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Abstract The Slit glycoproteins and their Roundabout

(Robo) receptors regulate migration and growth of many

types of cells including human cancer cells. However, little

is known about the expression and roles of Slit/Robo in

human ovarian cancer. Herein, we examined the expression

of Slit/Robo in human normal and malignant ovarian

tissues and its potential participation in regulating migra-

tion and proliferation of human ovarian cancer cells using

two ovarian cancer cell lines, OVCAR-3 and SKOV-3. We

demonstrated that Slit2/3 and Robo1 were immunolocal-

ized primarily in stromal cells in human normal ovaries and

in cancer cells in many histotypes of ovarian cancer tissues.

Protein expression of Slit2/3 and Robo1/4 was also iden-

tified in OVCAR-3 and SKOV-3 cells. However, recom-

binant human Slit2 did not significantly affect SKOV-3 cell

migration, and OVCAR-3 and SKOV-3 cell proliferation.

Slit2 also did not induce ERK1/2 and AKT1 phosphory-

lation in OVCAR-3 and SKOV-3 cells. The current find-

ings indicate that three major members (Slit2/3 and Robo1)

of Slit/Robo family are widely expressed in the human

normal and malignant ovarian tissues and in OVCAR-3 and

SKOV-3 cells. However, Slit/Robo signaling may not play

an important role in regulating human ovarian cancer cell

proliferation and migration.
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Introduction

Although there have been great advances in our under-

standing of ovarian cancer biology and significant

improvement in surgical technology and therapy regimens

over the last three decades, the mobility and mortality of

ovarian cancer remain high with an estimated 21,880 new

cases and 13,850 deaths in the USA alone in 2010

(American Cancer Society at http://www.cancer.org 2010).

This high mortality is largely due to the fact that the

majority (*70%) of ovarian cancer is diagnosed at an

advanced, chemoresistant stage (Wang et al. 2010). To

date, the cellular and molecular pathogenesis of human

ovarian cancers is poorly understood (Bast et al. 2009),

even though it is believed that approximately 90% of

primary malignant ovarian tumors arise from the ovarian

surface epithelium (Bell 2005). Therefore, a better under-

standing of the cellular and molecular pathogenesis of

ovarian cancer will assist the development of novel thera-

peutic interventions for this deadly gynecological disease.

The secreted Slit glycoproteins and their Roundabout

(Robo) receptors, consisting of three Slit (Slit1–3) and four

Robo (Robo1–4) members in vertebrates, were originally

identified in the nervous system as a repulsive cue to

prevent axons from migrating to inappropriate locations
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during the assembly of the nervous system (Andrews et al.

2007; Brose et al. 1999). Each mammalian Slit contains

four leucine-rich regions (Robo-binding domains), nine

epidermal growth factor repeats, a laminin G domain, and a

C-terminal cysteine-rich domain (Hohenester 2008). Slits

can be proteolytically cleaved into the N- and C-terminal

fragments in vivo and in vitro (Ba-Charvet et al. 2001;

Brose et al. 1999; Little et al. 2001; Patel et al. 2001). It is

believed that only full length and the N-terminus, both of

which are predominantly membrane bound, of the Slits can

bind and activate Robos (Ba-Charvet et al. 2001; Brose

et al. 1999; Little et al. 2001; Patel et al. 2001). Robos

belong to the Ig superfamily of transmembrane signaling

molecules (Hohenester 2008; Morlot et al. 2007). Robo1–3

consist of five Ig-like and three type III fibronectin domains

in the ectodomain, whereas Robo4 has only two Ig

domains. To date, the specific high-affinity Slit binding has

been demonstrated biochemically for all Robos, except for

Robo4 (Hohenester 2008; Morlot et al. 2007).

As many Slit/Robo family members are detected in a

variety of non-nervous tissues, critical roles of the Slit/

Robo signal in regulating growth, development, and

remodeling of these non-nervous tissues have been recog-

nized (Dickinson and Duncan 2010; Hinck 2004; Ypsilanti

et al. 2010). This notion is firmly supported by the obser-

vation that homozygous knockout of Slit1/2/3 (Liu et al.

2003; Plump et al. 2002; Yuan et al. 2003) and Robo1/2

(Grieshammer et al. 2004; Xian et al. 2001) often results in

impaired development of lungs, hearts, and kidneys, lead-

ing to newborn death shortly after birth.

Recently, Slit/Robo has also been identified in major

organs of the female reproductive system including fetal

and adult ovaries, endometria, and placentas (Dickinson

et al. 2008; Dickinson and Duncan 2010; Dickinson et al.

2010; Duncan et al. 2010; Ma et al. 2010). In sheep fetal

ovary, Slit/Robo is present primarily in oocytes of the

primordial follicles, and its increased expression is

accompanied by a reduction in the number of proliferating

oocytes in the developing ovary (Dickinson et al. 2010).

The Slit/Robo family members have also been detected in

luteal cells and stromal cells of the human adult ovary, in

which blockade of Slit/Robo activity promotes cell

migration and decreases apoptosis in primary cultured

luteal cells, suggesting that Slit/Robo may regulate lute-

olysis in women (Dickinson et al. 2008).

Slit/Robo is expressed in many types of human cancers

(Legg et al. 2008; Liao et al. 2010b). Nonetheless, reports on

the roles of Slit/Robo in human cancers are controversial. It

has been postulated that Slit/Robo may function as a tumor

suppressor (Legg et al. 2008; Liao et al. 2010b; Narayan

et al. 2006). This is supported by several lines of evidence.

First, homozygous deletion of ROBO1 gene is detected

in lung and breast carcinomas (Sundaresan et al. 1998).

Second, Slit2 is able to suppress the growth of breast and

colorectal tumor cells (Dallol et al. 2002a, b, 2003), and the

Slit/Robo signal is often inactivated in breast, lung, colo-

rectal, and brain cancers by hypermethylation of the Slit and

Robo promoters (Dallol et al. 2002a, b, 2003; Dickinson

et al. 2004; Morris et al. 2003). Third, the expression of

certain Slit/Robo members is decreased in many cancer

tissues, including lung cancer, breast cancer, adult renal cell

carcinoma, cervical cancer, and prostate cancer (Dallol et al.

2002a, b; Latil et al. 2003; Ma et al. 2010; Tanno et al.

2006), as compared to normal tissues or less advanced

cancer tissues. In contrast, increased expression of certain

Slit/Robo members has also been reported in prostate cancer

(Latil et al. 2003), breast cancer (Tanno et al. 2006), colo-

rectal cancer (Grone et al. 2006), hepatocellular carcinoma

(Ito et al. 2006), lung, kidney, liver, and metastatic mela-

noma (Seth et al. 2005). Furthermore, a recent report has

shown that neutralization of Robo1 reduces the cancer mass

and the microvascular density of human malignant

melanoma in vivo, suggesting that Slit/Robo may promote

cancer growth and development, plausibly via promoting

cancer angiogenesis (Wang et al. 2003). Thus, Slit/Robo

might either promote or inhibit cancer development,

depending on individual type of cancers.

Little is known about the expression and roles of Slit/

Robo in human ovarian cancer. Herein, we examined the

expression of Slit2/3 and Robo1/4, four major members of

Slit/Robo in human normal and malignant ovary tissues, as

well as SKOV-3 and OVCAR-3 cells, two human ovarian

cancer cell lines. We also examined the potential partici-

pation of the Slit/Robo signal in regulating migration and

proliferation of SKOV-3 and OVCAR-3 cells.

Materials and methods

Human ovarian tissue microarray and human

ovarian cancer cell lines

Human ovarian cancer tissue microarrays (cat # OV2084)

were purchased from Biomax, Rockville, MD, USA. This

tissue microarray contains 16 normal ovarian tissue sam-

ples (NORM; including eight adjacent normal ovarian and

eight normal ovarian tissues) and 192 cases of ovarian

cancer. Cancer histotypes include adult granular cell tumor

(AGCT; n = 4), disgerminoma (DISG; n = 5), adenocar-

cinoma (ADEN; n = 8), teratoma malignant change

(TMC; n = 5), yolk sac tumor (YST; n = 6), mucinous

adenocarcinoma (Mu-ADEN; n = 20), serous adenocarci-

noma (Se-ADEN; n = 136, in which 21 were classified as

low grade (L-Se-ADEN) and 115 as high grade (H-Se-

ADEN) based on the 2-tie grading system) (Ayhan et al.

2009; Malpica et al. 2004).
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Human ovarian adenocarcinoma cell lines, OVCAR-3

and SKOV-3, were obtained from the American Type

Culture Collection (Manassas, VA, USA). OVCAR-3 cells

were expanded in RPMI1640 medium (Invitrogen, Carlsbad,

CA, USA) containing 10% FBS (HyClone, Logan, UT,

USA), 1% penicillin/streptomycin (HyClone), and 10 lg/ml

insulin (Sigma, St. Louis, MO, USA). SKOV-3 cells were

expanded in RPMI 1640 medium containing 10% FBS and

1% penicillin/streptomycin. Each cell line was maintained

in a humidified atmosphere containing 5% CO2 at 37�C.

Immunohistochemistry

Immunolocalization of Slit2/3 and Robo1/4 in the human

ovarian cancer tissue microarray was carried out as

described (Jiang et al. 2010; Zheng et al. 1999). Immu-

noreactivity of Slit2/3 and Robo1/4 was visualized by

indirect detection with the avidin–biotin complex kit

(Vector Laboratories, Burlingame, CA, USA) using

3-amino-9-ethylcarbazole (Vector Laboratories) as a

chromogen. After deparaffinization, the tissue microarray

underwent antigen retrieval in a 10-mM citrate buffer

solution (pH 6.0) in a microwave. Endogenous peroxidase

activity was quenched in 0.3% H2O2. The tissue microarray

was lightly counterstained with hematoxylin (Fisher

Scientific, Pittsburg, PA, USA). After blocking the non-

specific binding with 1% horse serum albumin, the tissue

microarray was probed with a goat antibody against an

internal region of human Slit2 (cat # sc-16619), the

C-terminus of human Slit3 (cat # sc-31597) (4 lg/ml;

Santa Cruz Biotechnology, Santa Cruz, CA, USA) or a

rabbit antibody against human Robo1 (cat # ab7279), or

Robo4 (cat # ab10547) (4 lg/ml; Abcam, Cambridge,

MA, USA). After washing, the tissue microarray was

incubated with a biotinylated secondary antibody. Two

more tissue microarrays were probed with preimmune goat

and rabbit IgG, respectively, at 4 lg/ml as negative con-

trols. The staining was examined and recorded under a

Nikon microscope equipped with a Spot Insight QE CCD

camera.

Staining intensity of Slit2/3 and Robo1/4 was semi-

quantitatively analyzed as described (Jiang et al. 2010).

The images from the cancer tissues with the sample size

per cancer histotype C4 were taken under a 109 objective,

which represented *83% of area of each tissue core. The

images were uniformly converted to 8-bit grayscale

pictures. The integrated optical density (OD) value was

measured by the MetaMorph analysis software (Molecular

Devices, Sunnyvale, CA, USA). All data reported were

corrected by subtracting the OD value of the IgG control in

each corresponding section. Since no significant difference

in Slit2/3 and Robo1/4 staining intensity was observed

between adjacent normal ovarian tissues and normal

ovarian tissues, data from these two types of tissues were

pooled.

Western blot analysis for Slit2/3, Robo1/4,

ERK1/2, and AKT1

To determine the expression of Slit2/3 and Robo1/4 in

OVCAR-3 and SKOV-3 cells, Western blot analysis was

performed as described (Jiang et al. 2010; Wang et al.

2008; Zheng et al. 1999). OVCAR-3 and SKOV-3 cells

were cultured as above. Cells were lysed by sonication in

buffer [50 mM HEPES, 0.1 M NaCl, 10 mM EDTA,

4 mM sodium pyrophosphate, 10 mM sodium fluoride,

2 mM sodium orthovanadate (pH 7.5), 1 mM PMSF, 1%

Triton X-100, 5 lg/ml leupeptin, 5 lg/ml aprotinin]. After

centrifugation, protein concentrations of the supernatant

were determined with BSA (fraction V; Sigma, St. Louis,

MO, USA) as standards. The protein samples (50 lg) were

separated on 8% or 4–15% gradient SDS-PAGE gels and

electrically transferred to PVDF membranes. Human

hepatoblastoma cell lysate (50 lg, cat # sc2227; Santa

Cruz Biotechnology) and mouse thyroid extract (50 lg, cat

# sc2407; Santa Cruz Biotechnology) were run in parallel

as positive controls for Slit2 and Slit3, respectively, as

recommended by the manufacturer. Human umbilical cord

vein endothelial (HUVE) cells were used as the positive

control for Robo1/4 (Wang et al. 2003). The membranes

were probed with a rabbit antibody against the C-terminus

of human Slit2 (1: 200; cat # sc-28945), the N-terminus of

human Slit3 (1: 200; cat # sc-28946; Santa Cruz Biotech-

nology), or Robo1 (1:1,000; cat # Ab7279) or Robo4

(1:1,000; cat # Ab10547; Abcam), followed by reprobing

with a mouse GAPDH (1:20,000; cat # H00002597-M01;

Abnova, Walnut, CA) or b-actin (1:4,000; Ambion, Austin,

TX, USA) as a loading control. Proteins were visualized

using enhanced chemiluminescence reagents (Amersham

Biosciences, Piscataway, NJ, USA), followed by exposure

to chemiluminescence films. The immunoreactive signals

were analyzed by a densitometer. HUVE cells were iso-

lated from term placentas of normal pregnant women.

Collection of placentas was approved by the Institutional

Review Board, Meriter Hospital, and the Health Sciences

Institutional Review Boards, the University of Wisconsin-

Madison, and followed the recommended guidelines for

using human subjects.

To determine if Slit2 activates ERK1/2 and AKT1,

additional OVCAR-3 and SKOV-3 cells were cultured as

above. After serum starvation for 16 h, cells were treated

without or with 100 ng/ml of recombinant human Slit2

protein (Cat # ab82131, Abcam) for 0, 10, 30 min, 1 h, and

3 h. The protein (15 lg) was subjected to Western blotting

as described (Wang et al. 2008; Zheng et al. 1999). For

each set of samples, at least two gels were run
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simultaneously. One membrane was blotted with a phos-

pho-ERK1/2 antibody, followed by reblotting with a total

ERK1/2 antibody (both were at 1:2,000). Another mem-

brane was blotted with a phospho-AKT1 antibody (1:500)

followed by reblotting with a total AKT1 antibody

(1:2,000). All of these four antibodies were purchased from

Cell Signaling Technology, Beverly, MA, USA. The

membranes were also reprobed with a mouse GAPDH

(1:10,000; cat # H00002597-M01; Abnova, Walnut, CA,

USA). Proteins were visualized using chemiluminescence

reagents (Amersham, Piscataway, NJ, USA). Changes in

total and phospho-ERK1/2 and AKT1 protein levels were

quantified by a densitometer. Data on phospho-ERK1/2

and AKT1 were normalized to total ERK1/2 and AKT1.

Data on total ERK1/2 and AKT1 were normalized to

GAPDH.

Cell migration

Cell migration was evaluated using a 24-Multiwell BD

Falcon FluoroBlok Insert System (8.0 lm pores; BD Bio-

sciences, San Jose, CA, USA) as described (Liao et al.

2010a). After serum starvation for 24 h, 30,000 cells were

seeded in the insert (topside of membrane) and cultured in

serum-free media. Slit2 (final concentration 100 ng/ml) in

media containing 0.5% heat-inactivated FBS or media

containing 0.5% heat-inactivated FBS as a control was

added into the bottom wells. After 16 h, cells that migrated

to the bottom of the inserts were stained with calcein AM

(0.2 lg/ml; Invitrogen) for 30 min, examined, and recor-

ded by an inverted microscope mounted with a CCD

camera. The numbers of migrated cells were counted using

the MetaMorph image analysis software (Molecular

Devices). HUVE cells were run in parallel in a similar

fashion as a positive control (Wang et al. 2003).

Cell proliferation

Cell proliferation assay was carried out as described (Wang

et al. 2008; Zheng et al. 1999). Cells seeded in 96-well

plates (5,000 cells/well) were cultured in complete growth

media. After 16 h of serum starvation, cells were treated

with Slit2 at 0, 5, 10, or 100 ng/ml (6 wells/dose). Media

without or with Slit2 (100 ng/ml) were changed every

2 days. After 4 days of culture, the number of cells was

determined using the crystal violet method. Briefly, cells

were rinsed with distilled water and air dried. Once dried,

cells were lysed with 2% (w/v) sodium deoxycholate

solution with gentle agitation. Absorbance was measured at

570 nm on a microplate reader (BioTek Instrument,

Winooski, VT, USA). Wells containing known cell

numbers (0, 1,000, 2,000, 5,000, 10,000, 20,000, or 40,000

cells/well; 6 wells/cell density) were used to establish

standard curves.

Wound healing assay

To confirm Slit2’s action on ovarian cancer cell migration

and proliferation, the wound healing assay was performed

as described (Liao et al. 2010a). OVCAR-3 and SKOV-3

cells were cultured on 12-well plates in complete growth

media, until reaching confluence, and serum starved over-

night. A sterilized 200-ll pipette tip was used to make a

straight scratch, simulating a wound. Cells were washed

once with serum-free media and then treated without or

with recombinant human Slit2 (100 ng/ml; cat # ab82131,

Abcam) in serum-free media up to 24 h. Five images per

scratch, which represented 60% of the length of each

scratch, were photographed under a 49 objective imme-

diately after scratching, and after 16 and 24 h of Slit

treatment. Sizes of the wound area (mm2) were calculated

using the MetaMorph image analysis software (Molecular

Devices).

Statistics procedures

Data for the Slit/Robo staining intensity in the tissue

microarrays and changes in ERK1/2 and AKT1 phos-

phorylation in OVCAR-3 and SKOV-3 cells were analyzed

using one-way ANOVA followed by pairwise comparisons

(SigmaStat; Jandel Co., San Rafael, CA, USA). Data for

the Slit/Robo protein levels in human ovarian cancer cells

were analyzed using the Student’s t test. p B 0.05 was

considered to be significant.

Results

Immunolocalization of Slit/Robo in human ovarian

cancer tissues

Positive staining for Slit2/3 and Robo1, but not Robo4 was

present in NORM, primarily in stromal cells (Fig. 1A–D).

The immunoreactivity of Slit2/3 and Robo1/4 was also

found in cancer cells in several histotypes of ovarian cancer

tissues (Fig. 1A–D). In Mu-ADEN and Se-ADEN, Slit2/3

and Robo1/4 were localized primarily in epithelial cells

(Fig. 1A–D). No staining was observed in the preimmune

goat or rabbit IgG control (see the small inserts in h panels

of Fig. 1A–D). The semi-quantitative analysis revealed that

for each target protein examined, there was no significant

difference in staining intensity between the grades, stages,

and TNM classifications in each histotype of ovarian can-

cer, except Se-ADEN (Fig. 1E).
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Fig. 1 Immunohistochemical

analysis of Slit2/3 and Robo1/4

in human ovarian cancer tissue

microarray. Immunolocalization

of Slit2 (A), Slit3 (B), Robo1

(C), and Robo4 (D) was

performed as described in

‘‘Materials and Methods’’.

Reddish color indicates positive

Slit and Robo staining. For each

target protein, representative

images from NORM (a), AGCT

(b), DISG (c), ADEN (d), TMC

(e), YST (f), Mu-ADEN (g),

L-Se-ADEN (h), and H-Se-

ADEN (i) are shown. For the

goat (A, B) or rabbit (C,

D) preimmune IgG control,

representative images from the

L-Se-ADEN are shown. Bar
200 lm. For the semi-

quantitative analysis of the Slit/

Robo staining intensity (E), data

are expressed as means ± SEM

of the integrated OD. *Differs

from NORM (p B 0.05)
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For Slit2 (Fig. 1A), immunoreactivity was present in

AGCT, primarily in granulosa cells, DISG, and YST, as

well as in ADEN, Mu-ADEN, L-Se-ADEN, and H-Se-

ADEN, primarily in epithelial cells. The overall staining

intensity was relatively high in NORM, AGCT, DISG,

YST, Mu-ADNE, L-Se-ADEN, and H-Se-ADEN as com-

pared to that in ADEN and TMC. A semi-quantitative

analysis confirmed these observations. However, due to

high variation of staining intensity and relatively small

sample sizes in certain histotypes of ovarian cancers, sig-

nificant (p B 0.05) differences in the staining intensity

were detected only in YST and L-Se-ADEN as compared

to NORM (Fig. 1E).

For Slit3 (Fig. 1B), the strong staining was seen in DISG

and YST, while weak staining was presented in NORM,

ADEN, AGCT, Mu-ADEN, TMC, L-Se-ADEN, and H-Se-

ADEN. The semi-quantitative analysis also indicated that

the staining was much more (p B 0.05) intensive in DISG

and YST than in the others (Fig. 1E). These differences in

the staining intensity were in agreement with data from the

semi-quantitative analysis (Fig. 1E).

For Robo1 (Fig. 1C), moderate and strong staining was

observed in NORM and all histotypes of ovarian cancer.

The semi-quantification analysis revealed that the staining

intensity in DISG, YST, Mu-ADEN, L-Se-ADEN, and

H-Se-ADEN was significantly higher (p B 0.05) than that

in NORM, AGCT, ADEN, and TMC (Fig. 1E).

For Robo4 (Fig. 1D), the overall staining was weak in

NORM and all histotypes of ovarian cancer tissues except

DISG, in which the staining was more intensive than that in

all other tissues. These observations were confirmed by the

semi-quantitative analysis (Fig. 1E).

Expression of Slit2/3 and Robo1/4 in OVCAR-3

and SKOV-3 cells

The antibody against the C-terminus of human Slit2

detected a band at *50 kDa in OVCAR-3, SKOV-3, and

human hepatoblastoma cells (the positive controls)

(Fig. 2). The molecular mass of 50 kDa corresponds to the

C-terminus of human Slit2 reported (Ba-Charvet et al.

2001; Brose et al. 1999; Little et al. 2001; Patel et al.

2001). No band was detected at *200 kDa (the full length

Slit2) and *140 kDa (the N-terminus of Slit2) (Ba-Char-

vet et al. 2001; Brose et al. 1999; Patel et al. 2001). The

Slit2 antibody also detected an additional band right below

50 kDa in SKOV-3 cells (Fig. 2). It is currently unknown if

this band represents a unique isoform or a truncated form

of Slit2 in SKOV-3 cells.

The antibody against the N-terminus of human Slit3

detected two strong bands at *65 and 45 kDa, as well as a

weak band at *100 kDa in OVCAR-3 and SKOV-3 cells,

and also in the positive control (mouse thyroid extract)

(Fig. 2). These *65 and 45 kDa bands might represent the

C-terminus of Slit3 as previously reported for Slit3 (Little

et al. 2001) and Slit1/2 (Ba-Charvet et al. 2001; Brose et al.

1999; Little et al. 2001; Patel et al. 2001). No band was

detected for Slit3 at *200 kDa (the full-length Slit3; data

not shown) and *140 kDa (the N-terminus of Slit3; data

not shown) (Ba-Charvet et al. 2001; Little et al. 2001; Patel

et al. 2001). The Robo1/4 antibodies detected a single band

at*250 and 170 kDa, respectively, in OVCAR-3, SKOV-3,

and HUVE cells (the positive control) (Fig. 2). Both of

these molecular masses correspond to human Robo1/4

reported (Seki et al. 2010; Wang et al. 2003). These data

indicate the expression of Slit2/3 and Robo1/4 in OVCAR-3

and SKOV-3 cells.

Activation of ERK1/2 and AKT1

As compared to the control, recombinant human Slit2 at

100 ng/ml did not significantly induce ERK1/2 and AKT1

phosphorylation up to 3 h (Fig. 3). It, however, is noted

that the basal level (time 0) of total ERK1/2, but not

phospho ERK1/2 in SKOV-3 cells, was much higher

(p B 0.05) than that in OVCAR-3 cells; however, the basal

level of phospho AKT1 but not total AKT1 in SKOV-3 was

higher than that in OVCAR-3 cells (Table 1).

Fig. 2 Western blot analysis for Slit2/3 and Robo1/4 in OVCAR-3

and SKOV-3 cells. Cells at 80–90% confluence were harvested and

subjected to Western blotting for Slit2/3 and Robo1/4. Different lanes

in each individual ovarian cancer cell line represent different passages

of cells. Positive controls for Slit2, Slit3, and Robo1/4 are human

hepatoblastoma cell lysate, mouse thyroid extract, and HUVE cells,

respectively
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Effects of Slit2 on cell migration,

proliferation, and wound healing

Under a serum-free condition, SKOV-3 underwent migra-

tion (Fig. 4). However, no cell migration was observed for

OVCAR-3 cells under a similar serum-free condition and

even after 10% FBS stimulation (data not shown). Slit2 at

100 ng/ml promoted (p B 0.05) HUVE cell migration by

27% over the control in agreement with the previous report

(Wang et al. 2003). Treatment of Slit2 did not alter SKOV-

3 (Fig. 4) and OVCAR-3 (data not shown) cell migration.

After 4 days of treatment, the number of SKOV-3 cells

(10,703 ± 556.9) in the control was increased approxi-

mately by twofold of the initially seeding cells, while no

significant change was observed for OVCAR-3 cells

(4,585 ± 574.1). As compared to the control, Slit2 slightly

increased (*112% of the control) the number of OVCAR-3

cells at 5, 10, and 100 ng/ml, but this stimulatory effect did

not reach significance (Fig. 5). Treatment of Slit2 also did

not affect SKOV-3 cell numbers (Fig. 5).

Treatment of Slit2 did not affect wound healing in both

OVCAR-3 and SKOV-3 cells (Fig. 6). In OVCAR-3 cells,

the scratch areas did not show significant changes either in

the control or in Slit2 treatment up to 24 h. In SKOV-3

cells, the scratch areas were similar between the control

and Slit treatment at 16 h, whereas these were almost

healed and not detectable in both the control and Slit2

treatment at 24 h (Fig. 6). These data confirm that Slit2 has

no effect on proliferation and migration of SKOV-3 cells as

described in Figs. 4 and 5.

Fig. 3 Effects of Slit2 on

phosphorylation of ERK1/2 and

AKT1 in OVCAR-3 and

SKOV-3 cells. After serum

starvation for 16 h, cells at

80–90% confluence were

treated with Slit2 (100 ng/ml)

up to 3 h. Proteins were

subjected to Western blotting

for total (t) or phospho

(p) ERK1/2 and AKT1.

A representative Western blot

from four independent

experiments was shown for each

target protein. m minutes,

h hours

Table 1 Basal levels of tERK1/2, pERK1/2, tAKT1, and pAKT1 in

OVCAR-3 and SKOV-3 cells

OVCAR-3 SKOV-3

tERK1/2 0.71 ± 0.14 1.62 ± 0.21§

pERK1/2 0.78 ± 0.44 0.92 ± 0.17

tAKT1 1.27 ± 0.50 1.11 ± 0.26

pAKT1 0.26 ± 0.01 1.00 ± 0.22§

Data on total ERK1/2 (tERK1/2) and total AKT1 (tAKT1) were

normalized to GAPDH. Data on phospho ERK1/2 (pERK1/2) and

phospho AKT1 (pAKT1) were normalized to tERK1/2 and tAKT1,

respectively. Data are expressed as means ± SEM
§ Differs from OVCAR-3 (p B 0.05, n = 4)

Fig. 4 Effects of Slit2 on SKOV-3 and HUVE cell migration. After

serum starvation, cells were seeded in the inserts. Slit2 (100 ng/ml) in

0.5% FBS (for SKOV-3 cells) or in 1% FBS (for HUVE cells) were

added into the bottom wells. After 16 h of treatment, the numbers of

migrated cells were counted. Cell migration is expressed as means

± SEM fold of the control from four independent experiments. The

numbers of migrated cells in the control after 16 h of treatment were

990 ± 66.5 and 376 ± 98.5 for SKOV-3 and HUVE cells, respec-

tively. *Differs from the day 0 control (p B 0.01). Bars 200 lm
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Discussion

In the current study, we have demonstrated, for the first time

as far as we are aware, the protein expression of three

members (Slit2/3 and Robo1) of Slit/Robo family in the

adult human normal ovary tissue and in a variety of histo-

types of human ovarian cancer tissues, suggesting that Slit/

Robo might play an important role in both normal and

malignant ovarian tissues. However, given that Slit2 did not

affect cell proliferation and migration of ovarian cancer

cells, the role of the Slit/Robo signaling in regulating human

ovarian cancer cell function remains to be identified.

Among four Slit/Robo family members studied, Slit2/3

and Robo1 were relatively widely present in human normal

and malignant ovarian tissues, while Robo4 was localized

only in a few histotypes of ovarian cancer tissues (i.e.,

DISG, YST, and H-Se-ADEN). These data suggest that Slit

proteins could function as autocrine or paracrine factors in

human ovarian normal and malignant cancer. Moreover, as

compared to Robo4, higher levels of Robo1 in normal

ovarian tissues and many histotypes of ovarian cancer tis-

sues studied also imply that Robo1 is a major receptor for

Slit in both normal and malignant ovarian tissues. This is in

agreement with previous reports showing that Robo1 is the

major receptor for Slit proteins in the non-nervous system

(Mertsch et al. 2008). It is noteworthy that for each Slit/

Robo family member, expression levels were highly varied

across different histotypes of ovarian cancer, albeit it could

be partially attributed to the small sample size in some of

these histotypes of cancer. This highly uneven expression

of Slit/Robo is not surprising since human ovarian cancer is

characterized by its high heterogeneity (Bast et al. 2009).

Moreover, our observations that Robo1 levels in DISG,

YST, and Se-ADEN were *2.5 to 3.7-fold higher than

Fig. 5 Effects of Slit2 on OVCAR-3 and SKOV-3 cell proliferation.

After serum starvation, cells were treated without or with different

doses of Slit2 for 4 days. The media were replaced with fresh Slit2

every 48 h. Cell numbers are expressed as means ± SEM from three

independent experiments

Fig. 6 Effects of Slit2 on the

scratch wound healing in

OVCAR-3 and SKOV-3 cells.

After serum starvation,

confluent cells grown on the

12-well plates were scratched

followed by treating cells with

Slit2 (100 ng/ml) up to 24 h.

The scratch areas (mm2) were

determined at time 0, 16, and

24 h. Data are expressed as

means ± SEM scratch areas per

image from three independent

experiments. ND not detectable,

Bars 200 lm
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those in NORM imply that Robo1 could serve as a diag-

nostic marker for these major histotypes of human ovarian

cancer and/or could potentially be used as a therapeutic

target for these ovarian cancers after its role is defined.

It is believed that Robo4 is exclusively expressed in

endothelial cells, particularly in tumors (Neri and Bicknell

2005), and mediates Slit2-inhibited VEGF165-induced in

vitro angiogenesis and VEGF165-induced in vivo vascular

permeability (Jones et al. 2008). In contrast, blockade of

Robo using a Robo neutralizing antibody could suppress

the growth of human malignant melanoma cells in vivo,

possibly via inhibiting tumor angiogenesis (Wang et al.

2003). Nonetheless, in the current study, regardless of

whether Slit/Robo was pro- or anti-angiogenic, no apparent

immunoreactivity of Robo4, and also Robo1 was detected

in vascular endothelial cells in normal and malignant

ovarian tissues. Thus, it is unlikely that Slit2 can directly

target endothelial cells via binding to Robo1/4 in these

ovarian tissues to affect ovarian angiogenesis.

The downstream signaling of Slit remains largely

unknown. However, previous reports have implied that

Slit2 could function via activating the MEK/ERK1/2 and

PI3K/AKT1 signaling pathways in human malignant

melanoma (Wang et al. 2003) and Xenopus retinal growth

cones (Piper et al. 2006). Our current observations that

Slit2 did not alter ERK1/2 and/or AKT1 phosphorylation in

OVCAR-3 and SKOV-3 cells up to 3 h suggest that both

ERK1/2 and AKT1, two key signaling molecules in

mediating many essential cell processes (Kolch 2000), do

not directly participate in mediating Slit2’s actions in both

of these cancer cell lines. It is noteworthy that the basal

level of total ERK1/2 and phospho AKT1 in SKOV-3 cells

was much higher than that in OVCAR-3 cells. It is

currently unclear if such differential regulation has impacts

on different behaviors (e.g., different growth rates)

between these two cell lines.

In the current study, we detected mainly the C-terminus,

but not full length and N-terminus of Slit2/3 in OVCAR-3

and SKOV-3 cells. These data suggest that the proteolytic

fragments (Hohenester 2008) are the major forms of Slit2/3

existing in human ovarian cancer cells as in other non-

tumor tissues (Hohenester 2008), and the majority of the

N-terminus of Slit2/3 is rapidly released out and dissociate

from ovarian cancer cells after their cleavage from the full

length of Slit2/3. Given that the C-terminus of Slit2 is

biologically inactive (Ba-Charvet et al. 2001; Patel et al.

2001), these C-terminal fragments of Slit2/3 should not

play an important role in regulating ovarian cancer cell

function. In contrast, the N-terminal fragments of Slit2/3

after their releases from the cells might act on ovarian

cancer cells.

In recent years, most members of the Slit/Robo family

have been found in many solid tumors, but their roles in the

progression of various cancers have not been clearly

defined. The association of high Robo1 levels with DISG,

YST, and Se-ADEN supports the notion that the Slit/Robo

is pro-cancer in human ovarian cancer, as suggested in

many other cancers including endometrial cancer (Narayan

et al. 2006), prostate cancer (Latil et al. 2003), breast

cancer (Tanno et al. 2006), colorectal cancer (Grone et al.

2006), hepatocellular carcinoma (Ito et al. 2006), lung,

kidney, liver, and metastatic melanoma (Seth et al. 2005),

and malignant melanoma (Wang et al. 2003). However, in

the current in vitro study, we observed that Slit2 did not

affect cell proliferation and migration in both OVCAR-3

and SKOV-3 cells, although it stimulated migration of

HUVE cells. Thus, we speculate that Slit/Robo may par-

ticipate in regulating other ovarian cancer functions such as

cell differentiation and apoptosis (Chédotal et al. 2005).

For example, Slit2 might regulate cell apoptosis in human

ovarian cancer, particularly since SKOV-3 and OVCAR-3

cells either keep proliferating (SKOV-3) or maintain their

cell number (OVCAR-3) at the initial plating level even

after 4 days of serum starvation as observed in the current

study.
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