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Adhesion of circulating prostate cancer (PCa) cells
to the microvascular endothelium is a critical step
during cancer metastasis. To study PCa cell rolling
and adhesion behavior, we developed a dynamic
flow-based microtube system to mimic the micro-
vascular environment. We found that PCa cell roll-
ing capacity is mediated by E-selectin and can be
enhanced by stromal cell-derived factor-1 under dif-
ferent wall shear stresses. Using this device, we
tested if the chemopreventive agent, vitamin D,
could interfere with PCa cell adhesion. We found
that 1�,25-dihydroxyvitamin D3 (1,25-VD), the bio-
active form of vitamin D, reduced PCa cell rolling
numbers and increased rolling velocities resulting
in a significant decreased number of PCa cells ad-
hering to the microtube. The inhibitory effects of
1,25-VD on PCa cell heterotypic adhesion were fur-
ther confirmed using microvascular endothelial
cells in a static condition. Furthermore, we demon-
strated that 1,25-VD can increase E-cadherin ex-
pression in PCa cells and promote the homotypic
cell-cell aggregation, which can then hinder PCa
cell adhesion to the endothelium. Blocking E-cad-
herin with a neutralizing antibody can reverse 1,25-
VD-mediated suppression of PCa cell adhesion to
the endothelium. Taken together, our data revealed
that 1,25-VD promoted PCa cell aggregation by in-
creasing E-cadherin expression, thus interfering
with circulating PCa cell adhesion to microvascular
endothelial cells and potentially reducing their met-
astatic potential. (Am J Pathol 2011, 178:872–880; DOI:
10.1016/j.ajpath.2010.10.036)
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Distal metastasis is the leading cause of cancer-associ-
ated mortality. Most cancers progress over time depart-
ing from primary carcinomas and metastasize to distal
targeted organs. The progression from a locally growing
tumor to lethal metastasis involves numerous cellular al-
terations that allow tumor cells to complete the complex
series of events needed for metastatic spread. Following
intravasation of PCa into the blood vessels, two major
events — anoikis and cell adhesion to vessel endothe-
lium — mediate hematogenous dissemination with blood
circulation before cancer cells arrive at the distant organs.
Anoikis is a programed cell death induced by detachment
of anchorage-dependent cells from the surrounding extra-
cellular matrix.1 Although most circulating tumor cells un-
dergo anoikis following detachment to free flow, it has been
shown that a subpopulation of malignant cells can de-
velop an anoikis-resistant capability and survive circula-
tory travel.2 For circulating tumor cells that survive, hetero-
typic adhesion and firm arrest to the vessel endothelium
within the microenvironment of a target organ is a required
step for the progression to distal metastasis.3

Circulating PCa cells preferentially adhere to the ves-
sel endothelia that express E-selectin4 via interactions
between endothelial E-selectin and E-selectin ligands
(such as PSGL-1, ESL-1, and CD44)5,6 or other adhesive
molecules (such as �2 and �1 integrins)7 on the cancer
cells. Weak cell-cell adhesion events initiate the tethering
and rolling of cancer cells on the endothelium. This cell-
cell adhesion is enhanced when chemokines, such as
stromal cell-derived factor-1 (SDF-1), expressed by en-
dothelial or stromal cells interact with their receptors
(such as CXCR4) on the cancer cell surface.8 Following
chemokine signaling, integrins play a further role in the
development of stable attachments.9 The series of events
of heterotypic cell-cell interactions that result in cancer
cells arrest on the endothelium are requisite to the later
stages of metastasis, including extravasation, migration,
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invasion, and proliferation of the metastatic tumor in the
distant organs.

The role of vitamin D as an anti-prostate tumor agent
was first proposed in 1990 by Schwartz et al,10 who
described that the major PCa risk factors (such as age,
race, and resident latitude) are correlated with the de-
creased vitamin D levels. Later studies further proved
that vitamin D functions through multiple routes to inhibit
tumor progression, including suppression of prolifera-
tion,11 migration,12 invasion,13,14 angiogenesis,15 and
metastasis in vivo.16,17 Most of the studies of vitamin D
effects on PCa are limited to the cell culture setting,
hence the effects of vitamin D on PCa cells within the
circulation system, where hematogenous dissemination
of tumor metastasis occurs, are still largely unknown.

Cadherins are a family of cell surface glycoproteins
that may play a role during cellular migration through their
mediation of calcium-dependent homotypic cell adhe-
sion.18 Specifically, E-cadherin, a member of the cad-
herin family, is expressed on the epithelial cells and forms
the cell-cell tight junction complex.19 Many studies have
demonstrated that E-cadherin function is suppressed
during the development of different cancers, including
breast, colon, prostate, stomach, liver, esophagus, skin,
kidney, and lung.20 Decreased E-cadherin expression
causes a decrease of homotypic cell adhesion and the
increases of cell migration and invasion,21 suggesting a
potential role of E-cadherin as a tumor suppressor that is
defined by its cellular functions.20

To study the influence of 1,25-VD on PCa cell behavior
within the circulatory system, we examined the effects of
1,25-VD on heterotypic PCa-endothelial cell adhesion, in
both static and dynamic settings. We also examined the
effects of 1,25-VD-induced homotypic PCa cell adhesion
(cell aggregation) and subsequent effects of adhesion to
the endothelium. This current study provides evidence of
the functional mechanism by which 1,25-VD influences the
adhesive behavior of PCa cells within the circulation sys-
tem.

Materials and Methods

1,25-VD, Cell Lines, and Culture Conditions

1,25-VD was purchased from Sigma-Aldrich (St Louis,
MO). Human dermal microvascular endothelial cell line
(HMEC-1) was a generous gift from Dr. Jane Liesveld at
the University of Rochester (Rochester, NY). Human PCa
cells were obtained from the American Type Culture Col-
lection. DU145 and PC-3 E-cadherin positive (�) and
negative (�) PCa cell lines were a generous gift from Dr.
Beatrice Knudsen at Fred Hutchinson Cancer Research
Center (Seattle, WA). For HMEC-1 culture, the culture me-
dium is MCDB 131 (Gibco, Carlsbad, CA), containing L-glu-
tamine (10 mmol/L; Gibco), human epidermal growth factor
(10 ng/ml; BD Biosciences, San Jose, CA), hydrocortisone
(1 �g/ml; Sigma), and 10% heat-inactivated fetal bovine
serum. For all PCa cell lines RPMI-1640 medium with 10%
heat-inactivated fetal bovine serum and L-glutamine (10

mmol/L; Gibco) was used.
Cell Adhesion Assay

HMEC-1 cells were grown as a monolayer in a 6-well
plate. PCa cells were treated with ethanol (vehicle con-
trol) or 1,25-VD for 72 hours, labeled with green fluores-
cence by using calcein-AM solution (1 �mol/L; Sigma-
Aldrich), following the manufacturer’s instructions,
detached by 5 mmol/L EDTA, washed 3 times with Hanks’
balanced salt solution (HBSS) buffer (Gibco) with cal-
cium, and then incubated for 1 hour. 106 PCa cells in 3 ml
RPMI-1640 medium were directly seeded onto the mono-
layer of HMEC-1 cells. After 1-hour incubation, unbound
PCa cells were gently washed away by PBS buffer and
the attached PCa cell numbers were recorded by the
fluorescent microscope (Nikon Eclipse E800; Nikon In-
struments, Melville, NY). The cell numbers in each image
were counted using ImageJ software (http://rsbweb.nih.
gov/ij/; National Institutes of Health, Bethesda, MD). To
generate clustered cells, 106 DU145 cells were centri-
fuged at 2300 � g for 5 minutes and then gently passed
five times through a 1 ml standard pipette (Gilson,
Middleton, WI) to form clustered cells. A mouse mono-
clonal E-cadherin blocking antibody (HECD-1, 2 �g/ml;
Calbiochem, San Diego, CA) was applied in the assay to
block E-cadherin mediated homotypic cell adhesive
function.

Cell Rolling Assay

The cell capture microtube preparation (inside dia-
meter � 300 �m, length 20 cm, MicroRenathane MRE-
025; Braintree Scientific Inc., Braintree, MA) was pre-
viously described.22 The lumens of special polyurethane
microtubes were coated with human recombinant IgG,
E-selectin (chimera dual form, R&D Systems, Minneapo-
lis, MN), and/or SDF-1 (R&D Systems) and incubated for
2 hours at room temperature. After PBS washing, the
E-selectin or E-selectin/SDF-1 layer was maintained in
calcium-enriched Hanks’ balanced salt solution [HBSS (2
mmol/L Ca��), Gibco] until the rolling assay. The data
readout procedure was modified and performed as pre-
viously described.15 A microscope-linked Hitachi CCD
camera KP-M1AN (Hitachi, Tokyo, Japan) was used to
monitor PCa cell rolling. Rolling of PCa cells on coated
microtubes under different wall shear stress (WSS; 0.5,
1.0, 3.0, 5.0 dyne/cm2) was recorded by high-quality
DVD for later analysis. Average rolling cell numbers were
obtained using ImageJ software to retrieve 20 continuous
frames. Rolling flux measurements and rolling velocities
of PCa cells were acquired using ImageJ software. We
defined rolling cells as cells that translated at an average
velocity �50% of the calculated free stream velocity for
more than 2 seconds while remaining in the field of view
[FOV: 432 �m � 324 �m, using a 20x Plan Fluorite
objective, NA 0.40 (Olympus America Inc., Center Valley,
PA)]. Rolling cells that interacted with other cells were not
included. The rolling velocity data were assayed under
different WSS (0.5, 1.0, 3.0 dyne/cm2).

To determine docking cell number, the microtube was
gently flushed by PBS buffer under 1 dyne/cm2 to remove

unbound PCa cells. The remaining adherent PCa cells in

http://rsbweb.nih.gov/ij/
http://rsbweb.nih.gov/ij/


874 Hsu et al
AJP February 2011, Vol. 178, No. 2
the microtubes were considered “docked” cells. The av-
erage docking cell number was taken from an average of
20 continuous fields.

Western Blot Assay and Real-Time PCR Assay

The procedures were performed as previously de-
scribed.14,23 Primer sequences are as follows: PSGL-1,
sense-5=-CGGGGTACCGTACCATGTCCCCAAGCTTC-3=,
antisense-5=-GCTCTAGAGTGGAGCTAGCAAAGGTCTC-3=;
ESL-1, sense-5=-CAAGATGACGGCCATCATTTTCA-3=, anti-
sense-5=-TTCCCCAAGACGAATGCTGC-3=; CD44, sense-5=-
TTTGCATTGCAGTCAACAGTC-3=, antisense-5=-GTTAC-
ACCCCAATCTTCATGTCCAC-3=; integrin �2, sense-5=-
GCAACTGGTTACTGGTTGGTT-3=, antisense-5=-GA-
GGCTCATGTTGGTTTTCATCT-3=; integrin �1, sense-
5=-TTATTGGCCTTGCATTACTGCT-3=, antisense-5=-CC-
ACAGTTGTTACGGCACTCT-3=; CXCR4, sense-5=-
GGCAGCAGGTAGCAAAGTGA-3=, antisense-5=-TGAT-
GACAAAGAGGAGGTCGG-3=; E-cadherin, sense-5=-
CAGAAAGTTTTCCACCAAAG-3=, antisense-5=-AAATGT-
GAGCAATTCTGCTT-3=; �-catenin, sense-5=-AGGGATTTT-
CTCAGTCCTTC-3=, antisense-5=-CATGCCCTCATCTAAT-
GTCT-3=.

Flow Cytometry Assay

After vehicle or 1,25-VD treatments, PCa cells were de-
tached and washed twice in fluorescence activated cell
sorter (FACS) staining washing buffer (1% heat-inacti-
vated bovine serum and 0.1% sodium azide in PBS buf-
fer). Then, 5 � 105 cells were incubated on ice for 30
minutes with saturating amounts of antibody against anti-
CD44 antibody (eBioscience, San Diego, CA). Flow cy-
tometric analyses were performed by using a dual-laser
FACSCalibur flow cytometer (BD Biosciences).

Cell Aggregation Assay

The procedure was performed as previously de-
scribed.24 Briefly, cells were detached, washed twice
with PBS buffer, and suspended at 5 � 105 cells per ml
in RPMI medium. Then, 1.5 � 104 cells were suspended
as a hanging drop from the lid of the 24-well culture plate.
After an 18-hour incubation period, the cells were sub-
jected to the shear stress by passing them ten times
through a standard 20-�l Gilson pipette tip. Cells were
photographed under microscope to record aggregation
behaviors within 30 minutes. The level of cell aggregation
was determined by the cell aggregation index, 1-Na/N0,
where Na and N0 are the number of particles after and
before performing cell aggregation. Higher aggregation
index value represents more cell aggregation.25

Statistical Analysis

The results were presented as mean � SEM of values
obtained from at least three repeated experiments. Data
were assessed for statistical significance by using two-

tailed Student’s t-test comparisons (Microsoft Office Ex-
cel 2007 software; Microsoft Corporation, Redmond,
WA). Statistically significant differences are presented as
*P � 0.05, **P � 0.01, and ***P � 0.001.

Results

Flow-Based Microtube System for the Capture
and Characterization of Circulating PCa Cells

To study adhesive behavior of circulating PCa cells, we
constructed a dynamic flow-based microtube system to
mimic the bone microvascular environment. SDF-1 is a
chemokine that is expressed in human endothelium and
transduces signals via interaction with receptor CXCR4,
abundantly expressed on the PCa cells.26 To mimic the PCa
rolling behavior in a dynamic status, PCa cells were per-
fused at physiological WSS through microtube lumens
coated with IgG control, E-selectin, SDF-1, or E-selectin and
SDF-1; and their rolling behaviors were examined. As
shown in Figure 1A, DU145 PCa cells exhibited adhesive
rolling behavior on E-selectin-coated and E-selectin/SDF-1-
coated microtubes, but not on IgG-coated microtubes or

Figure 1. Establishment of a dynamic microvessel system mimicking the
bone microvascular environment. A: PCa cell rolling behavior is mediated by
E-selectin and SDF-1. DU145 PCa cells were infused into the microtubes
coated with human control IgG (40 �g/ml), E-selectin (40 �g/ml), or E-se-
lection (40 �g/ml) plus SDF-1 (10 �g/ml) under wall shear stress at 1
dyne/cm2. PCa cell rolling behaviors were recorded and rolling cell numbers
were calculated. Results are the mean � SEM of three experiments; **P �
0.01. B: PCa cell rolling capacity under different wall shear stress. DU145 cells
rolling on the E-selectin/SDF-1 coated microtubes under different wall shear
stress, at 1, 3, and 5 dyne/cm2. PCa cell rolling behaviors were recorded and
rolling numbers were calculated. The result was presented as the relative fold

of rolling cell number per frame. Results are the mean � SEM of three
experiments; **P � 0.01.
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SDF-1-coated microtubes (data not shown). Though SDF-1
by itself was not sufficient to induce PCa rolling, significantly
more PCa cells were observed to roll on E-selectin/SDF-1-
coated microtubes than on E-selectin-coated microtubes
(Figure 1A). These data suggest that E-selectin is required
for PCa cell interaction with endothelium, an important step
for PCa metastasis. SDF-1 by itself is not sufficient to induce
PCa rolling; rather a cooperative effect with E-selectin is
needed to enhance cell rolling. Moreover, we tested PCa
rolling behavior under different WSS, from 1 to 5 dyne/cm2,
the comparable WSS range found in microvesicles,27 E-se-
lectin/SDF-1-coated tubes. As expected, with increasing
WSS, the PCa cell rolling number was decreased (Figure
1B). The results demonstrate establishment of a controllable
flow-based system that mimics the microvascular environ-
ment and allows us to study the rolling behavior of circulat-
ing PCa cells with the option of varying specific parameters
for our experimental strategy.

1,25-VD Suppresses PCa Rolling and Docking
Capacity in the E-Selectin/SDF-1-Coated
Microtube Under Flow

Numerous preclinical and epidemiological data support
that vitamin D signals play important roles in the devel-
opment, progression, and therapy for PCa. We sought to
determine whether vitamin D could influence the circulat-
ing PCa cell adhesion to endothelium, and thus poten-
tially mediate hematogenous dissemination during me-
tastasis. Two PCa cell lines that express vitamin D
receptor (VDR)28,29 (DU145 and PC-3 cells) were treated
with 1,25-VD or vehicle control and then were injected
into the E-selectin/SDF-1-coated microtubes under the
flow condition. The rolling behaviors of cells were re-
corded and analyzed. Treatment with 1,25-VD sup-
pressed PCa cell rolling as a function of total number of
cells captured by microtubes, when compared to vehi-
cle-treated cells as a control, under WSS ranging from
0.5 to 3 dyne/cm2 (Figure 2A). Rolling cell results as a
function of WSS were consistent with our previous data
demonstrating that rolling numbers are inversely corre-
lated with WSS for both control and 1,25-VD-treated
DU145 cells. Another key parameter to quantify cell ad-
hesion is cell rolling velocity. We found that 1,25-VD in-
creased cell rolling velocities of DU145 cells under dif-
ferent WSS (Figure 2B). We noted that under flow, most of
the rolling PC-3 cells form static adhesion to the E-selec-
tin/SDF-1-coated microtubes, and the PC-3 rolling veloc-
ity cannot be determined under this experimental condi-
tion. This increased rolling velocity, following 1,25-VD
treatment could also contribute to a decrease in the PCa
cell ability to adhere to endothelium.

After rolling, only the cells that form a firm adhesion
and dock to endothelium have the opportunity to continue
further metastatic events. We, therefore, observed effects
of 1,25-VD on PCa cells docking within E-Selectin/SDF-
1-coated microtubes. As expected, 1,25-VD-treated PCa
cells exhibited statistically less cellular docking than ve-
hicle control (Figure 2C). Taken together, we demon-

strated for the first time that 1,25-VD treatment suppressed
PCa cell rolling capacity by decreasing rolling numbers and
increasing cell rolling velocities, thereby reducing the num-
ber of PCa cells docking on the E-selectin/SDF-1-coated
microtubes under flow conditions. This result provides a
novel functional mechanism by which 1,25-VD exerts its

Figure 2. The effects of 1,25-VD on the PCa cell rolling behaviors.
A: 1,25-VD reduced PCa cell rolling number on the E-selectin/SDF-1-coated
surface under different wall shear stress. DU145 or PC-3 cells were treated
with vehicle (Veh) or 100 nmol/L 1,25-VD for 72 hours, then were perfused
into microtubes. Rolling cell number was recorded under 0.5, 1, and 3
dyne/cm2 wall shear stress. B: 1,25-VD elevates DU145 PCa cell rolling
velocity under different wall shear stress. The rolling velocity was determined
by the rolling distance per second and calculated by the formula as described
in Materials and Methods. C: 1,25-VD reduces docking PCa cells on the
E-selectin/SDF-1 coated microtubes. After rolling, we injected PBS buffer
with calcium to flush away the unbound PCa cells. The adhered PCa cell
numbers in the microtubes representing the docking cell number were
calculated. The result was presented as the docking cell number per frame.
Results are the mean � SEM of three experiments; **P � 0.01, ***P � 0.001,
vehicle vs. 1,25-VD treatment.
anti-tumor effects by interfering with circulating PCa cells
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adhering to endothelium and, thus, decreases the further
invasion and metastases in distal organs.

1,25-VD Suppresses PCa Cell Adhesion to
Human Microvascular Endothelial Layer

To further confirm 1,25-VD effects on PCa heterotypic
adhesion, a static cell-cell adhesion assay was applied
by using human microvascular endothelial cells (HMEC-
1). The expression of E-selectin and SDF-1 in HMEC-1
cells were first examined by immunofluorescent staining.
HMEC-1 cells do express E-selectin, as well as SDF-1,
but to a lesser extent (data not shown). 1,25-VD effects on
PCa cell attachment to HMEC cells were then examined,
and we found that treatment of PCa cells with 1,25-VD
reduced cell adhesion to the HMEC-1 cell monolayer when
compared with vehicle-treated cells in a static condition
(Figure 3). In conjunction with the rolling data, we conclude
that 1,25-VD can suppress PCa cell adhesion to endothe-
lium in both dynamic flow and static conditions.

1,25-VD Has No Effect on E-Selectin and
SDF-1 but Induces E-Cadherin Expression
on PCa Cells

To study the mechanism by which 1,25-VD regulates PCa
cell heterotypic adhesion, we first examined the effects of
1,25-VD on E-selectin and SDF-1 adhesive ligands ex-
pressions in the PCa cells using quantitative PCR assay.
As shown in Figure 4A, there was no significant alteration
of mRNA expression for E-selectin or SDF-1 ligand fol-
lowing 1,25-VD treatments. The expression of CD44, a
well-known regulator of PCa cell and immune cell adhe-
sion to vessel endothelium,6,30 was examined by flow
cytometry. As shown in Figure 4B, 1,25-VD had no effect
on surface CD44 expression in DU145 cells. These re-
sults suggest that demonstrated effects on heterotypic
adhesion by 1,25-VD are not mediated via the regulation
of E-selectin- or SDF-1-associated adhesion molecule
expression.

E-cadherin has been shown to be regulated by vitamin D.

Figure 3. The effect of 1,25-VD on PCa cell adhesion to endothelial cells.
1,25-VD suppressed PCa cell adhesion to endothelial cells. A monolayer of
HMEC-1 was cultured in the 6-well plates. DU145 and PC-3 cells were treated
with ethanol or 100 nmol/L 1,25VD for 72 hours, then labeled with calcium-
AM, and seeded into the culture plates. The unbound PCa cells were gently
washed away. The adhered PCa cell numbers representing the cell-cell
adhesion intensity were calculated. Results are the mean � SEM of three
experiments; *P � 0.05, **P � 0.01, vehicle vs. 1,25-VD treatment.
Decreased E-cadherin expression causes the loss of ho-
Figure 4. 1,25-VD up-regulates E-cadherin. A: 1,25-VD had no effect on the
E-selectin ligands or SDF-1 receptor CXCR4 mRNA expression level in DU145
cells. DU145 cells were treated with either vehicle (Veh) or 100 nmol/L
1,25-VD for 24 hours, then the mRNA levels were examined by real-time PCR
assay. Results are the mean � SEM of three experiments. B: 1,25-VD had no
effect on CD44 expression level on the surface. DU145 cells were treated
with either vehicle or 100 nmol/L 1,25-VD for 48 hours, then CD44 expres-
sion was examined by flow cytometry. The black area represents the CD44-
negative cells and the white area represents the CD44-positive cells. C, D:
1,25-VD increased E-cadherin expression. DU145 or PC-3 cells were treated
with either vehicle or 100 nmol/L 1,25-VD for 24, 48, and 72 hours, and then
cells were harvested to determine E-cadherin and �-catenin mRNA levels by
quantitative PCR (C) and E-cadherin protein levels by western blotting (D).
vs. 1,25-VD treatment.
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motypic cell adhesion and, subsequently, an increase in
potential for heterotypic cell adhesion events, including mi-
gration and invasion.21 Consistent with a previous report,31

we found that 1,25-VD promoted E-cadherin expression in
PCa cells at both mRNA and protein levels (Figure 4, C and
D). This induction of E-cadherin expression might account
for the observed 1,25-VD-induced effects on PCa adhesion,
including homotypic aggregation.

1,25-VD Promotes PCa Cell Aggregation
through E-Cadherin

E-cadherin is known to promote formation of homotypic
cell-cell tight junctions. To test if increasing E-cadherin
expression via 1,25-VD treatment can alter PCa homo-
typic behaviors and cell-cell aggregation, and influence
PCa heterotypic adhesion, we tested E-cadherin effects
on PCa cell aggregation using E-cadherin negative (�)
and positive (�) clones of DU145 and PC-3. We showed
that both DU145 and PC3 E-cadherin (�) cells exhibited
more cell clusters than E-cadherin (�) cells in suspen-
sion status, suggesting that E-cadherin can promote PCa
cell aggregation (Figure 5A). Next we tested whether the
elevated E-cadherin expression induced by 1,25-VD
could promote PCa cell aggregation and influence sub-
sequent PCa cell adhesive behaviors. As shown in Figure
5B, we found that 1,25-VD promoted both DU145 and
PC-3 cell aggregation in which more and larger cell
clusters were found in 1,25-VD-treated cells. More im-
portantly, this 1,25-VD-induced cell aggregation was
blocked by applying E-cadherin blocking antibody (2
�g/ml HECD-1). These data suggests that 1,25-VD
promoted PCa cell aggregation is mediated through
E-cadherin.

To further test if homotypic aggregation of PCa cells
might interfere with subsequent heterotypic adhesion
to other cells, we artificially forced DU145 PCa cells to
aggregate by centrifugation and compared their adhe-
sion. As shown in Figure 5C, after centrifugation,
DU145 cells aggregated to form clusters (left panel)
when compared with control DU145 cells (right panel).
Aggregated DU145 cells adhered less to endothelium
when compared to DU145 single cells (Figure 5D),
supporting the hypothesis that cell aggregation inter-
feres with PCa cell adhesion to endothelium.

1,25-VD Suppresses PCa Adhesion to
Endothelium through E-Cadherin

To further support the premise that 1,25-VD-induced
E-cadherin upregulation is responsible for influencing
cell adhesion, we compared the adhesion behavior
between the DU145 and PC-3 E-cadherin (�) and (�)
cells. As shown in Figure 6A, perfused E-cadherin (�)
cells exhibited fewer rolling cell numbers than E-cad-
herin (�) cells. Similarly, less E-cadherin (�) cells ad-
hering to HMEC-1 cells than E-cadherin (�) cells using
the static heterotypic cell-cell adhesion assay (data not
shown). Again, our data confirmed that E-cadherin can

suppress PCa cell adhesion to endothelium. Finally, to
demonstrate that 1,25-VD-induced E-cadherin expres-
sion is responsible for ultimate reduction of PCa het-
erotypic cell adhesion, we applied E-cadherin antibody
HECD-1 to neutralize the E-cadherin epitope. Indeed,
HECD-1 treatment reversed 1,25-VD reduced cell ad-
hesion to endothelium (Figure 6B). Together, we iden-
tified a novel mechanism of 1,25-VD-inhibitory effects
on circulating PCa cell adhesion to endothelium

Figure 5. 1,25-VD promotes PCa cell aggregation by enhancing E-cadherin
expression, and PCa cell aggregation suppresses heterotypic adhesion.
A: E-cadherin promoted cell aggregation. DU145 or PC-3 E-cadherin (�) and
(�) cells were used for the cell aggregation. Cells were detached and washed
twice with PBS buffer, and suspended at the 5 � 105 cells per ml in RPMI
medium. Then, 1.5 � 104 cells were suspended as a hanging drop from the
lid of the 24-well culture plate and incubated at 5% CO2 and 37°C overnight.
After an 18-hour incubation, the cells were subjected to the shear stress by
passing through standard 20-�l Gilson pipette tips ten times. Cells were
photographed under microscope with 10� phase-contrast objective to re-
cord aggregation behaviors within 30 minutes. Results are the mean � SEM
of three experiments; **P � 0.01, E-cadherin (�) versus E-cadherin (�) PCa
cells. B: 1,25-VD regulates DU145 and PC-3 cell aggregation through E-
cadherin expression. DU145 or PC-3 cells were treated with ethanol as
vehicle or 1,25-VD 100 nmol/L for 72 hours, then incubated with E-cadherin
blocking antibody (HECD-1, 2 �g/ml; Calbiochem) to inactivate E-cadherin
adhesive function and the cell aggregation assay was performed. Results are
the mean � SEM of three experiments; *P � 0.05, vehicle versus 1,25-VD or
1,25-VD/IgG treatment. C: The images of DU145 single cells and clustered
cells (original magnification, �40). To generate clustered cells, 106 DU145
cells in 1 ml of culture medium were centrifuged at 2300 � g for 5 minutes
and then the medium was gently passed five times through a 1 ml standard
Gilson pipette. D: Clustered cells exhibited fewer cells adhered to the endo-
thelial cell (HMEC-1) layer. To assay the effects of cell aggregation on PCa
cell heterotypic adhesion, the cell numbers adhered to HMEC-1 cell layer
from single cells and clustered cells were compared. After clustered cells
were generated, the same number of single cells and clustered cells were
incubated with Calcein-AM to express green fluorescence and seeded on the
HMEC-1 cell monolayer. Results are the mean � SEM of three experiments;
***P � 0.001, single cells group versus clustered cells group.
through the regulation of E-cadherin-mediated cell ag-
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gregation, consequently suppressing PCa cell adhe-
sion to endothelium (Figure 6C).

Discussion

The current paradigm for cancer metastasis is that malig-
nant cells escape from the primary organ and circulate in
the blood until they find an environment in which to reside in
a dormant condition for later proliferation. Thus, detection of
circulating cancer cells represents an early indication of
metastatic potential. Disruption of circulating cancer cells
arrival and arrest on endothelium of targeted sites would
prevent cancer cell metastasis. To study dynamic interac-
tions between circulating PCa cells and microvessels, we
developed a flow-based microtube system as a mimic to
the microvasculature. E-selectin is constitutively expressed
on the bone marrow microvessels,32 and initiates the adhe-

Figure 6. 1,25-VD suppressed PCa cell adhesion to endothelial cells through
E-cadherin. A: E-cadherin reduced PCa cell rolling numbers on the E-selec-
tin/SDF-1 coated surface. DU145 or PC-3 E-cadherin (�) and (�) cells were
applied in the rolling assay. Results are the mean � SEM of three experi-
ments; **P � 0.01, E-cadherin (�) cells vs. (�) cells. B: E-cadherin neutral-
izing antibody blocks the 1,25-VD effects on PCa cell adhesion to endothelial
cells. DU145 or PC-3 cells were treated with vehicle or 1,25-VD for 72 hours,
incubated with E-cadherin blocking antibody (HECD-1; 2 �g/ml) and then
tested for cell adhesion assay. The relative fold of PCa cell number adhered
to HMEC-1 cell layer represents the cell-cell adhesion ability. The result
exhibited no statistical significance between vehicle and 1,25-VD-treated
groups. Results are the mean � SEM of three experiments; *P � 0.05, vehicle
versus 1,25-VD or 1,25-VD/IgG treatment. C: The proposed mechanism of
1,25-VD suppressing circulating PCa cell adhesive behaviors is illustrated.
sive rolling of immune cells30 and circulating cancer cells33
on the endothelial layer. SDF-1 is a chemokine secreted by
endothelial cells or stromal cells, and interacts with its re-
ceptor CXCR4 on the PCa cell surface. The interaction
between SDF-1 and CXCR4 has been suggested to be
responsible for PCa homing to bone,26 which eventually
leads to bone metastasis. In addition to PCa cells, the com-
bined effects of SDF-1 and E-selectin has been shown to
increase the adhesion of cells across a number of flow
environment26 and SDF-1-stimulated migration of CD34�
hematopoietic cells that was dependent on E-selectin.34 In
another study, SDF-1 was shown to result in the creation of
actin-based protrusions with increased expression of
CD44, a ligand to E-selectin, on the surface of blood-born
cells.35 As expected, more PCa cells roll and dock on the
microtubes coated with E-selectin and SDF-1 than on the
microtubes coated with E-selectin only. This observed SDF-
1-induced enhancement of PCa cell capture suggests that
SDF-1 in the bone endothelium has the potential to attract
more circulating PCa cells and thus contributes to PCa
homing and metastasis to the bone.

Identification of signals that control PCa cells behavior in
the circulation can potentially provide an approach for the
disruption of PCa cell adhesion on the endothelium of target
organs, which may be a potential therapy for blocking distal
organ metastasis. Vitamin D deficiency has been linked to
increased PCa risk and disease progression and has led to
a hypothesis of an anti-tumor role for vitamin D/VDR. In this
study, we provide first-time evidences of vitamin D-inhibitory
effects on circulating PCa cell adhesion to the E-selectin/
SDF-1 hybrid surface under constant WSS. Three output
metrics are involved in this inhibitory effect — total cell
adhesion, cell rolling number (flux), and rolling velocity — all
suggesting that 1,25-VD treatment can suppress circulating
PCa cell arrest and recruitment to the vessel endothelium.
Previous in vivo studies have shown that elevated rolling
velocities reduce neutrophil recruitment.36,37 Similarly, it has
been shown that a reduction in rolling velocities increased
neutrophil adhesion.38 Our data demonstrated that 1,25-
VD-treated DU145 cells exhibit elevated rolling velocities
and fewer cells arrest on E-selectin/SDF-1-coated surfaces,
similar to previous neutrophil studies,36,37 resulting in a de-
crease in cellular arrest. A number of mechanisms have
been proposed by which elevated rolling velocity reduces
cellular arrest, including a decrease in contact time for po-
tential arrest of the rolling cell on the endothelium.39 More
specific to PCa, CD44, an E-selectin ligand, has been re-
ported to reduce neutrophil rolling velocity,30 and thus has
been suggested to play a role in PCa metastasis to bone
marrow endothelium.6 In our studies, we did not find signif-
icantly different CD44 expression between ethanol-treated
(control vehicle) and 1,25-VD-treated DU145 cells (Figure 4,
A and B), nor did we observe differences in expression of
other E-selectin ligands expression. Therefore, vitamin D
effect on the cell adhesion to endothelium is not likely to be
mediated through the 1,25-VD/VDR transcriptional regula-
tion of those E-selectin ligands.

Previous studies have attempted to relate the effects of
cancer cell homotypic adhesion (cell aggregation) phe-
notypes on cancer progression. Earlier studies have sug-
gested that cancer cells with higher malignancies have

higher aggregation capabilities.40 However, loss of E-
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cadherin-dependent cell homotypic adhesion has been
inversely correlated to cancer progression.41 Here, our
data showed that 1,25-VD promotes E-cadherin-medi-
ated homotypic cell adhesion that results in a greater
number of circulating cell clusters. Due to the increased
flow stress over the larger cross-sectional area of the cell
aggregates, one possible result is a disruption of “nor-
mal” (though pathological) docking of circulating tumor
cells to the vessel’s endothelial surface under flow. This
increased homotypic aggregation and decreased het-
erotypic adhesion would result in a decrease in the sub-
sequent steps in the metastatic cascade, including ex-
travasation, migration, and invasion to target organs.
Thus, our results provide a novel hypothesis that homo-
typic adhesion of circulating cancer cells could interfere
with later heterotypic cell adhesion.

Additionally, loss of E-cadherin has been reported to
induce epithelial-mesenchymal transition (EMT) via a dis-
ruption in cell adhesion. EMT is thought to be a critical step
during cancer metastasis because decreased cell adhe-
sion results in the detachment of cancer cells at the primary
site.42 Identification of the mediators/pathways that control
the EMT process could lead to a strategy to inhibit cancer
metastasis. Hence, our finding that vitamin D induces E-
cadherin expression in PCa cells may have a bearing on the
suppression of PCa metastasis due to its potential for me-
diation of the EMT process. To investigate this possibility,
more studies on vitamin D’s effect on EMT need to be
performed.

The regulation of E-cadherin by 1,25-VD has been re-
ported in colon cancer,31 yet the molecular mechanism by
which 1,25-VD upregulates E-cadherin is still unknown. In
our study, we showed that 1,25-VD-induced E-cadherin
mRNA expression occurs at 24 hours and with much higher
induction at 48 hours. Additionally, there is no potential
VDR-responsive element in the E-cadherin promoter region,
suggesting this regulation is via an indirect mechanism,
rather than direct binding to E-cadherin promoter—for in-
stance, activation of EGF/EGFR suppression of E-cadherin
via activation of E-cadherin transcriptional repressors of
Snail and Slug.43 Interestingly, 1,25-VD can suppress EGFR
expression,44 therefore, it is possible that 1,25-VD promotes
E-cadherin expression through the inhibition of EGFR/Snail/
Slug signaling. Further experiments are required to deter-
mine the putative interplay between those molecules on the
1,25-VD treatment in context of the E-cadherin promoter.

Vitamin D–based therapy represents an emerging class
of potentially promising drugs for treatment of PCa. Our
report on the 1,25-VD inhibitory effects on PCa cell adhe-
sion to the endothelium adds one more anti-tumor mecha-
nism possessed by 1,25-VD. However, when a high con-
centration of 1,25-VD is used as a therapeutic agent, it has
the potential to result in hypercalcemia and significant
weight loss17 and these adverse side effects have ham-
pered the clinical application of 1,25-VD. The development
of low calcemic vitamin D-based therapy is highly desirable.
A few vitamin D analogues that possess more potent anti-
tumor activities with low calcemic side effects have been
developed. For instance, seocalcitol (EB1089), a potent
vitamin D analog that induces differentiation and inhibits

growth of various cancers with less calcemic levels,17 was
tested in Phase I/II clinical trials of breast cancer,45 pancre-
atic cancer,46 and hepatoma.47 Also, the intermittent treat-
ment of high doses of 1,25-VD that exhibited anti-tumor
effects with a transient hypercalcemia was reported in the
treatment of prostate cancer.48,49 In addition, the results
from the laboratory experiments showing 1,25-VD can sup-
press the expression of cyclooxygenase-2 (COX-2), the key
prostaglandins (PG) synthesis enzyme, provide a functional
mechanism of vitamin D–based combination therapy. In-
deed, the combination of 1,25-VD with a COX-2 inhibitor,
such as non-steroidal anti-inflammatory drug (NSAID), syn-
ergistically suppressed PCa cancer progression in vitro and
in vivo.50 Even though the results of 1,25-VD application in
cancer patient studies are still inconclusive, more well con-
trolled clinical trials are needed to confirm the benefits of
1,25-VD in cancer therapy. Our current study demonstrated
one 1,25-VD anti-PCa metastasis characteristics occurred
by reducing circulating PCa cell adhesion to the endothe-
lium, therefore it would be of interest to test if those low-
calcemic vitamin D–based drugs can suppress PCa me-
tastasis.

In summary, our data has provided evidence that
1,25-VD can suppress data has provided evidenceshetero-
typic adhesion of circulating PCa cells in a microfluidic
system that mimics the endothelial microvasculature of
bone marrow by promoting E–cadherin–mediated homo-
typic cell adhesion. The identification of the vitamin D signal
as a mediator of circulating PCa cell behavior provides a
novel strategy for the disruption of cancer cell adhesion to
the blood vessels during heamtogenous dissemination, and
a possible strategy decrease in metastatic potential.
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