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Abstract

BACKGROUND—Extravasation is a critical step in cancer metastasis, in which adhesion of 

intravascular cancer cells to the vascular endothelial cells is controlled by cell surface adhesion 

molecules. The role of interleukin-17 (IL-17), insulin, and insulin-like growth factor 1 (IGF1) in 

adhesion of prostate cancer cells to the vascular endothelial cells is unknown, which is the subject 

of the present study.

METHODS—Human umbilical vein endothelial cells (HUVECs) and human prostate cancer cell 

lines (PC-3, DU-145, LNCaP, and C4-2B) were analyzed for expression of vascular cell adhesion 

molecule 1 (VCAM-1), integrins, and cluster of differentiation 44 (CD44) using flow cytometry 

and Western blot analysis. The effects of IL-17, insulin and IGF1 on VCAM-1 expression and 
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adhesion of prostate cancer cells to HUVECs were examined. The interaction of VCAM-1 and 

CD44 was assessed using immunoprecipitation assays.

RESULTS—Insulin and IGF1 acted with IL-17 to increase VCAM-1 expression in HUVECs. 

PC-3, DU-145, LNCaP, and C4-2B cells expressed β1 integrin but not α4 integrin. CD44 was 

expressed by PC-3 and DU-145 cells but not by LNCaP or C4-2B cells. When HUVECs were 

treated with IL-17, insulin or IGF1, particularly with a combination of IL-17 and insulin (or 

IGF1), adhesion of PC-3 and DU-145 cells to HUVECs was significantly increased. In contrast, 

adhesion of LNCaP and C4-2B cells to HUVECs was not affected by treatment of HUVECs with 

IL-17 and/or insulin/IGF1. CD44 expressed in PC-3 cells physically bound to VCAM-1 expressed 

in HUVECs.

CONCLUSIONS—CD44-VCAM-1 interaction mediates the adhesion between prostate cancer 

cells and HUVECs. IL-17 and insulin/IGF1 enhance adhesion of prostate cancer cells to vascular 

endothelial cells through increasing VCAM-1 expression in the vascular endothelial cells. These 

findings suggest that IL-17 may act with insulin/IGF1 to promote prostate cancer metastasis.

Keywords

Prostate cancer metastasis; IL-17; Insulin; IGF1; VCAM-1

INTRODUCTION

More than 90% of deaths from cancer are caused by the metastases instead of the primary 

tumors [1]. Cancer metastasis is a process in which the secondary tumor sites are formed at 

locations distant to the primary site, including steps of stromal invasion and intravasation at 

the primary site, circulation in blood and lymph vessels, and extravasation and tumor 

formation at the distant site [2]. The number of cancer cells entering the systemic circulation 

(i.e., intravasation) daily can reach up to 4×106 per gram of primary tumor [3]. With a large 

number of cancer cells circulating intravascularly, the interactions between cancer cells and 

vascular endothelial cells play a key role in hematogenous cancer metastases to the distant 

sites of the body [4]. Several previous studies have shown that inflammatory cytokines 

cause adhesion of cancer cells to the activated vascular endothelium through inducing 

expression of adhesion molecules on the endothelium [5–7]. Colorectal cancer cells were 

observed to adhere to the vascular endothelium through binding to vascular cell adhesion 

molecule 1 (VCAM-1) in the presence of E-selectin [8]. It has been shown that cancer cells 

with expression of integrin α4β1 (also called very late antigen-4, VLA-4) favorably attached 

to bone marrow stromal cells that constitutively expressed VCAM-1, leading to bone 

metastasis [9]. Therefore, understanding the molecular mechanisms underlying the 

interactions between cancer cells and vascular endothelial cells is vital to our understanding 

of cancer cells extravasation during cancer metastasis.

Interleukin-17 (IL-17 or IL-17A) is an inflammatory cytokine [10]. When it binds to a 

heterodimer of IL-17RA/IL-17RC receptor complex, IL-17 is able to activate nuclear factor-

κB (NF-κB) activator 1 (Act1) through SEFIR (similar expression to fibroblast growth 

factor genes, IL-17 receptors, and Toll-IL-1R) domains [11–15]. Activation of Act1 triggers 

lysine-63-linked ubiquitination of tumor necrosis factor receptor-associated factor 6 
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(TRAF6), leading to activation of transforming growth factor-β-activated kinase 1 (TAK1) 

and IκB kinase (IKK) complex, and finally resulting in activation of NF-κB pathway that 

induces transcription of a variety of cytokines, chemokines, and growth factor [16–19]. We 

have previously demonstrated that IL-17 promotes development of hormone-dependent and 

castration-resistant prostate cancer in mouse prostates [20,21]. However, the role of IL-17 in 

development of metastatic tumors has not been determined.

Insulin is a hormone produced by pancreas β cells. The abnormal high concentration of 

insulin (hyperinsulinemia) may circulate in the body of people with obesity and type 2 

diabetes mellitus with insulin resistance. Insulin-like growth factor 1 (IGF1) is produced by 

liver when stimulated by insulin [22]. Two types of insulin receptors (IR-A and IR-B) can 

bind to either insulin or IGF1. The receptors of IGF1 also include a heterodimer of IR and 

IGF1 receptor (IGF1R). Both insulin and IGF1 have been found to induce VCAM-1 

expression in the vascular endothelial cells [23,24]. IL-17 can also increase expression of 

adhesion molecules, including intercellular adhesion molecule-1 (ICAM-1), VCAM-1 and 

E-selectin in the endothelial cells [25,26]. It has been shown that insulin can augment tumor 

necrosis factor-α (TNF-α)-induced expression of VCAM-1 in the endothelial cells [27]. We 

have previously demonstrated that insulin and IGF1 can enhance IL-17-induced chemokine 

expression [17]. Therefore, we conducted the present study to investigate if insulin and IGF1 

can enhance IL-17-induced VCAM-1 expression in human umbilical vein endothelial cells 

(HUVECs), and hence boost adhesion of prostate cancer cells to HUVECs.

MATERIALS AND METHODS

Cell culture

Human umbilical vein endothelial cells (HUVECs) were obtained from Life Technologies 

(Grand Island, NY, USA) and cultured in Medium 200 with Low Serum Growth 

Supplement and Gentamicin/Amphotericin B (Life Technologies, Grand Island, NY, USA). 

HUVECs of passages 5 – 9 were used in the experiments. Human prostate cancer cell lines 

PC-3, DU-145, and LNCaP were purchased from the American Type Culture Collection 

(Manassas, VA, USA) and C4-2B cell line was a gift from Dr. Leland WK Chung (Cedars-

Sinai Medical Center, Los Angeles, CA, USA). PC-3 and DU-145 cells were cultured in 

Dulbecco’s Modified Eagle’s Medium (DMEM; Mediatech, Inc., Manassas, VA, USA) with 

10% fetal bovine serum (FBS; Mediatech, Inc.) and 1% penicillin/streptomycin. C4-2B cells 

were cultured in Roswell Park Memorial Institute (RPMI)-1640 medium (Thermo Fisher 

Scientific, Inc., Waltham, MA, USA) with 10% FBS and 1% penicillin/streptomycin. 

LNCaP cells were cultured in T-medium (Life Technologies, Grand Island, NY, USA) with 

5% FBS and 1% penicillin/streptomycin. The cells were cultured in a 5% CO2 humidified 

incubator at 37°C.

Western blot analysis

Proteins of HUVECs, PC-3, DU-145, LNCaP and C4-2B cells were extracted using RIPA 

lysis buffer, which contains 50 mM sodium fluoride, 0.5% Igepal CA-630 (NP-40), 10 mM 

sodium phosphate, 150 mM sodium chloride, 25 mM Tris (pH 8.0), 1 mM 

phenylmethylsulfonyl fluoride, 2 mM ethylenediaminetetraacetic acid (EDTA), and 1.2 mM 
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sodium vanadate. The concentration of protein was measured using Bio-Rad protein Assay 

Dye Reagent Concentrate (Bio-Rad Laboratories, Hercules, CA, USA) and BioTek ELx800 

microplate reader (BioTek, Winooski, VT, USA). Approximately 80 μg of protein was 

loaded to 10% SDS-polyacrylamide gel electrophoresis and transferred to polyvinylidene 

difluoride membrane. 5% nonfat dry milk in TBST buffer (25 mM Tris-HCl, 125 mM 

sodium chloride and 0.1% Tween 20) was used to block the membrane. The membrane was 

incubated with primary antibodies at 4°C overnight, and then incubated with IRDye® 

800CW- or IRDye® 680RD-conjugated secondary antibodies (LI-COR Biosciences, 

Lincoln, NE, USA) at room temperature for 1 hour (h). The results were scanned with an 

Odyssey Infrared Imager (LI-COR Biosciences). For loading control, the membrane was re-

probed for glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The antibodies used 

included: rabbit anti-VCAM-1 and mouse anti-CD44 antibodies (Cell Signaling 

Technology, Danvers, MA, USA), and mouse anti-GAPDH antibodies (Millipore, Billerica, 

MA, USA).

Static adhesion assays

Approximately 1×105 HUVECs were seeded in each well of the 96-well plates. Two days 

later when the cells reached about 95% confluence, they were treated with 20 ng/ml 

recombinant human IL-17 (R&D Systems, Inc., Minneapolis, MN, USA), 50 ng/ml 

recombinant human insulin, or 50 ng/ml recombinant human IGF1 (Sigma Aldrich, Inc., St 

Louis, MO, USA), or a combination of IL-17 and insulin (or IGF1), for 24 h. Prostate cancer 

cells were stained with 0.8 μM calcein AM (Life Technologies, Grand Island, NY, USA) for 

15 minutes at 37°C and then washed three times with complete medium, thus the stained 

live prostate cancer cells gave rise to intense green fluorescence. Next, prostate cancer cells 

(0.5×105 cells in 100-μl complete medium) were added onto HUVECs in the 96-well plates 

and incubated for 15 minutes at 37°C. After incubation, each well was gently washed three 

times with phosphate-buffered saline (PBS) to remove non-adherent prostate cancer cells. 

The adherent prostate cancer cells were visualized and photomicrographs were taken using 

an inverted fluorescence microscope with a digital camera (LEICA DMIRB, Leica 

Microsystems Inc., Buffalo Grove, IL, USA). The fluorescence intensity (representing the 

number of adherent prostate cancer cells) was measured with a microplate reader (FLUOstar 

Optima, BMG Labtech, Cary, NC, USA) at excitation/emission wavelengths of 495 nm/520 

nm.

Flow cytometry analysis and fluorescence-activated cell sorting (FACS)

HUVECs, PC-3, DU-145, LNCaP and C4-2B cells were grown to confluence in 100-mm 

tissue culture dishes and harvested using an Enzyme-Free PBS-based Cell Dissociation 

Buffer (Life Technologies, Grand Island, NY, USA). Approximately 1× 106 cells were 

suspended in 100-μl FACS buffer (2% bovine serum albumin and 0.1% sodium azide in 

PBS). Fluorescein isothiocyanate (FITC)-conjugated mouse IgG1 (as isotype control) and 

mouse anti-human VCAM-1 antibodies (Ancell, Bayport, MN, USA) were added to 

HUVECs separately. Phycoerythrin (PE)-conjugated mouse IgG1 (as isotype control), 

mouse anti-human β1 integrin and α4 integrin antibodies (Ancell, Bayport, MN, USA), and 

mouse anti-human CD44 antibodies (Cell Signaling Technology, Danvers, MA, USA) were 

added to PC-3, DU-145, LNCaP, and C4-2B cells separately. The cells were incubated with 
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the antibodies (1:50 dilution) on ice for 45 minutes, followed by washing with FACS buffer 

twice. Flow cytometry analysis was conducted using a BD LSRII analyzer and FACS was 

conducted using BD FACSAria (BD Biosciences, San Jose, CA, USA).

Immunoprecipitation (IP)

HUVECs were grown to 100% confluence in 100-mm dishes and then treated with 20 ng/ml 

IL-17 and 50 ng/ml IGF1 for 24 h or treated with PBS as control. Approximately 3×106 

PC-3 or LNCaP cells were plated onto the confluent HUVECs for 30 minutes at 37°C. Non-

adherent cancer cells were washed off with PBS. Next, HUVECs and adherent cancer cells 

were lysed in RIPA buffer. In a parallel set of groups, HUVECs and adherent cancer cells 

were first fixed with 2% formaldehyde at room temperature for 10 minutes according to a 

previous study [28], in order to preserve the binding of molecules between HUVECs and 

adherent cancer cells. After quenching with ice-cold 1.25 M glycine, HUVECs and adherent 

cancer cells were lysed in RIPA buffer. Mouse anti-CD44 antibodies (1 μg) or mouse 

isotype IgG control antibodies (1 μg) were added to the protein extract and incubated at 4°C 

for 1 h. Then, 10 μl of protein A Sepharose™ CL-4B beads (GE Healthcare, Waukesha, WI, 

USA) was added for incubation at 4°C overnight. After three washes with PBS, the 

immunoprecipitated protein was released from the beads by boiling and analyzed for 

VCAM-1 and CD44 using Western blot analysis.

Statistical analysis

The results were presented as mean ± standard deviation (SD) of three independent 

experiments (n = 3). Two-way analysis of variance (ANOVA) and one-way ANOVA and 

Tukey’s test were used to determine the statistical significance using GraphPad Prism® 5.0 

(Graphpad Software, La Jolla, CA, USA). P < 0.05 was considered as statistically 

significant.

RESULTS

Insulin and IGF1 enhance IL-17-induced VCAM-1 expression

When treated with IL-17, insulin, or IGF1 alone for 24 h, VCAM-1 expression was only 

slightly increased in HUVECs (Fig. 1A), however, a combination of IL-17 and insulin (or 

IGF1) dramatically increased VCAM-1 expression (Fig. 1A). Expression of ICAM-1 and E-

selectin was not affected (data not shown). Induction of VCAM-1 expression in HUVECs 

by IL-17 or the combination of IL-17 and insulin/IGF1 reached a peak level at 24 h (Fig. 

1B). Extension of the treatment time to 48 h did not further increase the levels of VCAM-1 

expression (data not shown). Flow cytometry analysis showed that the combination of IL-17 

and insulin/IGF1 increased VCAM-1 expression on the surfaces of HUVECs to the levels 

higher than IL-17 or insulin/IGF1 alone (Fig. 1C and 1D).

Prostate cancer cells differentially express integrins and CD44

The conventional ligand of VCAM-1 is very late antigen-4 (VLA-4), which is made up by 

α4 and β1 integrins. Flow cytometry analysis showed that PC-3, DU-145, LNCaP, and 

C4-2B cells expressed β1 integrin, but not α4 integrin (Fig. 2A). This finding indicates that 

there is no intact VLA-4 ligand in PC-3, DU-145, LNCaP, and C4-2B cells to bind to 
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VCAM-1 expressed in HUVECs. PC-3, DU-145, LNCaP, and C4-2B cells did not express 

VCAM-1, nor did HUVECs express CD44 (data not shown). Since it has been reported that 

CD44 can physically interact with VCAM-1 [29], we assessed CD44 expression in the 

prostate cancer cells. Flow cytometry analysis showed that more than 95% of PC-3 and 

DU-145 cells expressed high levels of CD44 on the cell surfaces (Fig. 2B), whereas LNCaP 

and C4-2B cells did not express CD44 at any detectable levels (Fig. 2B). Western blot 

analysis confirmed the results from flow cytometry analysis (Fig. 2C).

Combination of IL-17 and insulin/IGF1 treatment enhances adhesion of PC-3 and DU-145 
cells to HUVECs

In assays of static adhesion within 15 minutes of time, few PC-3 cells adhered to the 

untreated HUVECs (Fig. 3A and 3B, the control group). When HUVECs were treated with 

insulin, IGF1, and IL-17 alone for 24 h prior to addition of PC-3 cells, there were slightly 

more PC-3 cells adhered to HUVECs, which was statistically insignificant (Fig. 3A). In 

contrast, when HUVECs were treated with a combination of IL-17 and insulin/IGF1 for 24 h 

prior to addition of PC-3 cells, the number of PC-3 cells adhered to HUVECs was 

significantly increased compared to the control group or any group treated with IL-17 or 

insulin/IGF1 alone (Fig. 3A and 3B, P < 0.05). Similarly, the combination of IL-17 and 

insulin/IGF1 also significantly increased the adhesion of DU-145 cells to HUVECs (Fig. 3C 

and 3D, P < 0.05). In contrast, when HUVECs were treated with IL-17, insulin, and IGF1, 

either alone or in combination, there was no increase in adhesion between LNCaP cells and 

HUVECs (Fig. 3E and 3F) or between C4-2B cells and HUVECs (Fig. 3G and 3H).

CD44-VCAM-1 interaction mediates the adhesion between prostate cancer cells and 
HUVECs

DU-145 cells were sorted into CD44bright and CD44dim populations using FACS (Fig. 4A). 

When HUVECs were treated with the combination of IL-17 and insulin/IGF1, there were 

significantly more CD44bright DU-145 cells adhered to HUVECs, compared to the unsorted 

DU-145 cells (Fig. 4B). However, the adhesion of CD44dim DU-145 cells to HUVECs was 

not increased by IL-17 and/or insulin/IGF1 treatment (Fig. 4B). Western blot analysis 

confirmed that CD44bright DU-145 cells expressed higher levels of CD44 than the unsorted 

DU-145 cells, whereas CD44dim DU-145 cells expressed little CD44 (Fig. 4C). Similarly, 

PC-3 cells were sorted into CD44bright and CD44dim populations using FACS (Fig. 5A). 

When HUVECs were treated with the combination of IL-17 and insulin/IGF1, there were 

significantly more CD44bright PC-3 cells adhered to HUVECs, compared to the HUVECs 

treated with IL-17 or insulin/IGF1 alone (Fig. 5B). However, there was no statistical 

difference between CD44bright and the unsorted PC-3 cells. In contrast, the adhesion of 

CD44dim PC-3 cells to HUVECs was not increased by IL-17 and/or insulin/IGF1 treatment 

(Fig. 5B). Since the adhesion between prostate cancer cells and HUVECs appeared to be 

dependent on expression of CD44 that has been shown to physically interact with VCAM-1 

[29], we checked if CD44 binds to VCAM-1 when prostate cancer PC-3 cells adhered to 

HUVECs. We used three different negative controls: first, HUVECs alone control; as 

HUVECs expressed VCAM-1 but no CD44, anti-CD44 IP did not pull down VCAM-1 or 

CD44 (Fig. 6, lane 1); second, addition of LNCaP cells to HUVECs; as LNCaP cells 

expressed no CD44, anti-CD44 IP did not pull down VCAM-1 or CD44 (Fig. 6, lane 2); and 
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third, IP with isotype IgG; as the non-specific IgG did not pull down CD44, VCAM-1 was 

not pulled down, either (Fig. 6, lanes 7–10). We initially used anti-CD44 antibodies to 

immunoprecipitate the CD44-VCAM-1 complex when PC-3 cells were added onto 

HUVECs that were not treated (control group) or treated with IL-17 and IGF1 to increase 

VCAM-1 expression, without fixation using 2% formaldehyde. To our surprise, we did not 

pull down any VCAM-1 in either the control group or the IL-17 and IGF1 treated group, 

though CD44 was pulled down (Fig. 6, lanes 3–4). We suspected that the CD44-VCAM-1 

interaction might be transient or weak, hence could not remain stable during the protein 

extraction procedure. Therefore, we adopted a previously reported technique to cross-link 

the protein interaction using 2% formaldehyde [28]. We found that anti-CD44 antibodies 

pulled down VCAM-1 in both the control and IL-17/IGF1 treated groups (Fig. 6, lanes 5–6). 

The amount of VCAM-1 protein pulled down was consistent to the levels of expression (Fig. 

1A).

DISCUSSION

It has been reported that IL-17 can activate NF-κB pathway [19], which is responsible for 

synthesis of VCAM-1 in the vascular endothelial cells [30]. In the present study, we showed 

that insulin and IGF1 were able to enhance IL-17-induced VCAM-1 expression in HUVECs. 

Of note, VCAM-1 is a glycoprotein with two different splice isoforms, namely, VCAM-1a 

(full-length with Mr ~ 90–95 kDa) and VCAM-1b (lacking exon 5 with Mr ~80–83 kDa) 

[31]. We observed that IL-17 single treatment slightly increased VCAM-1b but not 

VCAM-1a, while insulin single treatment slightly decreased VCAM-1a but slightly 

increased VCAM-1b, yet the combination of IL-17 and insulin treatment dramatically 

increased both VCAM-1a and VCAM-1b (Fig. 1A). The exact molecular mechanism that 

caused the different effects of IL-17 or insulin single treatment is not clear. Our previous 

study has demonstrated that insulin and IGF1 are able to enhance IL-17-induced expression 

of proinflammatory chemokines and cytokines [17]. We have shown that the underlying 

mechanism involves inhibition of glycogen synthase kinase 3 β (GSK3B) by Akt. Akt is 

activated by insulin and IGF1 through their receptor-activated phosphatidylinositol 3-kinase 

(PI3K). GSK3B phosphorylates CAAT enhancer binding protein β (C/EBPβ) and inhibits C/

EBPβ’s transcriptional function that is responsible for IL-17-induced gene expression 

[17,32]. Insulin and IGF1 can activate PI3K/Akt to phosphorylate GSK3B at serine 9 and 

inhibit GSK3B activity, and consequently increase C/EBPβ function to enhance IL-17-

induced gene expression. Recently, we have demonstrated that insulin and IGF1 can also 

activate PI3K/Akt to phosphorylate GSK3A at serine 21 and inhibit GSK3A activity, and 

consequently enhance IL-17-induced gene expression [33]. We believe this mechanism may 

also be true for the enhanced expression of VCAM-1 in HUVECs treated with IL-17 and 

insulin/IGF1. IL-17 alone did not dramatically increase VCAM-1 expression to enhance 

adhesion because GSK3 negatively inhibits IL-17 signaling as demonstrated by previous 

studies [17,33,34]. In the presence of IGF1 or insulin, GSK3 function is inhibited by 

PI3K/Akt activated by IGF1 or insulin [17,33], thus VCAM-1 expression and subsequent 

adhesion are enhanced by IL-17. We have shown that the synergy between IL-17 and 

insulin/IGF1 can be blocked by melatonin that inhibits Akt [17] or by a new pan-Akt 

inhibitor AZD5363 [33]. Therefore, it is potentially possible to use melatonin or AZD5363 
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to manipulate the cross-talk between IL-17 and insulin/IGF1 signaling pathways for 

preventive and therapeutic purposes.

VCAM-1 expression on the surface of endothelial cells contributes to leukocyte capture via 

binding to VLA-4 (α4β1 integrin) expressed on the surface of leukocytes [35,36]. In the 

present study, we showed that the static adhesion of PC-3 and DU-145 cells to HUVECs 

was increased when HUVECs were treated with IL-17 and insulin/IGF1, which may be due 

to increased expression of VCAM-1 on the treated HUVECs. However, PC-3 and DU-145 

cells did not express VLA-4, indicating that these prostate cancer cells cannot adhere to the 

endothelial cells through VLA-4-VCAM-1 interaction. It has been reported that VCAM-1 

may bind to CD44 [4,29]. Therefore, we checked CD44 expression in the prostate cancer 

cells. We found that PC-3 and DU-145 cells expressed CD44 on their surface, whereas 

LNCaP and C4-2B cells did not express CD44. CD44 is a cell surface adhesion molecule 

and its main ligand is hyaluronic acid (HA) [37]. However, HA expression on HUVECs is 

usually not induced by inflammatory cytokines such as tumor necrosis factor-α (TNF-α), 

IL-1β, lipopolysaccharide, or interferon γ [38]. Thus, CD44-HA interaction may not be able 

to explain the increased adhesion of PC-3 and DU-145 cells to HUVECs. P-selectin, L-

selectin and E-selectin have been reported to bind to CD44 and facilitate capture of colon 

cancer cells and leukocytes on the vascular endothelial cells [39,40]. However, we did not 

detect any E-selectin expression in the HUVECs used in our study, thus E-selectin is 

unlikely to play any role in the adhesion of prostate cancer cells to HUVECs. We believe 

that the adhesion of prostate cancer cells to HUVECs is mediated through CD44-VCAM-1 

interaction, based on the following evidence: first, only prostate cancer cells that express 

CD44 (PC-3 and DU-145 cells) adhered to HUVECs, particularly when VCAM-1 

expression was enhanced by the treatment with IL-17 and insulin/IGF1, whereas the prostate 

cancer cells that do not express CD44 (LNCaP and C4-2B cells) did not adhere to HUVECs 

even after the treatment with IL-17 and insulin/IGF1; second, the sorted CD44dim 

populations of PC-3 and DU-145 cells no longer adhered to HUVECs, due to reduced or 

lack of CD44 expression; and third, CD44 expressed in PC-3 cells physically bound to 

VCAM-1 expressed in HUVECs under the static adhesion condition.

It is of significance to identify CD44-VCAM-1 interaction that mediates adhesion of 

prostate cancer cells to the vascular endothelial cells, as CD44 is usually expressed in the 

stem cell-like prostate and breast cancer cells that circulate intravascularly and eventually 

metastasize to distant organs [41–44]. Thus, prostate cancer stem cells may adhere to the 

vascular endothelium through CD44-VCAM-1 interaction. Previously, Draffin et al. have 

shown that CD44 is able to facilitate the adherence of metastatic prostate and breast cancer 

cells to bone marrow endothelial cells via binding to HA [45]. When CD44 expression was 

down-regulated by miR34-a, prostate cancer regeneration and metastasis was inhibited [46]. 

In the present study, we provided evidence to support that CD44-VCAM-1 interaction may 

also contribute to the adhesion of prostate cancer cells to the vascular endothelium. Of 

particular interest, the adhesion is enhanced by IL-17 and insulin/IGF1 due to increased 

VCAM-1 expression in the vascular endothelial cells. This may be relevant to the increased 

risks of metastasis and mortality in obese men with prostate cancer. It has been found that 

obese men have a 3.6-fold increase in risk of prostate cancer metastasis and a 2.6-fold 

increased risk of prostate cancer-specific mortality, compared to prostate cancer patients 

Chen et al. Page 8

Prostate. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with normal body mass index [47]. Another recent study found that overweight and obese 

men were threefold and fivefold more likely to develop metastases than normal weight men 

[48]. It is well known that obese people have increased serum levels of insulin and IGF1 

[49] as well as IL-17 [50]. Thus, we speculate that, due to increased levels of IL-17 and 

insulin/IGF1, VCAM-1 expression is increased in the vascular endothelial cells in obese 

men with prostate cancer, which facilitates adhesion of the stem cell-like circulating tumor 

cells through CD44-VCAM-1 interaction and subsequently promotes extravasation and 

metastasis of prostate cancer. Further studies are required to validate this speculation.

CONCLUSIONS

CD44-VCAM-1 interaction mediates the adhesion between prostate cancer cells and 

HUVECs. IL-17 and insulin/IGF1 enhance adhesion of prostate cancer cells to vascular 

endothelial cells through increasing VCAM-1 expression in the vascular endothelial cells. 

These findings suggest that IL-17 may act with insulin/IGF1 to promote prostate cancer 

metastasis.
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CD44 cluster of differentiation 44

C/EBPβ CAAT enhancer binding protein β

FACS fluorescence-activated cell sorting

FBS fetal bovine serum

GAPDH glyceraldehyde 3-phosphate dehydrogenase

GSK3 glycogen synthase kinase

HA hyaluronic acid

HUVECs human umbilical vein endothelial cells

ICAM-1 intercellular adhesion molecule-1

IGF1 insulin-like growth factor 1

IL-17 interleukin-17

IP immunoprecipitation

NF-κB nuclear factor-κB
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PBS phosphate-buffered saline

VCAM-1 vascular cell adhesion molecule-1

VLA-4 very late antigen-4
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Fig. 1. 
VCAM-1 expression in HUVECs was induced by IL-17 and insulin/IGF1. A: Western blot 

analysis of VCAM-1 expression in HUVECs treated with IL-17, insulin, and IGF1, alone or 

in combination, for 24 h. B: Western blot analysis of VCAM-1 expression in HUVECs 

treated with IL-17, insulin, and IGF1, alone or in combination, for 6, 12, and 24 h. C–D: 
Flow cytometry analysis of VCAM-1 surface expression in HUVECs treated with IL-17, 

insulin, and IGF1, alone or in combination, for 24 h.
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Fig. 2. 
Expression of adhesion molecules in prostate cancer cells. A–B: Flow cytometry analysis of 

α4 integrin, β1 integrin, and CD44 expression in PC-3, DU-145, LNCaP, and C4-2B cells. 

C: Western blot analysis of CD44 expression in PC-3, DU-145, LNCaP, and C4-2B cells. 

Equal loading of proteins was confirmed by re-probing GAPDH.
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Fig. 3. 
Adhesion of prostate cancer cells to HUVECs. A, C, E, and G: Quantification of green 

fluorescence-labelled prostate cancer cells adhered to HUVECs within 15 minutes. 

HUVECs were treated with IL-17, insulin, and IGF1, alone or in combination, for 24 h prior 

to addition of prostate cancer cells. Fluorescence intensity was proportional to the number of 

prostate cancer cells adhered to HUVECs. The fluorescence intensity of the control group 

was arbitrarily designated as “1”, so the other groups were normalized with a formula: the 

fluorescence intensity of the treated group = the recorded fluorescence intensity of the 

treated group ÷ the recorded fluorescence intensity of the control group. Data represent 

means ± standard deviations of three independent experiments (n = 3). a, P < 0.05 compared 

to the control, insulin alone and IL-17 alone treatment groups; b, P < 0.05 compared to the 
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control, IGF1 alone and IL-17 alone treatment groups. B, D, F, and H: representative 

photomicrographs of the adhered prostate cancer cells labelled with green fluorescence. 

HUVECs were not labelled and laid in the background beneath the green cells.
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Fig. 4. 
Adhesion of the unsorted, CD44bright, and CD44dim DU-145 cells to HUVECs. A: Left 

panel, flow cytometry analysis of DU-145 cells stained with isotype control IgG; right panel, 

a representative dot plot shows how CD44bright and CD44dim DU-145 cells were sorted 

using FACS. B: Quantification of green fluorescence-labelled prostate cancer cells adhered 

to HUVECs within 15 minutes. HUVECs were treated with IL-17, insulin, and IGF1, alone 

or in combination, for 24 h prior to addition of prostate cancer cells. Fluorescence intensity 

was proportional to the number of prostate cancer cells adhered to HUVECs. The 

fluorescence intensity of the control group was arbitrarily designated as “1”, so the other 

groups were normalized with a formula: the fluorescence intensity of the treated group = the 

recorded fluorescence intensity of the treated group ÷ the recorded fluorescence intensity of 

the control group. Data represent means ± standard deviations of three independent 

experiments (n = 3). In the unsorted DU-145 cells panel, a indicates P < 0.05 compared to 

the control, insulin alone and IL-17 alone treatment groups; b indicates P < 0.05 compared 

to the control, IGF1 alone and IL-17 alone treatment groups. In the CD44bright DU-145 cells 

panel, a and b indicate P < 0.05 compared to the corresponding single treatment and 

combined treatment groups within the CD44bright DU-145 cells panel, and between the 

CD44bright DU-145 cells panel and the unsorted DU-145 cells panel, as well as between the 
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CD44bright DU-145 cells panel and the CD44dim DU-145 cells panel. C: Western blot 

analysis of CD44 expression in the unsorted, CD44bright, and CD44dim DU-145 cells. Equal 

loading of proteins was confirmed by re-probing GAPDH.
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Fig. 5. 
Adhesion of the unsorted, CD44bright, and CD44dim PC-3 cells to HUVECs. A: Left panel, 

flow cytometry analysis of PC-3 cells stained with isotype control IgG; right panel, a 

representative dot plot shows how CD44bright and CD44dim PC-3 cells were sorted using 

FACS. B: Quantification of green fluorescence-labelled prostate cancer cells adhered to 

HUVECs within 15 minutes. HUVECs were treated with IL-17, insulin, and IGF1, alone or 

in combination, for 24 h prior to addition of prostate cancer cells. Fluorescence intensity was 

proportional to the number of prostate cancer cells adhered to HUVECs. The fluorescence 

intensity of the control group was arbitrarily designated as “1”, so the other groups were 

normalized with a formula: the fluorescence intensity of the treated group = the recorded 

fluorescence intensity of the treated group ÷ the recorded fluorescence intensity of the 

control group. Data represent means ± standard deviations of three independent experiments 

(n = 3). In the unsorted PC-3 cells panel, a indicates P < 0.05 compared to the control, 

insulin alone and IL-17 alone treatment groups; b indicates P < 0.05 compared to the 

control, IGF1 alone and IL-17 alone treatment groups. In the CD44bright PC-3 cells panel, a 

and b indicate P < 0.05 compared to the corresponding single treatment and combined 

treatment groups within the CD44bright PC-3 cells panel, and between the CD44bright PC-3 

cells panel and the CD44dim PC-3 cells panel.
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Fig. 6. 
CD44 expressed in prostate cancer cells binds to VCAM-1 expressed in HUVECs. Proteins 

were extracted from HUVECs alone and HUVECs with addition of LNCaP or PC-3 cells 

with or without cross-linking using 2% formaldehyde fixation. Immunoprecipitation (IP) 

was performed using isotype control mouse IgG or mouse anti-CD44 antibodies. 

Immunobot (Western blot) was performed using anti-VCAM-1 or anti-CD44 antibodies. 

Where indicated (including the HUVEC + LNCaP group), HUVECs were treated with IL-17 

and IGF1 for 24 h. Unfixed, adherent PC-3 cells and HUVECs were harvested for protein 

extraction without fixation. Fixed, adherent PC-3 cells and HUVECs were harvested for 

protein extraction after fixation with 2% formaldehyde for 10 minutes.
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