










as CD44 (HCELL), carcinoembryonic antigen, melanoma cell
adhesion molecule, and podocalyxin-like protein (5). More-
over, there were distinct PC-R1 FT glycosphingolipids (GSL)
bearing sialofucosylatedmoieties reactive to E-selectin/Fc that
comigrated with GM1 and GD3 gangliosides (Supplementary
Fig. S4C). Of note, FT3 and FT6 cell transductants also
expressed an E-selectin–reactive GSL that comigrated with
GD1b, which was absent in FT7 cells (Supplementary Fig. S4C).
When glycoproteins were proteolytically removed as evi-
denced by complete loss of CD44 (Supplementary Fig. S4D),
remaining glycolipids bearing sLeX-E-selectin ligands were
detected and accounted for roughly half of total E-selectin
binding activity (Supplementary Fig. S4D). In fact, protease-
digested PC-R1 FT cells rolled in equal number and velocity on
E-selectin (Supplementary Fig. S4E and S4F). In all, these data
affirm: (i) our intent to use PC-R1 FT cells as a model for
adhesion and TEM analysis under blood flow conditions, (ii)
highlight the key roles of FT3, 6, and 7 in regulating E-selectin
ligand expression, and (iii) provide direct evidence of the
importance of GSLs in E-selectin–dependent adhesion.

E-selectin ligandþ prostate cancer cells breach
E-selectinþ HBMEC in a b1, aVb3, and Rac/Rap1-
dependent manner

Using E-selectin ligandþ PC-R1 FT7 cells, we first analyzed
whether they could traverse HUVEC or HBMEC-60 cell mono-
layers stimulated with IL-1b, which induces E-selectin expres-

sion (Supplementary Fig. S4G). We found that TEM of PC-R1
FT7 cell pretreated with neutralizing anti-b1 or anti-aVb3
mAbs was blocked by 40% to 80% (Fig. 3C and D). Moreover,
RNA silencing of b1 protein (Fig. 3E) reduced TEM of PC-R1
FT7 cells by 50% (Fig. 3F). Inhibitors of Rac1 and Rap1 blocked
TEM through HBMEC-60 cells by 30% and 80%, respectively, in
contrast to antagonists of CXCR4 and CCR2 or pertussis toxin
pretreatment, which did not have any inhibitory effects (Fig.
3G). In agreement with lack of inhibitory effect, expression of
CXCR4 and related chemokine receptor, CXCR7, along with
CCR2 was undetected or minimal in PC-R1 cells and in a
number of prostate cancer cell lines (Supplementary Fig. S5A),
and mRNA levels of CXCR4, CXCR7, and CCR2 along with
another known prostate cancer chemokine receptor, CCR4,
were variable and/or downregulated in primary andmetastatic
prostate cancer tissue when compared with normal prostate
tissue (Supplementary Fig. S5B–S5E). Thus, PC-R1 FT cell TEM
under static conditions was dependent on b1 and aVb3 and
Rac1 and Rap1 GTPases, although not on G-protein signaling,
through CXCR4 or CCR2.

We then examined the role of b1 and aVb3 integrins in
adhesion and TEM of PC-R1 FT cells under flow conditions in
the parallel-plate flow chamber. In studies using IL-1b–stim-
ulated HBMEC-60 monolayers, flow data revealed that PC-R1
FT3, 6, and 7 tethered and rolled on E-selectinþHBMEC-60 cell
monolayers, whereas E-selectin ligand� PC-R1 empty cells did
not (Fig. 4A andB). This rolling activity was completely blocked

Figure 4. E-selectin–E-selectin ligands, b1 and aVb3 integrins, and Rac1/Rap1 GTPases cooperate in PC-R1 cell breaching of BMEC under flow conditions.
A andB,meanPC-R1FTcell rollingevents (A) and rolling velocity (B) on IL-1b–stimulatedHBMEC-60 cells at 1Dyne/cm2�anti-E-selectinmAb from4 fields at
�100 magnification (n¼ 9� SEM; ND, not detected; ���, P < 0.001 vs. isotype, one-way ANOVA with Dunnett posttest). C–F,% PC-R1 FT andMDA PCa 2b
cell breaching of HBMEC-60 cell monolayers � anti-E-selectin mAb, anti-integrin mAb, Rap1 inh. or Rac1 inh. normalized to isotype or untreated control
(n ¼ 4 � SEM; ��, P < 0.01; ���, P < 0.001, t test).
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with anti-E-selectin mAb, indicating that E-selectin ligand–E-
selectin interactions are critical for initiating prostate cancer
cell adhesion under shear flow (Fig. 4A). Following the rolling
activity, we then observed a transition to firm adhesion, then
cellular piercing of tight EC junctions and incorporation into
the endothelial plane, which peaked after a 4-hour period
(Supplementary Fig. S6A). This activity is defined here as a
"Breaching" process. Phase contrast and confocal fluores-
cence imaging in 3 dimensions confirmed breached prostate
cancer cells (green) adjacent to endothelial cells [red, indi-
cating paracellular prostate cancer-endothelial breaching
(Supplementary Fig. S6B)]. Interestingly, PC-R1 FT7–EC
breaching occurred in RPMI medium without serum or
exogenous growth factors/chemokines. Notably, all E-selec-
tin ligandþ PC-R1 FT and control MDA prostate cancer 2b
cells tethered, rolled, firmly adhered, and breached E-
selectinþ HBMEC-60 monolayers (Fig. 4C and Supplemen-
tary Movie S1). Conversely, E-selectin ligand� PC-R1 empty
or E-selectinþHBMEC-60 cells neutralized with anti-E-selec-
tin mAb showed no breaching, which underscored E-selectin
ligand dependency (Fig. 4C and Supplementary Movie S2).
When anti-b1 and aVb3 mAbs were added to control MDA
prostate cancer 2b and PCR1 FT7 cells in these breaching
experiments, there was a significant reduction in breaching
activity (P < 0.01; Fig. 4D and E). Furthermore, incubating
Rap1 or Rac1 inhibitors with PC-R1 FT7 cells also signifi-
cantly blocked breaching activity (P < 0.01; Fig. 4F). These
results suggested that prostate cancer cells sequentially
rolled on HBMEC, transitioned to firm adhesion, and brea-

ched EC monolayers in an E-selectin ligand-, b1 and aVb3
integrin-, and Rac1 and Rap1-dependent manner.

E-selectin ligandþ PC-R1 FT cells traffic to bone marrow
via dependency on E-selectin, b1 integrin, and Rac1

To analyze the role of b1 and aVb3 integrins and Rap1 and
Rac1 GTPases in prostate cancer homing to bone, we generated
PC-R1 FT cells stably expressing luciferase and injected them
into Rag2/Janus kinase(Jak)-3-null mice deficient in T, B, and
natural killer (NK) cells (5). Following prostate cancer cell
injection, we assayed for presence of luciferaseþ prostate cancer
cells in normalizing control tissues (blood and spleen) and in
bone by quantitative PCR (5). After 4 hours postinjection, we
found that allmice injectedwithE-selectin ligandþPC-R1FT3, 6,
or 7 cells contained luciferaseþ cells in bone,whereasonly25%of
mice contained E-selectin ligand� PC-R1 empty cells (Fig. 5A).
By pretreating mice with neutralizing anti-E-selectin mAb, PC-
R1 FT cell homing to bone was reduced by 40% to 88% (Fig. 5A).
Moreover, after 24 hours postinjection, 95% of femurs contained
PC-R1 FT7, 67%PC-R1FT6, 30%PC-R1 FT3, andonly 13%PC-R1
empty cells; and bone retention was ablated by pretreatingmice
with anti-E-selectin mAb (Fig. 5B). We also found that pretreat-
ing PC-R1 cells with anti-b1 mAb blocked PC-R1 FT7 cell
retention in bone by 88%, whereas anti-aVb3 mAb blocked
retention by 20% (Fig. 5C). Pretreatment with a Rac1 inhibitor
blocked bone retention by 78%, whereas Rap1 inhibitor blocked
by 25% (Fig. 5D). These data showed that E-selectin ligandþ PC-
R1 FT cells homed to bone, which was dependent on E-selectin
ligands, b1 integrin and Rac1 with minor contributions from

Figure 5. E-selectin ligandþ PC-R1
FT cell dissemination to bone is
dependent on E-selectin ligands, b1
and Rac1. A–D, % incidence of
Luciferaseþ PC-R1 cells in bone at
4 or 24 hours postintracardiac
injection as determined by PCR
analysis of luciferase; �, P < 0.05;
��, P < 0.01; ���, P < 0.001,
contingency table with 2-tailed
Fisher test.
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aVb3 integrin and Rap1. Also, FT7 was most influential of all
a1,3 FTs in bone homing activity of prostate cancer cells.

a1,3 FTs promote prostate cancer progression
We and others have shown a key role for a1,3 FT expression

in prostate cancer growth and bone homing activity in vivo
(2, 5). To explore the role of a1,3 FTs in spontaneous prostate
cancer formation and progression within the prostate gland, we
generated TRAMPmice, which develop prostate adenocarcino-
ma, that were deficient in a1,3 FTs, FT4 and FT7, by targeted
gene disruption. In that mice do not express FT3 and FT6 (35),
and FT4 does not contribute to sLeX or E-selectin ligand
formation in prostate cancer cells, analysis of these mutant
mice in terms of sLeX or E-selectin ligand formation was reliant
on FT7.We found that TRAMPmice deficient ina1,3 FT activity
exhibiteda lower incidence ofprostate cancer formation (Fig. 6A
and B) and lower rate of tumor progression as evidenced by
significantly smaller prostate weights (Fig. 6C and D). Unfortu-
nately, observationsonmetastatic activity inFT4and7-deficient
TRAMP mice were not possible due to lack of primary tumor
formation. As such, data indicated a key role for a1,3 FT in
primary prostate cancer development in the prostate gland.

Discussion
Dissemination, entry, and growth of cancer cells in distal

tissues causes 90% of cancer-related deaths and remains a

major unsolved problem in prostate cancer mortality (36).
Here, we identified functional regulators of prostate cancer
extravasation, including tethering, firm adhesion, and move-
ment into bone marrow endothelium under physiologic blood
flow conditions. We described key mechanistic roles for pros-
tate cancer cell a1,3 FT activity and related E-selectin ligand
expression, for b1 and aVb3 integrins, and for Rac1/Rap1
GTPases in prostate cancer cell extravasation (Fig. 7A). We
also identified a new role fora1,3 FT activity in prostate cancer
formation (Fig. 7B). Interestingly, contrary to evidence on the
hallmark role of chemokine receptors in integrin activation, we
found that integrin-mediated prostate cancer cell adhesion
and migration across BMEC monolayers did not require che-
mokine(s) as b1 and aVb3 and GTPases were constitutively
active (23–25, 37–39). Our data also confirmed earlier reports
whereby a1,3 FT3, 6, and 7 were critical for forming sLeX and
corresponding E-selectin ligands and bone-homing activity of
metastatic prostate cancer cells (5). Considering our observa-
tion that a1,3 FTs, FT4 and FT7, promoted prostate cancer
formation in TRAMP mice and FT3 promotion of human
prostate cancer growth (40), the collective role of a1,3 FTs,
FT3, 6, and 7,may be to aid the exit of prostate cancer cells from
circulation through E-selectin ligands and also to generatea1,3
fucose residues that may play a role in intrinsic transforming
activity and/or tumor cell–host/stroma interactions promot-
ing tumorigenicity. Analysis of prostate cancer bone metasta-
sis beyond a 24-hour assessment still needs to be conducted to

Figure 6. a1,3 FT4 and 7 are
protumorigenic in TRAMP mice.
TRAMP mice wt (þ/þ),
heterozygous (þ/�), and
homozygous null (�/�) for FT4 and
FT7 expression were generated
and evaluated for primary tumor
incidence and size (prostate
weight) at 18 and 23 weeks. A and
B, �, P ¼ 0.0361; ��, P ¼ 0.0051,
contingency table with 2-tailed
Fisher test. C and D, �, P < 0.05;
��, P < 0.01, one-way ANOVA with
Dunnett posttest.
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further address the role of a1,3 FTs in prostate cancer
growth in bone. This is the first report describing pleotropic
roles of a1,3 fucosylation in malignant progression and meta-
stasis of prostate cancer.
In all, our data parallel the molecular circuitry required for

osteotropic activity of HSCs and MSCs, wherein E-selectin
ligandþ cells display a greater osteotropism than E-selectin
ligand� cells (34, 41, 42). In fact, considering recent data that
bone-homing MSCs exhibit a Step-2 bypass pathway whereby
chemokine-mediated integrin activation is not required for
optimal integrin avidity and TEM activity (34, 41), our data
indicated a similar chemokine receptor-independent mechan-
osignaling circuit for robust prostate cancer cell firm adhesion
and vascular breaching. Moreover, prostate cancer cell lines
capable of extravasating BMEC, and metastatic prostate can-
cer tissues, in general, showed variably low or downregulated
levels of chemokine receptors thought involved in prostate

cancer metastasis, CXCR4, CXCR7, CCR2 and CCR4. Extrava-
sating prostate cancer cells relied on E-selectin ligands, b1 and
aVb3 integrins and Rac1/Rap1 GTPase activity without che-
mokine-mediated integrin activation. While we did not find
evidence of E-selectin ligand–dependent activation of b1 and/
oraVb3 integrins or Step-2 bypass pathway, our findings show
that seeding and exiting of circulating prostate cancer cells into
bone require the cooperation of a1,3 fucosylation-dependent
E-selectin ligands and b1 and aVb3 integrins for efficient
rolling, firm adhesion, and TEM activity. Future studies need
to address whether these adhesion molecules coassociate on
prostate cancer cells to regulate adhesion and movement as
observed for a4b1 and CD44 on T cells and MSCs and also
whether such molecules regulate extravasation of fresh-isolat-
ed, native-circulating prostate cancer cells from patients to
help rationalize pharmacologic targeting and treatment strat-
egies (34, 43). Moreover, as these studies were conducted in

Figure 7. Model of prostate
cancer progression and
extravasation to bone. A, model of
prostate cancer cell extravasation
into bone. Step 1, a1,3 FTs, FT3, 6,
and 7 catalyze the synthesis of sLeX

on membrane glycoproteins and
neolactosphingolipids to promote
corresponding E-selectin ligand
activity on PCa cells. E-selectin
ligandþ PCa cells roll on BMEC
E-selectin. Constitutively active b1
due partly to Rap1-GTPase activity
and active aVb3 integrins mediate
(Step 2) firm adhesion to putative
integrin ligands FN, VN, andVCAM-1
on BMEC. Step 3, prostate cancer
cells traverse BMEC junctions driven
by Rap1 and Rac1 GTPase activity
along with b1 and aVb3 binding to
putative surface and basement
membrane integrin ligands, FN, VN,
VCAM-1, LN, and COL. B,
development of prostate cancer
lesions in the prostate secretory and
neuroendocrine cell layer is
promoted by FT4 and FT7
expression.
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immunocompromised mice, the role of immune cells in pros-
tate cancer trafficking requires further investigation.

Interestingly, lymph node-metastatic LNCaP and LNCaPC4-
2b cells were least migratory and adhesive due to less active
and lower b1 and aVb3 levels and lacked sialo-LacNAc, a
precursor for sLeX and E-selectin ligand formation. Prior data,
in fact, show that lymph node prostate cancer had low levels of
FT3, 6, and 7 and corresponding sLeX structures compared
with prostate cancer in other tissues, notably bone and liver (5),
indicating that b1 and aVb3 integrins and E-selectin ligands
may be less important in lymph node metastasis. Our molec-
ular paradigm outlined here may be more applicable for bone
metastasis. Surprisingly, while dermal postcapillary venules
express E-selectin, prostate cancer metastasis in skin is rare,
suggesting that E-selectin ligandþ prostate cancer cells may
not survive or proliferate within skin (44). Thus, while E-
selectin ligandþ circulating prostate cancer cells efficiently
bind and breach BMEC, growth-related events needed for
colonization in bone may be a more critical and less efficient
step of bone metastasis that could be investigated over time
periods longer than assessed here.

Collectively, we identified multiple adhesion molecules for
preventing extravasation of circulating prostate cancer cells
into distant tissues. Antagonizing E-selectin ligands, a1,3 FT,
b1 and aVb3 integrins and/or Rap1/Rac1 GTPases could
curtail prostate cancer cell homing and extravasation into
bone (45). To avert ancillary alteration of homeostatic traf-
ficking activity of HSCs or MSCs, strategic pharmacologic
efforts could focus on antagonizing FT3 and FT6 in epitheli-
al-derived tumors or selective blockade of hyperactive b1
variants on prostate cancer cells. Because FT4 and FT7 are
predominanta1,3 FTs in leukocytes, targeting FT3 and 6would
spare altered leukocytic trafficking and tissue distribution
patterns. Such a regimen could be further fine tuned by
inclusion of antagonists against activated a2, a5, a6, and
aVb3 structures, which would be selectively expressed on
circulating prostate cancer cells not on circulating leukocytes.

Sampling and assaying for a1,3FT, E-selectin ligand, and b1
expression on localized prostate cancer or circulating prostate
cancer cells might help prognosticate metastatic potential and
guide treatment intervention.
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