ex-
pression on tumor vessels was associated with shorter disease-free sur-
vival (P=0.021)
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Fig. 2 HUVEC-kd-Robo1 decreased growth of HepG2 tumor size and
HUVEC-oe-Robo1 accelerated HCCLM3 tumor volume by affecting
tumor angiogenesis. Subcutaneous tumors derived from a xenograft mod-
el implanted with HepG2 or HCCLM3 mixed with HUVECs. a In com-
parison with HCCLM3 mixed with HUVEC-nc-Robo1 cells, HCCLM3
mixed with HUVEC-oe-Robo1 cells resulted in an increased volume
(P<0.0001) of subcutaneous tumors in BALB/c nude mice. b HepG2

mixed with HUVEC-kd-Robo1 cells resulted in a decreased tumor vol-
ume in comparison with HepG2 mixed with HUVEC-nc-Robo1 cells
(P<0.0001). c HCCLM3 cells mixed with HUVEC-oe-Robo1 cells had
higher microvessel density than the control tumors (P=0.030). c HepG2
cells mixed with HUVEC-kd-Robo1 cells had lower microvessel density
compared with the HepG2 cells mixed with HUVEC-nc-Robo1 (P=
0.030)
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High expression of Robo1 on endothelial cells is associated
with poor prognosis

Robo1 expression on tumor cells was not associated with
disease-free survival in cohort 1 (Supplementary Fig. S1c).
Then, we focused on the implications of Robo1 expression
on TECs. As shown in Supplementary Tables 1 and 2, the
prognostic value of each clinicopathological feature was ex-
amined by univariate and multivariate analyses. In cohort 2,
we divided the patients into subgroups with a high or low
Robo1 expression on TECs. Robo1 expression on tumor ves-
sels was significantly associated with diseases-free survival
(P=0.021) (Fig. 1h).

Higher expression of Robo1 on HUVECs promoted tumor
growth in xenograft model

To evaluate the role of Robo1 expression on endothelial cells
in tumor growth, we examined its effects in a xenograft model
implanted with HepG2 or HCCLM3 mixed with HUVECs.
We found that tumor growth of HCCLM3was increased when
mixed with HUVEC-oe-Robo1 cells compared with HCCL
M3 mixed with HUVEC-control-Robo1 (P<0.0001), where-
as tumor growth of HepG2 was decreased when mixed with
HUVEC-kd-Robo1 cells compared with HepG2 mixed with
HUVEC-control cells (P<0.0001) (Fig. 2a, b).

We further examinedmicrovessel density in the tumor sam-
ples. The HCCLM3 tumor cells mixed with HUVEC-oe-
Robo1 cells had higher microvessel density than those mixed
with HUVEC-nc-Robo1 cells (P=0.030; Fig. 2c). HepG2 tu-
mor cells mixed with HUVEC-kd-Robo1 cells had lower
microvessel density compared with those mixed with
HUVEC-nc-Robo1 cells (P=0.030; Fig. 2d).

To further explore whether HUVECs participate in produc-
ing tumor vessels in the xenograft model, we examined tumor
tissues containing mCherry-labeled Robo1-overexpressing
HUVECs only and mCherry-labeled Robo1-knockdown
HUVECs only by confocal laser scanning microscopy. Our
observations indicated that mCherry-labeled HUVECs partic-
ipate in functional tumor vessels containing erythrocytes in
Robo1-overexpressing HUVECs (Fig. 3a), but not Robo1-
knockdown HUVECs (Fig. 3b).

Higher expression of Robo1 promoted proliferation, tube
formation, and migration of HUVECs by Rho GTPase
pathway

We found HUVEC-kd-Robo1 cells changed to be spindle
shaped (Fig. 4a–c) and had a decreased ability of tube forma-
tion, migration, and proliferation, whereas HUVEC-oe-Robo1
cells showed increased tube formation ,migration, and prolif-
eration, as compared with controls (Fig. 4d–h).

Because Robo1 is involved in cell proliferation, cytoskel-
etal organization, and angiogenesis [11], we examined the
expression of TGF-β, cyclin-D1, cyclin-dependent kinase 2
(CDK2), PCNA, EGFR, and Cdc42 by reverse transcription
PCR. Of them, Cdc42 expression was significantly decreased
in HUVEC-kd-Robo1 and increased in HUVEC-oe-Robo1
cells compared with the controls (Fig. 5a, b).

It has been reported that Robo1 affects the expression of
several small GTPases [11, 24, 25], and we measured the
expression of Cdc42, RhoA, RhoB, RhoC, and RAC1/2/3 in
these cells by Western blot assay. The results showed that
expression levels of Cdc42, RhoA, RhoB, and RhoC, but
not RAC1/2/3, were increased in HUVEC-oe-Robo1 cells
and decreased in HUVEC-kd-Robo1 cells (Fig. 5c).

Fig. 3 Robo1-overexpressing HUVECs participate in producing tumor
vessels. Images of tumor tissues were observed by confocal laser
scanning microscopy. HCCLM3 tumors mixed with mCherry-labeled
Robo1-overexpressing HUVECs and HepG2 tumors mixed with
mCherry-labeled Robo1-knockdown HUVECs were examined. a Blood
vessels in subcutaneous tumors of HCCLM3 tumors mixed with
mCherry-labeled Robo1-overexpressing HUVECs were partly composed

of mCherry-labeled Robo1-overexpressing HUVECs (shown by white
arrow and white outlines; erythrocytes are anucleate cells pointed by
green arrows) in a reconstructed image. b Blood vessels in subcutaneous
tumors of HepG2 tumors mixed with mCherry-labeled Robo1-knock-
down HUVECs were found to have very few mCherry-HUVECs cell
participating in functional tumor vessels (anucleate erythrocytes were
shown as green arrows)
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Robo1 affected filamentous actin organization
in HUVECs

Because Cdc42 and RhoA GTPases are known to mod-
ulate actin cytoskeleton organization in cells [26–28],
we examined F-actin organization in HUVEC-oe-Robo1,
HUVEC-nc-Robo1, and HUVEC-kd-Robo1 cells. We
found distortion of F-actin in HUVEC-kd-Robo1 cells,
and the F-actin expression was highest in HUVEC-oe-
Robo1 (Supplementary Fig. S2).

Blocking Cdc42 eliminated the differences in F-actin
distortion, migration, and tube formation
among HUVEC-oe-Robo1, HUVEC-nc-Robo1,
and HUVEC-kd-Robo1

To explore whether the effect of Robo1 expression on cyto-
skeleton organization is mediated via Cdc42, we knocked
down Cdc42 expression in HUVEC-oe-Robo1 cells,
HUVEC-kd-Robo1 cells, and HUVEC-nc-Robo1 cells by
the siRNA approach. Knockdown of Cdc42 attenuated the

Fig. 4 Robo1-overexpressing HUVECs result in enhanced motility, tube
formation, and proliferation, while Robo1-knockdown HUVECs are just
the opposite. Representative photographs of HUVEC-oe-Robo1 (a),
HUVEC-nc-Robo1 (b), and HUVEC-kd-Robo1 (c). HUVEC migration
(d, e), tube formation (f, g), and proliferation (h) were assessed in

HUVEC-oe-Robo1, HUVEC-nc-Robo1, and HUVEC-kd-Robo1 cells.
The tube length and the number of migrating cells were evaluated by
counting 10 random fields at×100 magnification. (^P<0.05 compared
with HUVEC-oe-Robo1; *P<0.05 compared with HUVEC-nc-Robo1;
#P<0.05 compared with HUVEC-kd-Robo1)
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differences in F-actin organization (Fig. 6a, b), migration
(Fig. 6c, d), and tube formation (Fig. 6e, f) among HUVEC-
oe-Robo1, HUVEC-nc-Robo1, and HUVEC-kd-Robo1.

Discussion

Although several treatments targeting VEGF and VEGFR
have been introduced into clinical practice, its modest effect
and presence of tumor rebound encourage us to explore other
regulators in tumor angiogenesis. Previous studies showed
that the Slit-Robo1 interaction plays an important role in

angiogenesis, the interruption of this interaction resulted in a
decrease in tumor growth and angiogenesis [11, 29], and the
direct inhibition of Robo1 expression in endothelia cells by
the siRNA approach also inhibited cell migration and tube
formation [30]. However, how Robo1 affects endothelial cells
and the role of Robo1 in HCC remains to be clarified.

The present study showed knockdown of Robo1 expres-
sion in HUVECs resulted in decreased proliferation, migration
ability, and tube formation. The present study also revealed
that the pro-angiogenesis effect of Robo1 expression in endo-
thelial cells is mediated by modulation of Rho family of
GTPases and cytoskeleton. The Rho family of GTPases,

Fig. 5 Robo1-overexpressing
HUVECs result in increased
Cdc42, RhoA, RhoB, and RhoC
expression, while Robo1-
knockdown HUVECs result in
decreased Cdc42, RhoA, RhoB,
and RhoC expression. Cell
proliferation and cytoskeleton- or
angiogenesis-relative mRNA
levels and small GTPase
expression were evaluated in
HUVEC-oe-Robo1, HUVEC-nc-
Robo1, and HUVEC-kd-Robo1
cells. a, b Cell proliferation and
cytoskeleton- or angiogenesis-
relative mRNA change after
HUVECs were transfected by
vectors. c The expression levels
of Robo1, Cdc42, RhoA, RhoB,
RhoC, and RAC in HUVEC-oe-
Robo1, HUVEC-nc-Robo1, and
HUVEC-kd-Robo1 cells were
assessed. GAPDH was used as a
loading control
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including Rho, Rac, and Cdc42, has been implicated in many
cellular processes, including actin and microtubule cytoskele-
ton organization, and they also can influence cell polarity,
microtubule dynamics, membrane transport pathways, and

transcription factor activity [31–33]. Furthermore, it was re-
cently reported that active Cdc42 promoted the extension of
endothelial filopodia to facilitate angiogenic sprouting [34].
The present study is also in line with the report showing that

Fig. 6 Cdc42 siRNA treatment eliminated differences in F-actin distor-
tion, migration, and tube formation between HUVEC-oe-Robo1,
HUVEC-nc-Robo1, and HUVEC-kd-ROBO1 cells. Comparisons of the
effects of Cdc42 siRNA treatment of F-actin expression (a, b), migration
(c, d), and total segment lengths of tube formation (e, f) among HUVEC-
oe-Robo1, HUVEC-nc-Robo1, and HUVEC-kd-Robo1 cells. (^P<0.05,
Cdc42 siRNA-treated HUVEC-oe-Robo1 compared with HUVEC-oe-

Robo1; *P<0.05, Cdc42 siRNA-treated HUVEC-nc-Robo1 compared
with HUVEC-nc-Robo1; #P<0.05, Cdc42 siRNA-treated HUVEC-kd-
Robo1 compared with HUVEC-kd-Robo1; while P>0.05, Cdc42
siRNA-treated HUVEC-oe-Robo1 compared with HUVEC-nc-Robo1;
P>0.05, Cdc42 siRNA-treated HUVEC-nc-Robo1 compared with
HUVEC-kd-Robo1)
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the inhibition of RhoC/Rac GTPase activation resulted in a
decreased angiogenesis in HCC [35]. It was reported that
Robo1 regulated the Rho family of GTPase families in neuro-
nal cells [36]. To our knowledge, this is the first study to show
howRobo1 affects endothelial cells, and support that neuronal
cells and endothelial cells share the same pathway in regulat-
ing cell migration and structure; however, the regulatory
mechanism of Robo1 expression in tumor endothelial cells
is still unclear.

The role of Robo1 expression on tumor cells remains con-
troversial. In colorectal cancer, Robo1 plays a role of onco-
gene, while in cervical, kidney, breast, and lung cancer, Robo1
is a tumor suppressor gene [37]. We noticed that several pre-
vious studies showed that Robo1 was overexpressed in HCC
tumor tissues quantitated by real-time PCR and associated
with a higher AFP level, tumor stage, and poorer differentia-
tion [38]; however, the present study did not support the rela-
tion between the expression of Robo1 on tumor cells and the
patients’ survival; therefore, we did not explore the role of
Robo1 expression on tumor cells in HCC.

The present study showed that Robo1 expression promoted
tumor angiogenesis and tumor growth in HCC, and its expres-
sion on tumor endothelial cells associated with patients’ sur-
vival, which supported that Robo1 could be a prognostic
marker for HCC; more importantly, it may provide an alterna-
tive target for anti-angiogenesis treatment.
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