






mAbs. Clones in which PODXL expression was reduced by
�90% were pooled together and used for subsequent experi-
ments. Knockdown in the clone pool was confirmed through
immunoblot (Fig. 2B) and flow cytometry (Fig. 2C). Clones
transfected to express a nonspecific, scramble shRNA se-
quence were used as controls in all experiments alongside
PODXL-knockdown cells. With the use of this same strategy,

PODXL-knockdown was also established in Pa03C cells (data
not shown).

Immunodepletion and knockdown of PODXL abrogate se-
lectin-mediated cell-binding in a blot rolling assay. In light of
the importance of O-linked mucin-like glycoproteins to metas-
tasis (3), we aimed to directly investigate the importance of
PODXL in supporting selectin-dependent adhesion under physi-
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Fig. 1. Podocalyxin (PODXL) is overexpressed by a
subset of pancreatic cancer cells. A and B: pancreatic
epithelial cell lines human pancreatic ductal epithelial
(HPDE; red curve) and hTERT-HPNE and the metastatic
lines SW1990 (blue curve) and Pa03C (green curve) were
assayed for PODXL expression by flow cytometry (A) or
immunoblot (IB; B). Sialofucosylation was probed with
sLea immunostaining, while equal loading was verified
via �-actin immunostaining. Dotted lines indicate that
blots were developed independently. Developing times for
sLea immunoblots, moving left to right, were as follows:
30, 30, 10, and 30 min. C: whole cell lysate from Pa07C
metastatic pancreatic tumor cells was separated via SDS-
PAGE and immunoblotted with anti-PODXL or HECA-
452 mAbs. Staining intensity was quantified with ImageJ.
D: immunohistochemistry of archival pancreatic ductal
adenocarcinoma (PDAC) negative for PODXL (�10
magnification). E: PDAC specimen revealing robust im-
munolabeling for PODXL. PODXL-expressing cells are
seen infiltrating into the pancreatic parenchyma (10�
magnification). F and G: upregulation of PODXL is ob-
served specifically in clusters of cells that extend into the
peritumoral stroma (incipient invasion; 20� magnification).
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Fig. 2. Knockdown of PODXL in metastatic pancreatic
tumor cells. A: stable knockdown of PODXL in SW1990
cells was achieved through targeting of the 3=-untranslated
region (UTR) of the human PODXL mRNA transcript.
B: specific knockdown was confirmed through immuno-
blots stained with anti-PODXL or �-actin. C: 
90%
knockdown is observed in PODXL-knockdown cells
(bold gray curve) compared with scramble control cells
(bold black curve). Nonspecific adhesion of FITC-conju-
gated anti-PODXL antibody was assessed via isotype
control (thin black curve).
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ological shear stress. To this end, blot rolling experiments were
carried out in which E-selectin expressing CHO (CHO-E) cells
were perfused over immunoblots of wild-type or PODXL-
depleted cell lysates. Immunoblots were stained with HECA-
452, a mAb that binds to sialofucosylated epitopes presented
on PODXL such as sLex/a. Depletion of PODXL from lysate
was accomplished in two ways: serial immunodepletion of
PODXL using an anti-PODXL mAb (Fig. 3, A and B) or
shRNA-mediated knockdown of PODXL (Fig. 3, C and D). In
each experiment CHO-E binding to the HECA-452-reactive
band(s) 
250 kDa, which was unchanged by either interven-
tion, was used as control. The upper band(s) correspond to
mucin 16 (MUC16), which we (9) have recently identified as
an E-/L-selectin ligand expressed by metastatic pancreatic
tumor cells.

Following four rounds of immunodepletion, the staining
intensity of both anti-PODXL and HECA-452 mAbs was
virtually eliminated (Fig. 3A). While there is a corresponding
decrease in the ability for CHO-E cells to bind to the PODXL
band at 150 kDa, the binding to the MUC16 band(s) 
250 kDa
is statistically indistinguishable through each round of immu-
nodepletion (Fig. 3B). Similarly, the specific knockdown of
PODXL results in a dramatic reduction in HECA-452 reactiv-
ity at �150 kDa (Fig. 3C). This is accompanied by a decrease
in the ability for CHO-E cells to bind to immunoblots at 150
kDa. Binding to MUC16, on the other hand, is unchanged by
PODXL-knockdown (Fig. 3D).

Sialofucosylated PODXL is a functional E-and L-selectin
ligand expressed by metastatic pancreatic tumor cells. To
demonstrate the functional importance of PODXL in tumor
cell-selectin binding, we perfused SW1990 scramble control
and PODXL-knockdown cells over immobilized E- and L-
selectin (10 and 20 �g/ml, respectively) under physiologically
relevant levels of shear stress. Figure 4A, top, depicts a repre-
sentative experiment in which scramble control and PODXL-
knockdown cells were allowed to flow over E-selectin for 2

min at a shear stress of 1 dyn/cm2, after which the number of
interacting cell singlets was counted. Figure 4A, bottom, shows
binding of control and knockdown cells following 2 min at 0.5
dyn/cm2. As expected, the decrease in shear stress is reflected
by an increase in the total number of cells bound, an effect that
is observed in both control and knockdown cells. In comparing
scramble control to PODXL-knockdown cells, we see a
marked decrease in E-selectin binding. This decrease is 
40%
at both shear stresses tested (Fig. 4B).

To generalize these results, we generated PODXL-KD in
Pa03C metastatic pancreatic cancer cells. When these cells were
perfused over E-selectin at 0.5 dyn/cm2, there was a statistically
significant �25% reduction in PODXL-KD cell binding (Fig. 5).
The smaller inhibitory effect of PODXL-knockdown on selectin-
dependent adhesion observed with Pa03C cells is attributed to the
lower PODXL expression levels and weaker sialofucosylation of
PODXL relative to SW1990 cells.

Different from E-selectin, which typically supports station-
ary adhesion, L-selectin mediates swift tethering events with
cells expressing L-selectin ligands. We show PODXL to play
a significant, functional role in SW1990 metastatic tumor cell
tethering to L-selectin, as the number of interacting cells is
decreased by 
30% following PODXL depletion. As noted
with E-selectin, this effect is observed at both 1 and 0.5
dyn/cm2 (Fig. 4C).

DISCUSSION

There is an extensive body of evidence indicating that the
specific interactions between circulating tumor cells and vas-
cular selectins, which recognize sialofucosylated oligosaccha-
rides like sLex/a, represent a vital step in the metastatic cascade.
sLex is not present in healthy pancreatic tissue, but its expres-
sion increases with tumor progression and correlates with
metastasis and poor prognosis in humans (1, 2, 35–37, 43).
Interfering with selectin-tumor cell binding has been shown to
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Fig. 3. Depletion of PODXL abolishes E-selectin-me-
diated cell binding in a blot rolling assay. A: anti-
PODXL mAb (3D3) was used to immunodeplete
PODXL from cell lysate by 4 rounds of sequential
immunoprecipitation. Depletion from SW1990 cell
lysate was confirmed via immunoblot with anti-
PODXL (top) and HECA-452 (bottom). B: effect of
PODXL-immunodepletion on E-selectin binding to
mucin 16 (MUC16; black bars) and PODXL (white
bars) from SW1990 cell lysate was assessed via blot
rolling with CHO cells expressing E-selectin (CHO-
E). C: HECA-452 reactivity was assessed in SW1990
scramble control (left) and PODXL-KD (right) cells
via immunoblot. D: effect of PODXL-KD on CHO-E
binding to MUC16 and PODXL from scramble control
(black bars) and PODXL-KD (white bars) SW1990 cell
lysate was evaluated via blot rolling. CHO-E binding
percentages were calculated by comparing the number
of cells bound to each band in the PODXL-KD cell blots
with those from scramble control cells. Bars depict the
average binding from n � 3 experiments; error bars
indicate SE. *P � 0.05.
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prevent metastasis, as preincubation with a soluble E-selectin
prevents the arrest in and colonization of lung tissue by colon
carcinoma cells (27). Similarly, L-selectin knockout mice ex-
hibit markedly reduced metastatic burden following injection
of tumor cells (4).

The functional importance of E-selectin in metastasis is in
the direct binding of tumor cells to activated vascular endo-
thelium, which expresses E-selectin. The role of L-selectin in
cancer metastasis, on the other hand, is less developed. It is
believed that tumor cells expressing L-selectin ligands can
form complexes with platelets and leukocytes. These multicel-

lular aggregates are prone to arrest in the microvasculature of
distant organs, allowing for subsequent extravasation and col-
onization of secondary sites (18, 19). Laubli et al. (25) show
that leukocyte L-selectin may also enhance metastasis by
interacting with endothelial L-selectin ligands induced proxi-
mal to established tumor cell emboli. Interestingly, this work
demonstrates that glycosaminoglycans are capable of interfer-
ing with L-selectin-dependent binding in vivo, as treatment
with heparin 6–18 h following tumor cell injection suppresses
metastasis mainly by preventing the interactions between leu-
kocytes and the L-selectin ligands upregulated by endothelial

CB

2PODXL-KD, 0.5 dyne/cm 2Scramble, 0.5 dyne/cm 

Percent cells interacting Percent cells interacting

1.0
dyne/cm2

0.5
dyne/cm2

1.0
dyne/cm2

0.5
dyne/cm2

0            25            50            75          100 0            25            50            75          100

2PODXL-KD 1 dyne/cm 2Scramble, 1 dyne/cm A

Fig. 4. PODXL is a functional selectin ligand expressed by
SW1990 metastatic pancreatic tumor cells. Effect of
PODXL-KD on E- (A and B) and L-selectin (C) binding was
assessed via parallel-plate flow chamber. A: scramble con-
trol and PODXL-KD SW1990 cells were flowed overim-
mobilized E-selectin (10 �g/ml) at shear stresses of 1 and
0.5 dyn/cm2. Micrographs were captured after 2 min, and
bound cell singlets are indicated by dashed circles. Scale bar
� 100 �m. B and C: scramble control (black bars) or
PODXL-KD (white bars) cell singlet binding to E- and
L-selectin (10 and 20 �g/ml, respectively) was quantified
over n � 3 experiments. Bars represent average binding
compared with scramble control cells, error bars indicate
SE. *P � 0.05. Control cell binding to E-selectin at 1 and
0.5 dyn/cm2 was 51 � 4 and 87 � 7 static cells/mm2,
respectively. Control cell binding to L-selectin at 1 and 0.5
dyn/cm2 was 150 � 15 and 339 � 43 swift tethering
events/mm2, respectively.
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Fig. 5. PODXL is a functional E-selectin ligand expressed by Pa03C metastatic pancreatic tumor cells. Effect of PODXL-KD on E-selectin binding was assessed
via parallel-plate flow chamber. A: scramble control and PODXL-KD Pa03C cells were flowed over immobilized E-selectin (10 �g/ml) at a shear stress 0.5
dyn/cm2. Scramble control (black bars) or PODXL-KD (white bars) cell singlet binding to E-selectin was quantified over n � 3 experiments. Bars represent
average binding compared with scramble control cells, error bars indicate SE. *P � 0.05. B: micrographs were captured after 2 min and bound cell singlets are
indicated by dashed circles. Scale bar � 100 �m. Control cell binding to E-selectin was 53 � 6 static cells/mm2.
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cells adjacent to established tumor cells (25). Therefore, PODXL-
expressing tumor cells can facilitate metastasis through both E-
and L-selectin-dependent mechanisms.

Our results indicate that the functional selectin ligand
PODXL is expressed by a majority of primary pancreatic
cancer specimens (69%). In cases with focal expression,
PODXL upregulation was typically restricted to the invasive
front, and, in �34% of all PODXL-positive cases, to foci of
incipient invasion. We also show by flow cytometry and
immunoblot that a number of metastatic pancreatic cancer cell
lines overexpress PODXL (Fig. 1, A–C). These observations,
along with others showing that PODXL expression in primary
tumors is focused at the leading edge of developing tumors
(24), suggest a putative link between PODXL-overexpression
and metastasis. This link is strengthened by studies showing
that ectopic PODXL overexpression augments the invasive
potential of human tumor cells and canine kidney cells (17,
40). PODXL was also shown to be vital in epithelial-to-
mesenchymal transition (31), a process often associated with
metastasis (48).

Previous studies (3) have shown the removal of O-linked
mucin-like glycoproteins from tumor cells resulted in a pro-
nounced decrease in experimental murine metastasis. At the
same time, sialofucosylated oligosaccharides such as sLex/a,
expressed on PODXL through O-linked glycans (45), are
recognized by selectins. Overexpression of these epitopes is
correlated with tumor progression and poor overall prognosis
(22). Furthermore, treatment of metastatic SW1990 pancreatic
cancer cells with an anti-sLea antibody prior to their inocula-
tion to the spleen of nude mice inhibited the development of
liver metastasis (16). Despite these observations, the role of
PODXL in adhesive behavior of tumor cells has been largely
ignored in the literature. While we (45) have previously shown
that purified PODXL can interact with E- or L-selectin, ulti-
mately the challenge is to distinguish molecules that can
support selectin binding from those that do so under dynamic
fluid conditions similar to those encountered in vivo (47).

We assess this functionality through depletion of the puta-
tive selectin ligand PODXL from the cell surface via shRNA.
The effect of this intervention on cell binding to immobilized
selectins under shear flow is subsequently tested via parallel
plate flow chamber assays. Our results indicate that knock-
down of PODXL in metastatic pancreatic cancer cells mark-
edly suppresses E- and L-selectin binding, thereby demonstrat-
ing the functional importance of sialofucosylated PODXL in
selectin-dependent adhesion in shear flow.

While knockdown of PODXL does result in a significant
decrease in E- and L-selectin binding, residual adhesive inter-
actions are retained after knockdown in pancreatic cancer cells.
We have recently identified MUC16, a molecule highly ex-
pressed by SW1990 and Pa03C cells, as a functional E- and
L-selectin ligand (9). As a result, we hypothesize that much of
the residual E- and L-selectin binding following PODXL
knockdown may be attributed to MUC16. It is unlikely that
there are additional glycoprotein selectin ligands expressed by
these cells, as individual depletion of MUC16 (9) or PODXL
(Fig. 3) effectively eliminates CHO-E binding at the respective
HECA-452-reactive bands in pancreatic tumor cell lysate. In
addition to sialofucosylated glycoproteins, it has been shown
that glycolipids can contribute to E-selectin binding (6, 8, 38).
Glycosylated lipids, then, are also likely contributors to the

residual E-selectin binding observed in PODXL-knockdown
cells.

Although glycolipids have been shown to lack L-selectin
binding activity in colon cancer cells (8), this does not rule out
the possibility that glycolipids in pancreatic cancer cells may
contribute to the L-selectin interactions we observe here. Ad-
ditionally, as L-selectin interacts with sulfated, sialylated, and
fucosylated Lex epitopes, it is possible that secondary L-
selectin ligands that are not HECA-452-reactive are expressed
by pancreatic cancer cells. Experiments with HEC-GlcNAc-6-
O-sulfotransferase (the enzyme responsible for sulfation of Lex

epitopes)-deficient mice have also suggested the existence of
alternative L-selectin ligands whose nature has not yet been
fleshed out (14). SW1990 and Pa03C cells may also express
these secondary ligands, accounting for the remaining L-
selectin binding activity following PODXL-knockdown.

We have demonstrated that PODXL expressed by metastatic
pancreatic cancer cells possesses functional E- and L-selectin
ligand activity. PODXL isolated via immunoblot supports
E-selectin-mediated binding under physiologically relevant
flow conditions. Importantly, shRNA-mediated knockdown of
PODXL significantly reduces tumor cell interaction with im-
mobilized E- and L-selectin. These results offer a novel per-
spective on both the role of selectins in cancer metastasis and
the overexpression of PODXL by metastatic tumor cells. Ad-
ditionally, these data support PODXL as a viable target for the
imaging and targeting of metastatic and circulating tumor cells.
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