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Abstract
The Slit-Robo pathway has shown to be altered in several malignant diseases. However, its role in bladder cancer is
poorly understood. Therefore, we aimed to assess the tissue expression of Robo1 and Robo4 as well as their ligand Slit2
in different stages of bladder cancer to explore possible changes of Slit-Robo signalling during the progression of
bladder cancer. Robo1, Robo4 and Slit2 gene expressions were analyzed in 92 frozen bladder cancer tissue samples
by using reverse transcription quantitative real-time PCR. Immunohistochemical analyses were performed on 149
formalin-fixed and paraffin-embedded bladder cancer tissue samples. Results were correlated with the clinical and
follow-up data by performing both univariable and multivariable analyses. Robo1 and Robo4 nuclear staining intensitiy
was significantly higher in low stage and low grade bladder cancer. Elevated Robo1 nuclear staining was associated with
better disease-specific survival (DSS) (p = 0.045). Similarly, stronger Robo4 nuclear staining tended to be associated
with longer DSS (p = 0.061). We found higher Robo1 and Slit2 gene expression levels in advanced stages of bladder
cancer (p = 0.007 and p < 0.001). High Slit2 gene expression was correlated with significantly shorter DSS (p < 0.005),
while Robo1 and Robo4 gene expressions were not associated with patients’ prognosis. Our results demonstrate that the
nuclear expression of Robo1 and Robo4 is associated with a favourable prognosis suggesting that its translocation into
the nucleus represent a posttranslational regulation process which may exhibit an antitumor effect in bladder cancer.
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Introduction

Bladder cancer (BC) is the most common malignancy affect-
ing the urinary tract. More than 70% of BCs are non-muscle-
invasive (NMIBC) at first presentation. These tumors are

treated curatively by transurethral resection and exhibit an
excellent prognosis with 5 year-survival rates of ~95%. In
contrast, muscle-invasive BCs (MIBC) are commonly associ-
ated with a poorer prognosis with a 5 year-survival ranging
from 50 to 60%. MIBC patients are usually treated with rad-
ical cystectomy and are at high risk of metastatic tumor pro-
gression and cancer-related death [1]. As the prognostic value
of staging and grading is limited, there is a clear need for novel
prognostic biomarkers to ensure adequate risk stratification
for BC patients.

The secreted Slit glycoproteins and their Roundabout
(Robo) transmembrane receptors playing a major role in axon
guidance. Four different Robos (Robo1–4) have been described
in human [2]. Robo1 and Robo4 are both receptors for Slit2.
The Slit/Robo pathway is known to regulate many aspects of
tissue morphogenesis and cell function such as cell migration,
proliferation, adhesion and death [3, 4]. Furthermore, the Slit/
Robo interaction was shown to have an important role in both
pathological and physiological angiogenesis. Particulary
Robo4 seems to be a key-mediator of developmental and
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pathological angiogeneses [5, 6]. Sundaresan et al. reported, for
the first time, a link between Slit-Robo messaging and cancer
[7]. The Slit/Robo messaging modulates several oncogenic sig-
naling pathways that are associated with the development and
progression of various cancers. In colorectal cancer Slit/Robo
signaling can induce apoptosis by Slit2-Robo4 mediated sup-
pression of netrin-1, another axon guidance protein [8, 9]. In
addition it was reported that the Slit/Robo pathway inhibits cell
invasion in breast cancer while interacting with ß-catenin and
E-cadherin [10, 11]. In accordance, altered Slit and Robo ex-
pressions were found to be associated with clinical outcome
and survival of patients with various cancers. To date, little is
known about the role of Slit/Robo pathway in BC and the
expression of Robos and Slits has not been evaluated in
BC tissues yet. The aim of the present study was to gain
insight into the role of the Slit/Robo pathway in the pro-
gression and metastasis of BC and to assess their prognos-
tic significance. Therefore, we analyzed the protein and
gene expression levels of Robo1, Robo4 and Slit2 by using
reverse transcription quantitative real-time PCR (RT-PCR)
and immunohistochemical (IHC) analyses in a large num-
ber of BC samples. Results were compared with the clini-
cal and follow-up data by performing both univariable and
multivariable analyses. The prognostic value of the gene
expression levels of these three genes were further validat-
ed on a published (TCGA) dateset of 402 BC patients (12).

Materials and Methods

Samples

Tissue samples were obtained from 220 patients who
underwent surgical treatment for BC at a single academic
center between 1990 and 2004. These samples included
92 snap frozen and 149 paraffin-embedded tumor samples
(overlap 21 cases). Patients’ characteristics are given in
Tables 1 and 2. The criteria for study enrollment were
histopathological diagnosis of BC, no history of other
tumor, no chemotherapy before surgery, availability of
sufficient tumor tissue and available follow-up data. The
study was approved by the ethical board of the hospital.

RNA Isolation and Reverse Transcription

Frozen tissue samples were homogenized in QIAzol reagent
(Qiagen, Hilden, Germany) and RNA isolation was performed
using the RNeasy Mini kit (Qiagen) according to the manufac-
turer’s instructions. Total RNAwas quantified using an ultravio-
let spectrophotometer (ND-1000; Peqlab Biotechnology GmbH,
Erlangen, Germany) and the quality and integrity of samples
were assessed by agarose gel electrophoresis. RNAwas reverse
transcribed in a final volume of 20 μL containing 1 μg RNA,

reverse transcription buffer, 0.5 mmol/L dNTPs, 1.8 μmol/L
oligo(dT), 10 U RNase inhibitor, and 40 U Omniscript RTase
(Qiagen). Combinational DNA (cDNA) synthesis was carried
out at 37 °C for 60 min. Quantitative real-time PCR was per-
formed using 48-well plates on a StepOne real-time PCR system
(AppliedBiosystems, Foster City, USA). In order to provide high
reproducibility, we used the pre-developed TaqMan Gene
Expression Assays (Robo1: Hs01560562_m1, Robo4:
Hs00219408_m1, Slit2: Hs01061407_m1). Furthermore, to al-
low a reliable laboratory-to-laboratory comparison of gene ex-
pression data independently of the actually used control sample,
the expressions were related to Universal Human Reference
RNA (Stratagene, USA), composed of pooled RNA from 10
human cell lines. We used the TATA box-binding protein gene
to normalise target gene expression. Each sample was tested in
duplicate. The 2(−Delta Delta C(T)) method was used to calcu-
late gene expression values [12].

Validation of Prognostic Value of Gene Expression
Data Using the TCGA Database

We used the updated TCGA data for bladder cancer to confirm
the prognostic value of Robo1, Robo4 and Slit2 (12). This
data set includes the trancriptom sequencing data of 402 blad-
der cancer patients with available survival data. We used the
OncoLnc online tool to prepare Kaplan-Meier plots and to
calculate log rank tests.

Immunohistochemical Analysis

For tissue microarray (TMA) construction, hematoxylin and
eosin-stained slides were established from 149 formalin fixed
and paraffin embedded (FFPE) BC-tissue blocks and a patholo-
gist (H.R.) defined representative tumor regions. Tissue cylinders
with a diameter of 2 mmwere then punched from selected tumor
areas of each donor tissue block and brought into a recipient
paraffin block. Robo1, Robo4 and Slit2 (Abcam, Cambridge,
UK) IHC staining was performed on 4 μm thick TMA sections.
Automated IHCwas performed using the Dako Autostainer Plus
System with the anti- mouse IgG EnVision Plus detection kit
(Dako) for secondary and tertiary immunoreactions. Reaction
products were developed with diamino-benzidine, according to
general E310 protocols. Negative control sections, with the omis-
sion of the primary antibody, were included in each run. In the
case of Robo1, Robo4 and Slit2 staining, intensity was scored as
0, 1 or 2, corresponding to negative, weak and strong intensities.
In case of Robo1 and Robo4 nuclear and cytoplasmatic
immunostainings were separately evaluated (Table 1).

Statistical Analysis

For paired group comparisons, the nonparametric, two-sided
Wilcoxon rank-sum test (Mann–Whitney test) was applied.
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Associations of Robo1, Robo4 and SLIT2 IHC staining (both
zytoplasmatic and nuclear) and clinicopathological variables
were evaluated using the Chi-square test. Univariable disease-
specific survival (DSS) and overall survival (OS) analyses
were done using Kaplan–Meier log-rank test and univariable
Cox analysis. For multiple analyses, the Cox proportional
hazards regression model was used. In all tests P < 0.05 was
considered to indicate statistical significance.

Results

Clinical Background

The main characteristics of the patients are demonstrated in
Tables 1 and 2. In the immunohistochemistry (IHC) cohort the
median follow-up time was 34 months with a maximum of
181 months. Sixty-three of 149 patients were treated by radi-
cal cystectomy, while 86 patients received transurethral

resection of the bladder (TURB). In the gene expression co-
hort, with available frozen tissue samples, the median follow-
up time was 35 months with a maximum of 187 months. In
this cohort, 45 of the 92 patients were treated by radical sur-
gery and 46 received TURB.

Immunohistochemical Staining

Robo1 showed both cytoplasmatic and nuclear staining.
Stromal cells, such as endothelilal cells, fibroblasts, lympho-
cytes and plasma cells showed frequent positivity for Robo1.
The staining pattern of Robo4 was similar to that of Robo1.
Slit2 staining was visible in tumor cells, while the surrounding
stromal cells remained negative.

Our analysis revealed no significant correlations between
patients’ age, sex or smoking habits and Robo1, Robo4 or
Slit2 immunostaining (Table 3). Robo1 and Robo4 nuclear
staining intensitiy was significantly higher in low stage and
low grade cases. In accordance, higher Robo1 nuclear staining

Table 2 Patient characteristics and Robo1, Robo4 and Slit2 expression

Variables Gene expression

Robo1 gene expression Robo4 gene expression Slit2 gene expression
n median (range) P median (range) P median (range) P

Age

≤ 70 55 1.458 (0.06–7.95) 0.383 0.027 (0.000–0.270) 0.852 0.009 (0.000–0.280) 0.761
> 70 37 1.462 (0.14–16.35) 0.026 (0.01–0.170) 0.006 (0.000–0.620)

Sex

Male 23 1.183 (0.22–7.95) 0.882 0.035 (0.010–0.170) 0.391 0.021 (0.000–0.620) 0.119
Female 69 1.530 (0.06–16.35) 0.024 (0.000–0.270) 0.006 (0.000–0.280)

Stage

pTa 29 0.779 (0.06–7.14) 0.024 (0.010–0.270) 0.002 (0.000–0.070)
pT1 17 1.183 (0.130–9.420) 0.015 (0.010–0.110) 0.003 (0.000–0.070)

pT2 14 1.946 (0.700–8.680) 0.030 (0.000–0.190 0.011 (0.000–0.160)

pT3 22 2.263 (0.290–16.350) 0.043 (0.010–0.170) 0.038 (0.000–0.620)

pT4 10 1.353 (0.480–3.170) 0.022 (0.010–0.090) 0.043 (0.010–0.110)

Non-inv. 46 0.896 (0.060–9.420) 0.007 0.022 (0.010–0.270) 0.095 0.0025 (0.000–0.070) <0.001
Invasive 46 1.928 (0.290–16.350) 0.032 (0.000–0.190) 0.0285 (0.000–0.620)

Grade

G1 15 0.779 (0.060–2.490) 0.023 (0.010–0.110) 0.002 (0.000–0.100)
G2 35 1.272 (0.100–9.420) 0.023 (0.010–0.270) 0.003 (0.000–0.220)

G3 42 1.946 (0.400–16.350) 0.031 (0.000–0.190) 0.030 (0.000–0.620)

Low-grade (G 1–2) 50 0.964 (0.060–9.420) 0.002 0.023 (0.010–0.027) 0.269 0.003(0.000–0.220) <0.001
High-grade (G 3) 42 1.946 (0.400–16.350) 0.031 (0.000–0.190) 0.030 (0.000–0.620)

Metastasis

N0/Nx/M0/Mx 79 1.462 (0.060–16.350) 0.871 0.026 (0.010–0.270) 0.946 0.006 (0.000–0.620) 0.129
N + / M+ 13 1.388 (0.480–4.560) 0.032 (0.000–0.090) 0.012 (0.00–0.110)

Smoking

yes 27 1.958 (0.130–7.950) 0.303 0.035 (0.01–0.190) 0.856 0.005 (0.000–0.620) 0.494
no 34 1.083 (0.190–9.420) 0.034 (0.010–0.160) 0.0101 (0.000–0.200)

unknown 31

Significant results (p < 0.05) are presented in bold
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scores were associated with better DSS (p = 0.045) (Figs. 1
and 2 and Table 3). Similarly, stronger Robo4 nuclear expres-
sion tended to be associated with longer DSS (p = 0.061). In
contrast, Robo4 cytoplasmic staining was significantly higher
in muscle-invasive and high grade tumors (p = 0.035 and p <
0.001, respectively) and the higher cytoplasmic Robo4 stain-
ing showed a trend to be associated with shorter DSS (p =
0.074). No such correlations were noted regarding the cyto-
plasmic staining of Robo1 (Table 1). Slit2 staining was higher
in low stage tumors (p = 0.042) but showed no association
with tumor grade. Slit2 staining showed no significant corre-
lation with DSS (Fig. 3 and Table 3).

In multivariable analysis only tumor stage (>Ta-T1)
remained as a significant prognostic factor for disease-
specific surviaval (Table 4).

Gene Expression Analysis

Patients’ age, sex and smoking habits showed no impact on
Robo1, Robo4 and Slit2 gene expressions (Table 3).We found
increasing Robo1 and Slit2 gene expression levels during the
progression of BC (p = 0.007 and p < 0.001), while Robo4
showed no correlation with tumor stage or grade (Table 2).
High Slit2 gene expression was correlated with significantly
shorter DSS, while Robo1 and Robo4 gene expressions were
not associated with patients’ prognosis (Figs. 2 and 3, Table
2). In order to validate the prognostic value of Robo1, Robo4

and Slit2, we assessed their prognostic value using the up-
dated TCGA dataset. This dataset includes transcriptom se-
quencing (mRNA expression) data of 402 bladder cancer pa-
tients with available survival data [2]. The results of this anal-
ysis confirmed our data by showing no prognostic signifi-
cance for Robo1 and Robo4 gene expressions (p = 0.593 and
p = 0.328) but a significant shorter survival for patients with
high Slit2 expression (p = 0.009) (Supplementary Figure 1).

In multivariable analysis only present of metastasis (re-
gional or distant) proved to be an independent prognostic fac-
tor for disease-specific survival (Table 4).

Discussion

Patients with BC represent a clinically heterogenous groupwith
different risk of progression, which cannot be predicted by the
histopathological examination. Therefore, to understand this
heterogeneity, better insight into the molecular mechanisms
involved in BC progression is needed. In the present study
we found that Robo1, Robo4 and Slit2 are differentially
expressed between various stages of BC. In addition, our re-
sults suggest that changes in the subcellular localization of
Robo1 and Robo4 may be involved in the progression of BC.

There are conflicting data concerning the role of Slit/Robo
signaling in tumorigenesis. In most cancer types, Slit/Robo me-
diated messaging acts as a tumor suppressor by inhibiting cell

Table 3 Cox univariable analysis

Variables DSS - gene expression Variables DSS - immunostaining

HR 95% CI P HR 95% CI P

Age ≤ 70 ref. Age ≤ 70 ref.
> 70 1.571 0.875–2.822 0.136 > 70 1.293 0.730–2.290 0.378

Sex Female ref. Sex Female ref.
Male 0.469 0.252–0.871 0.017 Male 0.857 0.446–1.648 0.644

Stage pTa - pT1 ref. Stage Ta - T1 ref.
pT2 - pT4 5.686 2.864–11.286 <0.001 T2 - T4 5.058 2.697–9.487 <0.001

Grade G1–2 ref. Grade G1–2 ref.
G3 5.177 2.700–9.923 <0.001 G3 3.393 1.916–6.011 <0.001

Metastasis N0/Nx/M0/Mx ref. LN status N0 ref.
N + / M+ 4.750 2.363–9.552 <0.001 N+ 6.591 3.022–14.376 <0.001

Smoking no ref. Smoking no ref.
yes 0.609 0.295–1.256 0.179 yes – – –

Robo1 gene exp. low ref. ROBO1 - Cyt. 0 ref.
high 1.427 0.796–2.559 0.223 0< 0.762 0.408–1.423 0.393

Robo4 gene exp. low ref. ROBO1 - Nucl. 0 ref.
high 1.224 0.661–2.268 0.521 0< 0.749 0.562–0.999 0.049

Slit2 gene exp. low ref. ROBO4- Cyt. 0 ref.
high 4.218 2.257–7.885 <0.001 0< 1.872 1.004–3.490 0.072

ROBO4- Nucl. 0 ref.
0< 0.551 0.295–1.030 0.062

Slit2 - I H C 0 ref.
0< 0.843 0.657–1.082 0.180

Significant results (p < 0.05) are presented in bold

Abbreviations: DSS - disease-specific survival HR - hazard ratio, CI – confidence interval, Ref. – referent, Cyt. - cytoplasmic, Nucl. - nuclear
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Fig. 1 Representative micrographs of Robo1 (a, b), Robo4 (c, d) and
Slit2 (e, f) immunostainings. The left column (a, c, e) shows the
expression in NMIBC and the right column (b, d, f) in MIBC. a)
Shows strong nuclear Robo1-expression in NMIBC, while nuclear
Robo1-reactivity is weak and focal in MIBC (b). The same is depicted
for Robo4 in c) and d). Slit2-expresion tended to be more prounounced in
NMIBC (e) with strong cytoplasmic reactivity, while in MIBC (f) usually
weaker immunostaining was observed. Larger photomicrographs are in
100x magnificantion and inset in 400x.Representative micrographs of

Robo1 (a, b), Robo4 (c, d) and Slit2 (e, f) immunostainings. The left
column (a, c, e) shows the expression in NMIBC and the right column
(b, d, f) in MIBC. a) Shows strong nuclear Robo1-expression in NMIBC,
while nuclear Robo1-reactivity is weak and focal in MIBC (b). The same
is depicted for Robo4 in c) and d). Slit2-expresion tended to be more
prounounced in NMIBC (e) with strong cytoplasmic reactivity, while in
MIBC (f) usually weaker immunostaining was observed. Larger
photomicrographs are in 100x magnificantion and inset in 400x

U. Krafft et al.258



invasion and migration [5, 13, 14], with the exception of some
gastrointestinal cancers. Zhou et al. showed that the expression
of Slit2 and Robo1 was significantly associated with an in-
creased metastatic risk and poor overall survival in colorectal
carcinoma patients [15]. In contrast, for hepatocellular carcinoma
Stella et al. found that Slit/Robo acts as an antagonist of invasive
growth by inhibiting of cell migration and increasing E-cadherin
mediated adhesive intercellular strength [16]. Similarly, in breast
cancer Slit/Robo exhibit antitumor activity; their higher tumor
tissue expressions were correlated with improved patients

survival [17, 18]. Wang et al. showed for esophageal squamous
cell cancer that downregulation of Slit2 is correlated with occur-
rence of metastases and poor patients’ survival.

There are only limited data regarding the role of Slit/Robo
signaling in BC. In the only available publication, Li et al.
established an in vivo model in which cultivated BC cells were
transplanted into nude mice. The transplanted tumor cells were
then blocked by anti-Robo1 and − 4 antibodies. They found
that the anti-Robo1 group showed significantly lower tumor
growth suggesting Robo1 to play a proangionic role in BC

Fig. 2 Kaplan-Meier disease-
specific survival curves stratified
by Robo1 and Robo4 gene and
protein expressions (log rank test
has been performed to calculate
p-values)

Fig. 3 Kaplan-Meier disease-
specific survival curves stratified
by Slit2 gene and protein
expressions (log rank test has
been performed to calculate
p-values)
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[19]. The aim of the present study was to further determine the
role of Robo/Slit signaling in BC progression by analyzing,
their tissue gene and protein expressions in a large number of
clinical samples. During the evaluation of immunohistochemi-
cal data, we put focus on the subcellular localization of Robos
as their nuclear translocation was formerly found to be of func-
tional relevance [20]. In this regard, Seki et al. described a
multistep proteolysis representing a novel post-translational
regulation process for Robo1 which results in the translocation
of Robo1 into the nucleus and changing its signaling function
[21]. On the mRNA level, we found increasing Robo1 expres-
sion at higher stages of BC. In contrast, its nuclear protein
expression decreased during tumor progression. In addition,
higher Robo1 nuclear staining was significantly associated
with favourable prognosis. These results suggest a clinically
relevant post transcriptional regulation for Robo1 with an im-
pact on its subcellular localization. In contrast to Robo1, the
gene expression of Robo4 showed no significant changes dur-
ing tumor progression but its nuclear staining intensity - similar
to Robo1 - was significantly decreased in progressed stages of
BC. These results, similar to those with Robo1, suggest that not
the primary expression but its subcellular localization of Robo1
plays a role in the progression of BC. Furthermore, our results
showing that the nuclear translocation of Robo1 and Robo4 is
associated with a more favourable prognosis suggest that this
mechanism may represent an intrinsic antitumor mechanism in
BC. This prognostic effects, however, does not prove to be
independent from tumor stage and grade and therefore Robo1
can hardly be used as prognostic factors in BC.

For Slit2, we found increased gene expression during tu-
mor progression and an association between higher gene ex-
pression and a poor disease-specific survival. This prognostic
effect could be validated by the in silico analysis of 402 BC
patients (12). This prognostic effect however could not be
confirmed on the protein level.

Taking together, analyzing the tissue gene and protein ex-
pression levels of Robo1, Robo4 and Slit2 for the first time,
we demonstrate that nuclear expression of Robo1 and Robo4
is associated with a favourable prognosis suggesting that its
translocation into the nucleus represent may exhibit an antitu-
mor effect in BC. Overall, our protein expression data suggest
a tumor suppressor role for the Robo/Slit pathway in BC. The
lack of correlation between the gene expression and protein
level of Robo1, Robo4 and Slit2 suggests that these molecules
underlay a significant post-transcriptional regulation, which in
case of Robo1 and Robo4 influences their subcellular locali-
zation. Further analyses are needed to understand the role of
this mechanism in BC and to investigate the therapeutic po-
tential of Slit/Robo pathway.
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Table 4 Cox multivariable analysis

Variables DSS - gene expression Variables DSS - immunostaining

HR 95% CI P HR 95% CI P

Sex Female ref. Sex Female

Male 0.722 0.379–1.375 0.322 Male

Stage pTa - pT1 ref. Stage Ta - T1 ref.

pT2 - pT4 1992 0.677–5.864 0.211 T2 - T4 3600 1.497–8.658 0.004

Grade G1–2 ref. Grade G1–2 ref.

G3 2038 0.831–4.998 0.120 G3 1437 0.613–3.366 0.404

Metastasis N0/Nx/M0/Mx ref. Metastasis N0/Nx/M0/Mx ref.

N + / M+ 3274 1.546–6.932 0.002 N + / M+ 2139 0.838–5.459 0.112

Robo4 gene exp. low ROBO1 - Nucl. 0 ref.

high 0< 0.861 0.617–1.202 0.380

Slit2 gene exp. low ref. ROBO4- Cyt. 0 ref.

high 1626 0.689–3.838 0.268 0< 1134 0.602–2.137 0.697

ROBO4- Nucl. 0 ref.

0< 0.956 0.555–1.649 0.872

Significant results (p < 0.05) are presented in bold

Abbreviations: DSS - disease-specific survival HR - hazard ratio, CI – confidence interval, Ref. – referent, Cyt. - cytoplasmic, Nucl. - nuclear
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