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Abstract

The sialoglycoprotein podocalyxin is absent in normal

pancreas but is overexpressed in pancreatic cancer and is

associated with poor clinical outcome. Here, we investigate

the role of podocalyxin in migration and metastasis of pan-

creatic adenocarcinomas using SW1990 and Pa03c as cell

models. Although ezrin is regarded as a cytoplasmic binding

partner of podocalyxin that regulates actin polymerization

via Rac1 or RhoA, we did not detect podocalyxin–ezrin

association in pancreatic cancer cells. Moreover, depletion of

podocalyxin did not alter actin dynamics or modulate Rac1

and RhoA activities in pancreatic cancer cells. Usingmass spec-

trometry, bioinformatics analysis, coimmunoprecipitation,

and pull-down assays, we discovered a novel, direct binding

interaction between the cytoplasmic tail of podocalyxin

and the large GTPase dynamin-2 at its GTPase, middle, and

pleckstrin homology domains. This podocalyxin–dynamin-2

interaction regulated microtubule growth rate, which in turn

modulated focal adhesion dynamics and ultimately promoted

efficient pancreatic cancer cell migration via microtubule- and

Src-dependent pathways. Depletion of podocalyxin in a

hemispleen mouse model of pancreatic cancer diminished

liver metastasis without altering primary tumor size. Collec-

tively, these findings reveal a novel mechanism by which

podocalyxin facilitates pancreatic cancer cell migration

and metastasis.

Significance: These findings reveal that a novel interaction

between podocalyxin and dynamin-2 promotes migration

and metastasis of pancreatic cancer cells by regulating micro-

tubule and focal adhesion dynamics.

Introduction

Podocalyxin (PODXL) is a type 1 transmembrane sialomucin

glycoprotein belonging to the CD34 protein subfamily that is

endogenously expressed by kidney podocytes (1), hematopoietic

progenitor stem cells (2), and vascular endothelium (3). First

discovered in adult kidney, the negatively charged ectodomain of

PODXL is instrumental for the maintenance of glomerular filtra-

tion slits via an anti-adhesive charge repulsion effect (1). In

contrast, PODXL expressed on high endothelial venules is

instead pro-adhesive, capable of mediating binding to L-selectin

on lymphocytes, thereby facilitating lymphocytes tethering, roll-

ing, and recruitment to secondary lymphoid organs during

inflammation (3).

PODXL plays a pivotal role in regulating cell adhesion, a

fundamental aspect of many (patho)physiological processes,

including embryonic development, inflammatory and immune

responses, and cancer metastasis. Importantly, PODXL is also

overexpressed by cancer cells, including lung (4), breast (5),

ovarian (6), bladder (7), renal (8), colorectal (9), and pancreatic

cancers (10). Overexpression of PODXL in cancer cells is associ-

ated with aggressive clinicopathologic characteristics and poor

clinical outcomes (4–10). Both the anti- and pro-adhesive roles

of the PODXL ectodomain have been implicated in cancer dis-

semination. For instance, PODXL has been reported to disrupt

cell–cell contact and induce tumor shedding frommonolayers of

ovarian carcinoma (6), and breast cancer cells (5). Conversely,

PODXL, expressed on colon carcinoma (11) and pancreatic

cancer cells (12), binds to E- and L-selectin, thereby facilitating

circulating cancer cell rolling on vascular endothelium and sub-

sequent extravasation to secondary tumor sites. The structure of

PODXL consists of an N-terminal extracellular domain with

extensive N- and O-glycosylation and sialylation, and a cyto-

plasmic intracellular tail with a C-terminal DTHL consensus

sequence capable of interacting with PDZ binding domain (13).

The cytoplasmic tail of PODXL, despite its small size, has been

reported to interact with proteins such as ezrin (8, 14) and Na
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(þ)/H(þ) exchange regulatory cofactor (NHERF) 1 or 2 (15, 16)

to activate downstream intracellular signaling, primarily via the

PI3K (17), RhoA (15), and Rac1 (8) pathways, leading to epi-

thelial–mesenchymal transition (18), migration (19), and

invasion (20).

Although typically absent in normal pancreas and nonmalig-

nant pancreatic epithelial cells, approximately 30% to 69% of

pancreatic ductal adenocarcinomas (PDAC) express PODXL, with

the strongest expression exhibited by the invasive front of

primary tumors (12, 21, 22). Moreover, high PODXL expression

is associated with poor clinicopathologic characteristics and the

development of distantmetastasis (23, 24). PODXL has also been

shown to be an independent predictor of poor prognosis and is

linked to higher risk of death and reduced survival (10, 22–24).

These effects are hypothesized to be at least partially due to the

ability of PODXL to regulate cell migration and invasion (22, 24).

Although ezrin is regarded as the main intracellular binding

partner of PODXL, our data reveal the lack of any association

between PODXL and ezrin in pancreatic cancer cells. Consequent-

ly, the mechanism by which PODXL exerts its downstream

effects to promote pancreatic cancer cell migration remains

unknown. Furthermore, the functional significance of PODXL

in promoting pancreatic cancer cell metastasis in vivo has yet to

be delineated.

In this study, we examined the roles of PODXL in migration

and metastasis of pancreatic cancer cells in vitro and in vivo,

using two metastatic pancreatic cancer cell lines, SW1990 and

Pa03c. To identify the cytoplasmic binding partner(s) of PODXL

in pancreatic cancer cells, we immunoprecipitated PODXL from

SW1990 cells, and subjected the specimens to tandem mass

spectrometry. Bioinformatics analysis identified dynamin-2 as a

potential binding partner of PODXL. Reciprocal coimmuno-

precipitation (co-IP) verified the association of PODXL and

dynamin-2. This direct binding interaction was further confirm-

ed by in vitroHis-tag binding assays, which identified the GTPase,

middle and pleckstrin homology domains of dynamin-2 as

critical for binding to PODXL. Of note, co-IP assays failed to

demonstrate any PODXL–ezrin association. The novel PODXL–

dynamin-2 interaction modulates microtubule dynamics, which

in turn modulates focal adhesion (FA) assembly/disassembly.

Dynamin-2 also regulates FA turnover via Src kinase-dependent

pathway. As a result, inhibition or downregulation of dynamin-2,

microtubule or Src kinase reverses the promigratory phenotype

of PODXL in both two-dimensional (2D) and microchannel

migration assays. Along these lines, knockdown of PODXL

significantly impairs unconfined and confined migration by

decreasing microtubule dynamics and increasing FA density. The

functional role of PODXL in promoting metastasis is demon-

strated using a preclinical murine hepatic metastasis model via a

hemispleen injection technique (25).

Materials and Methods

Cell culture and drug treatment

SW1990 pancreatic cancer cells and MDA-MB-231 breast

cancer cells were purchased from the ATCC, whereas Pa03c pan-

creatic cancer cells were obtained as previously described (26). All

cell lineswere cultured in standardDMEM(Gibco) supplemented

with 10% heat-inactivated FBS (Gibco) and 1% penicillin/

streptomycin (Gibco). All cell lines were used for 10 passages

after thawing from the frozen vials and were tested routinely

for mycoplasma via quantitative polymerase chain reaction.

The cell lines were not further authenticated. In select experi-

ments involving drug treatments, cells were incubated with

culture media containing 40 mmol/L dynasore (Sigma-Aldrich),

1.2 mmol/L taxol (Sigma-Aldrich), 10 nmol/L dasatinib (Cell

Signaling Technology), 10 mmol/L PP2 (EMDMillipore), or the

corresponding vehicle control.

shRNA and siRNA knockdown

Stable cell lines of scramble control and PODXL knockdown

(PODXL-KD) SW1990 were generated with short hairpin RNA

(shRNA) as previously described (12). Additional PODXL-KD cell

lines with SW1990, Pa03c, and MDA-MB-231, and NHERF2-KD

cell lines with SW1990 were generated using two different lenti-

viral shRNA sequences as detailed in Supplementary Materials

and Methods. Transient dynamin-2 knockdown was established

by transfecting cells with dynamin-2 siRNA (Santa Cruz Biotech-

nology; sc-35236) using Lipofectamine RNAiMAX (Invitrogen)

following the manufacturer's protocol. As a control, cells were

transfected with scramble control siRNA (Santa Cruz Biotechnol-

ogy; sc-35236). Cells were incubated with the lipid complex for

72 hours before they were used for subsequent experiments.

Western blot and antibodies

StandardWestern blot techniques were performed as previous-

ly described (27) using NuPAGE 4% to 12% Bis-Tris Protein

Minigels (Invitrogen). The antibodies used are listed below.

Primary antibodies: (i) Podocalyxin-like 1 (3D3) mouse mono-

clonal antibody (SantaCruzBiotechnology; sc-23904; 1:500). (ii)

PODXL (EPR9518) rabbit monoclonal antibody (Abcam;

ab150358; 1:1,000). (iii) Dynamin-2 (DYN2-11) mouse

monoclonal antibody (Sigma Aldrich; SAB4200661; 1:500). (iv)

Dynamin-2 rabbit polyclonal antibody (Abcam; ab3457;

1:1,000). (v) Ezrin (3C12)mousemonoclonal antibody (Abcam;

ab4069; 1:500). (vi) NHERF2 (D3A5) rabbit monoclonal anti-

body (Cell Signaling Technology; 9568; 1:1,000). (vii) GST

(26H1)mousemonoclonal antibody (Cell Signaling Technology;

2624; 1:2,000). (viii) 6x-His tag (4E3D10H2/E3) mouse

monoclonal antibody (ThermoFisher Scientific; MA1-135;

1:2,000). (ix) RhoA (7F1.E5) mouse monoclonal antibody

(Cytoskeleton; ARH04; 1:500). (x) Rac1 mouse monoclonal

antibody (Cytoskeleton; ARC03; 1:500). (xi) Actin (C4) mouse

monoclonal antibody (BD Transduction; 612656; 1:10,000).

Secondary antibodies: (i) Anti-mouse IgG, HRP-linked antibody

(Cell Signaling Technology; 7076S; 1:2,000). (ii) Anti-rabbit IgG,

HRP-linked antibody (Cell Signaling Technology; 7074S;

1:2,000).

Random 2D migration assay

22mm� 22mm square glass coverslips glued to the bottom of

a six-well plate were coated for 1 hour with 20 mg/mL of rat tail

type I collagen (Gibco). A total of 5 � 104 cells were seeded onto

the coverslips with 2 mL of culture media. The cells were imaged

via a 10� Ph1 objective every 10minutes for 10 hours using stage

automation on a Nikon Inverted microscope with a stage top

incubator (Tokai Hit Co.) maintained at 37�C with 5% CO2 and

humidity. At least five individual migrating single cells from five

different locations per sample were analyzed using ImageJ (NIH).

The cell outlines were tracked at every time point to record their

spatial position and morphology parameters including projected

area, circularity, and solidity as previously described (28). A rose
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plot with the cell migration trajectories and their average mean

square displacement were also calculated as described in (28).

Polydimethylsiloxane-based microchannel migration assay

Polydimethylsiloxane (PDMS)-based microchannels devices

were fabricated using a photolithography and standard replica

molding technique as previously described (29, 30). Each device

consists of a series of parallel 200-mm-long and 10-mm-high

microchannels of prescribed widths varying from 6, 10, 20, to

50 mm arrayed perpendicularly between a cell and chemoattrac-

tant inlet lines. The microchannels devices were coated with

20 mg/mL of collagen type I to facilitate cell adhesion. Cell

migration was visualized and recorded via time-lapse live micros-

copy in an enclosed, humidified microscope stage maintained at

37�C and 5% CO2 using stage automation and a Nikon Inverted

microscope. Phase contrast time-lapse images were taken at every

10 minutes for 24 hours with a 10� Ph1 objective. The spatial x

and y positions of all nondividing and viable cells that entered

andmigrated in themicrochannelswere trackedovertimewith the

Manual Tracking plugin in ImageJ. Motility parameters, namely

velocity, speed, and persistence, were computed using a custom-

written MATLAB code as previously described (29, 30).

Cytoskeletal and adhesion dynamics assays

Actin dynamics was quantified via fluorescence recovery

after photobleaching (FRAP) on cells transfected with Life-

Act-GFP (31). Microtubule dynamics was assessed by measuring

the rate of microtubule growth with time-lapse confocal imaging

of EB1-GFP-transfected cells (30). FAs were visualized and quan-

tified via total internal reflectance fluorescence (TIRF) imaging

of cells immunostained with phospho-paxillin (28). A compre-

hensive description of the experimental protocols is provided in

Supplementary Materials and Methods.

RhoA and Rac1 active pull-down assays

RhoA Pull-down Activation Assay (Cytoskeleton, BK036) and

Rac1 Pull-down Activation Assay (Cytoskeleton, BK035) were

conducted according to manufacturer's protocols.

Co-IP and mass spectrometry

Co-IP was performed to identify the binding partner(s) of

PODXL in pancreatic cancer cells with Pierce co-IP Kit (Thermo

Fisher Scientific). The co-IP assays were performed by incubating

precleared cell lysates containing 500 mg of total protein with

25 mL of resin immobilized with 10 mg of antibody overnight at

4�C. PODXL (EPR9518) rabbit monoclonal antibody (Abcam;

ab150358) was used to immunoprecipitate PODXL. A rabbit IgG

monoclonal isotype (EPR25A; Abcam; ab172730) or beads-only

controls were included to account for nonspecific binding.

Unbound proteins were washed away from the antibody-

immobilized resin by centrifugation with IP lysis buffer supple-

mented with 1 mol/L NaCl for 10 times. Bound proteins were

eluted with 1% SDS and concentrated. The co-IP elution was

submitted to the Johns Hopkins Mass Spectrometry and Proteo-

mics Core Facility (Baltimore, MD) for protein identification or

analyzed with standardWestern blot protocol once the candidate

protein was identified. In subsequent reciprocal co-IP experi-

ments, Dynamin-2 rabbit polyclonal antibody (Abcam; ab3457)

or NHERF2 (D3A5) rabbit monoclonal antibody (Cell Signaling

Technology; 9568) were used to immunoprecipitate dynamin-2

or NHERF2, respectively.

In vitro His-tag pull-down assay

In vitro His-tag pull-down assays were conducted using a

recombinant purified His-DNM2 probe (gift from Dr. Mark

McNiven; ref. 32). Additional His-DNM2 constructs consis-

ting of select dynamin-2 domains, and the His-tagged

PODXL cytoplasmic tail (PCT, aa484 to aa558) were created

using standard molecular cloning techniques with the same

pQE-80L vector as the full-length His-DNM2 probe. His-tagged

constructs were transformed into and produced with BL21

Competent Escherichia coli under 0.1 mmol/L isopropyl

b-D-1-thiogalactopyranoside induction at 16�C overnight.

The recombinant His-tagged proteins were purified using

HisPur Ni-NTA Spin Purification Kit (Thermo Fisher Scientific).

The in vitro pull-down assay was performed using Pierce His

Protein Interaction Pull-Down Kit (Thermo Fisher Scientific).

For experiments involving purified glutathione S-transferase

(GST)-tagged PCT, GST-PCT is cloned into pGEX-2T vector

via standard molecular cloning techniques. The recombinant

GST-PCT proteins were induced and purified from E.coli using

glutathione–agarose beads (Pierce).

Hemispleen mice model

A preclinical murine model of hepatic metastasis was per-

formed via a hemispleen injection technique (25) to assess the

metastatic potential of PODXL-expressing and PODXL-KD

pancreatic cancer cells. All animal work was approved and

performed in compliance with the Institutional Animal Care

and Use Committee at the Johns Hopkins University. Prior to

surgery, trypsinized cells were incubated in DMEM with 10%

FBS at 37�C with intermittent mixing to restore surface glyco-

protein expression. Next, the cells were washed with PBS three

times and resuspended in anticlumping buffer diluted 1:1,000

in Hanks' Balanced Salt Solution (Gibco) to single cell suspen-

sions of 1 � 107/mL for Pa03c and 2.5 � 106/mL for SW1990.

The cells were maintained on ice at all times for subsequent

steps. Six to eight weeks old female NOD-SCID mice were

purchased from Johns Hopkins Research Animal Resources

and maintained in accordance with Institutional Animal Care

and Use Committee guidelines. At surgery, the spleen of a fully

anesthetized mouse was eviscerated, clipped, and excised into

two halves. One hundred microliters of cell suspension was

injected into one half of the excised spleen, followed by a flush

with 150 mL of ice-cold PBS. The cells were allowed to flow into

the liver via the splenic vessels for 2 minutes, after which the

splenic vessels were clipped and removed, followed by sutur-

ing. All mice were monitored regularly and sacrificed when they

display morbid characteristics. At necropsy, livers were har-

vested and examined macroscopically and microscopically with

hematoxylin and eosin staining for evidence of metastases.

Additionally, any visible splenic tumors formed at the injection

sites were collected and measured for size with the formula, V¼

(L � W � W)/2, where V is the tumor volume, L is the tumor

length, and W is the tumor width. The primary splenic tumors

were also stained for PODXL with IHC as detailed in Supple-

mentary Materials and Methods.

In vitro and in vivo tumor growth assays

The proliferative potential of scramble control and PODXL-KD

cells were assessed in vitro and in vivo via a subcutaneous implan-

tation model as described in Supplementary Materials and

Methods.
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Statistical analysis

All data are presented as mean � SEM from three independent

experiments unless otherwise stated. Graphing and statistical

analyses were performed with GraphPad Prism. Statistical signif-

icance was determined between pairs of data with a t test, or

between groups of data with one-way ANOVA and a Tukey

multiple comparison post hoc test.

Results

PODXL knockdown impairs pancreatic cancer cell migration

in vitro

We generated scramble control and stable PODXL-KD SW1990

cells via lipofectamine transfection followed by clonal selection.

PODXL knockdown was verified via immunoblotting (Fig. 1A).

We first investigated the potential role of PODXL in regulating

random 2D migration of pancreatic cancer cells on collagen

I-coated glass coverslips. Scramble control relative to PODXL-KD

SW1990 cellsweremoremotile (Fig. 1B; Supplementary Video 1),

as evidenced by their higher mean squared displacement

(Fig. 1C), and as such, were able to explore a larger surrounding

area (Fig. 1D). Interestingly, morphometric analysis revealed that

PODXL knockdown renders cells smaller, more circular and less

protrusive (Supplementary Fig. S1A). Depletion of PODXL also

diminishes cell morphodynamics, as evidenced by smaller

changes of their various morphologic indices (Supplementary

Fig. S1B). In line with random 2D migration data, PODXL

knockdown significantly suppressed chemotactically-driven cell

migration inside both unconfined and confined PDMS-based

microchannels (Fig. 1E; Supplementary Video S2), which resulted

in lower velocity, speed, and persistence relative to scramble

control cells (Fig. 1F).

To validate our observations, we knocked down PODXL in

both SW1990 and Pa03c pancreatic cancer cells using two differ-

ent shRNA lentivirus sequences. Both sequences were able to

knockdown PODXL (Supplementary Fig. S1C) and suppress

migration of SW1990 (Supplementary Fig. S1D) and Pa03c

(Supplementary Fig. S1E) cells through both unconfined and

confined microchannels. To further generalize our findings and

to extend their significance to other cancer cell types, we also

knocked down PODXL in the widely used human breast cancer

cell line,MDA-MB-231 (Supplementary Fig. S1C), and observed a

similar inhibition in cell migration through both unconfined and

confined microchannels (Supplementary Fig. S1F).

PODXL knockdown altersmicrotubule and adhesion dynamics

in pancreatic cancer cells

Given the pronounced effects of PODXL knockdown in

altering cell morphology and slowing down cell migration, we

hypothesized that PODXLmediates these changes by regulating

cytoskeletal and/or adhesion dynamics in pancreatic cancer

cells. We first quantified actin dynamics in scramble control

and PODXL-KD LifeAct-GFP-transfected SW1990 cells using

FRAP. Both scramble control and PODXL-KD cells exhibited

nearly identical mobile fractions of LifeAct-GFP molecules and

half-lives of recovery (Fig. 2A), suggesting that PODXL knock-

down does not alter actin dynamics. We next investigated the

effects of PODXL knockdown on microtubule dynamics by

imaging and quantifying the rate of EB1-GFP incorporation to

the positive growing ends of microtubules. Interestingly,

PODXL-KD SW1990 cells demonstrated a significantly lower

microtubule growth rate compared with scramble control cells

(Fig. 2B), thereby indicating that PODXL depletion slows down

microtubule dynamics.

To investigate the potential role of PODXL in regulating cell

adhesion, we visualized FAs by staining scramble control

and PODXL-KD SW1990 cells for phosphorylated paxillin and

imaging by TIRFmicroscopy (Fig. 2C). PODXL-KD cells relative to

scramble controls displayed a higher FA density, quantified either

as number of individual FAs over total cell area or as percentage

of total cell area covered by FAs (Fig. 2D). Interestingly, the sizes

of the individual FAs were not different between scramble

control and PODXL-KD cells.

Most cytoskeletal and adhesion dynamics changes are regulat-

ed by the activity of small GTPase proteins, such as RhoA and

Rac1 (33). However, neither active RhoA (Supplementary

Fig. S2A) nor active Rac1 (Supplementary Fig. S2B) were differ-

entiallymodulated following PODXLknockdown, indicating that

the microtubule and adhesion changes induced by PODXL are

mediated by a distinct mechanism that is independent of both

Rac1 and RhoA.

PODXL associates with dynamin-2 in pancreatic cancer cells

Ezrin is one of the most commonly reported cytoplasmic

binding partners of PODXL, where it serves as a scaffold that

links the plasma membrane to actin cytoskeleton (8, 17).

PODXL–ezrin interaction has also been reported to promote

migration by activating Rac1 and RhoA (8, 15, 20). Given that

PODXL knockdown fails to alter both actin dynamics and the

activities of RhoA and Rac1 (Fig. 2A; Supplementary Fig. S2A and

S2B), we questioned the validity of PODXL–ezrin interaction in

pancreatic cancer cells. Interestingly, we failed to detect ezrin

in immunoprecipitated PODXL specimens from SW1990

cell lysates (Fig. 3A), thereby indicating that PODXL does not

associate with ezrin in pancreatic cancer cells.

To identify the cytoplasmic binding partner(s) of PODXL in

pancreatic cancer cells, we immunoprecipitated PODXL using a

PODXL-specific antibody, EPR9518, along with an appropriate

IgG isotype and beads-only (no antibody) controls. Specimens

were subjected to mass spectrometry followed by bioinformatics

analysis. Only proteins enriched by at least two-fold in PODXL

immunoprecipitated samples relative to those of isotypeorbeads-

only control specimens were selected for further analysis

(Supplementary Table S1).

Among the listed proteins, dynamin-2 emerged as a promising

candidate for the following reasons. First, dynamin-2 is a large

GTPase protein that associates with microtubules and promotes

their dynamic instability (34). Second, dynamin-2 triggers FA

disassembly (32). Third, dynamin-2 is overexpressed in PDACs

and potentiatesmigration and invasion (35). As such, we hypoth-

esized that dynamin-2 could serve as a novel cytoplasmic binding

partner of PODXL and function as its effector to induce cytoskel-

etal and migratory changes in pancreatic cancer cells.

By performing reciprocal co-IP experiments using specific

antibodies against PODXL and dynamin-2, we demonstrated

their physical association in SW1990 pancreatic cancer cells.

Specifically, in PODXL co-IP samples, dynamin-2was also pulled

down and detected only in the PODXL antibody lane, but not

in the beads-only or isotype control lanes (Fig. 3B). Similarly,

in dynamin-2 immunoprecipitated specimens, PODXL was

also found to be co-IPed (Fig. 3B). These findings were validat-

ed and extended using Pa03c pancreatic cancer cells
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Figure 1.

PODXL knockdown in pancreatic cancer cells suppresses random 2D migration and chemotactic migration inside unconfined and confined channels.

A, Western blot showing efficient knockdown of PODXL in SW1990 pancreatic cancer cells using shRNA lipofectamine transfection, followed by

stable clonal selection. B, Representative time-lapse micrographs of scramble control and PODXL-KD SW1990 cells migrating on 2D collagen I-coated

glass coverslips. The images are spaced at 2 hour intervals. C, Average mean squared displacement (MSD) over time of migrating scramble control

and PODXL-KD SW1990 cells. Data represent the mean � SEM from three independent experiments. D, Superimposed images of individual

trajectories of scramble control and PODXL-KD SW1990 cells migrating on 2D collagen I-coated surfaces. E, Representative time-lapse micrographs

of scramble control (top row) and PODXL-KD (bottom row) SW1990 cells migrating inside 6 mm-wide, confined microchannels (left panels) and

50 mm-wide, unconfined microchannels (right panels). The images are spaced at 2 hour intervals. Arrowheads, leading edge of a migrating cell.

F, Migration velocity (left), speed (middle), and persistence (right) of scramble control and PODXL-KD SW1990 cells in PDMS-based microchannels of

10 mm in height, 200 mm in length, and either 6, 10, 20 or 50 mm in width. Data represent the mean � SEM from at least three independent

experiments. � , P < 0.05 between scramble control and PODXL-KD cells.
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(Supplementary Fig. S3A) and MDA-MB-231 breast cancer cells

(Supplementary Fig. S3B).

Immunofluorescence followed by confocal microscopy

revealed the colocalization of PODXL and dynamin-2 around

the cell membrane and the thin cytoplasmic area surrounding the

nucleus in SW1990 cells (Supplementary Fig. S3C). Although

PODXL localizes apically in primary cilium (36), embryonic

and stem cells (37), normal endothelial, and epithelial

cells (38, 39), and is crucial for the formation of apical lumen

in blood vessels (40, 41), its spatial localization is not as exten-

sively characterized in cancer cells. Although ectopically expressed

PODXL has been reported to localize to the apical surface of

OVCAR-3 ovarian and MCF7 breast cancer cells (6, 42), confocal

imaging disclosed the presence of endogenous PODXLnot only at

the apical but also at the basal surfaces of SW1990 pancreatic

cancer cells (Supplementary Fig. S3C). This spatial localization

pattern of PODXL at the basal surfaces enables it to interact and

ultimately affect FA dynamics in pancreatic cancer cells.

To identify the essential domains of dynamin-2 responsible for

binding to PODXL, probes consisting of 6xHis tags fused to either

Figure 2.

PODXL knockdown decreases microtubule growth rate and increases FA density without altering actin dynamics. A, Actin dynamics was assessed using FRAP at

cell-cell junctions of scramble control and PODXL-KD SW1990 cells transiently transfected with LifeAct-GFP. Left, representative FRAP curves of the fraction of

initial fluorescence intensity as a function of time for scramble control (red) and PODXL-KD (blue) cells. Mobile fraction (middle) and recovery half-life (right) of

LifeAct-GFP molecules in scramble control and PODXL-KD SW1990 cells. Data represent the mean� SEM from three independent experiments. B,Average

microtubule growth rate of scramble control and PODXL-KD SW1990 cells, as determined from the life history plots and kymographs of EB1 comets in cells

transiently transfected with EB1-GFP. Data represent the mean� SEM from three independent experiments. C, Representative TIRFmicroscopy images of

immunostained phospho-paxillin in scramble control and PODXL-KD SW1990 cells. D,Quantification of the average number of discrete FAs per cell area (left),

FA area per total cell area (middle), and FA size (right) of scramble control and PODXL-KD SW1990 cells. Data represent the mean� SEM from three

independent experiments. �� , P < 0.01; ��� , P < 0.001 between scramble control and PODXL-KD cells.
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full-length or truncated constructs encompassing different

domains of dynamin-2 were generated and used in in vitro His-

tag pull-down assays (Fig. 3C). His-tagged full-length dynamin-2

pulled down PODXL following incubation with SW1990 cell

lysate (Fig. 3D). These assays further revealed that the GTPase,

middle and pleckstrin homology domains of dynamin-2 are

responsible for binding PODXL, as His-constructs containing

either of these domains individually or in combination with

others were able to pull-down PODXL (Fig. 3D). However, the

GTPase effector domain and the proline-rich domainof dynamin-

2 were found to be dispensable for this binding interaction

(Fig. 3D). Moreover, recombinant His-tagged PCT (aa484 to

aa558) was sufficient to bind to endogenous dynamin-2 from

SW1990 cell lysate (Fig. 3E). Importantly, we herein demonstrate

the direct and specific binding interaction between PODXL and

dynamin-2 via in vitro His-tag pull-down assays using both

Figure 3.

PODXL interacts with dynamin-2 in pancreatic cancer cells. A, Ezrin was not detected in the immunoprecipitate fraction generated from SW1990

pancreatic cancer cells using a PODXL specific antibody. An IgG isotype antibody was used as a control. The rightmost lane shows the presence of

both PODXL and ezrin in SW1990 cell lysate input. B, Co-IP experiments from SW1990 cell lysates were performed using either a PODXL- (left) or a

dynamin-2– (right) specific antibody along with matched isotype controls. The resultant immunoprecipitates were subsequently resolved with

SDS-PAGE and blotted with antibodies against PODXL and dynamin-2. Dynamin-2 was detected in the immunoprecipitates of PODXL and vice versa.

The rightmost lanes in both panels reveal the presence of both PODXL and dynamin-2 in SW1990 cell lysate inputs. The leftmost lanes in both panels

show the beads-only (no antibody) controls. C, His-tagged constructs encompassing different domains of dynamin-2 were used for the in vitro

His-tag pull-down assay. Mid, middle domain; PH, pleckstrin homology domain; GED, GTPase effector domain; PRD, proline-rich domain. D, In vitro

His-tag pull-down assays demonstrating that the GTPase, middle, and pleckstrin homology domains of dynamin-2 are responsible for binding PODXL

from SW1990 cell lysates. � , the respective His constructs. E, In vitro His-tag pull-down assay showing that His-tagged PODXL cytoplasmic tail (PCT)

is sufficient to bind to endogenous dynamin-2 from SW1990 cell lysates. F, In vitro His-tag pull-down assay demonstrating that purified GST-tagged

PCT binds to recombinant His-tagged dynamin-2 D3þD4 domains but not to D4 alone (left). Purified GST alone does not bind to either His-tagged

constructs. #, the protein band of GST (28 kDa) from previous immunoblotting with anti-GST antibody (right).
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purified recombinant dynamin-2 domains and PCT. Specifically,

we show that purified GST-tagged PCT bound to recombinant

His-tagged dynamin-2 D3þD4 domains, but not to D4 alone

(Fig. 3F). To further demonstrate the specificity of this binding

interaction, we show that purified GST alone did not bind to

either His-tagged constructs (Fig. 3F). Taken together, mass spec-

trometry followed by bioinformatics analysis, co-IP, colocaliza-

tion staining and in vitro His-tag pull-down assays disclose that

PODXL and dynamin-2 interact directly to form a complex in

pancreatic cancer cells.

Promigratory phenotypes of PODXL-expressing cells are

coupled to dynamin-2 function

To assess the functional significance of PODXL–dynamin-2

interaction, a dynamin-2 inhibitor, dynasore, or siRNA (siDNM2)

wereused inboth scramble control andPODXL-KDSW1990 cells.

Dynasore (40 mmol/L) significantly reduced the migration

velocities of scramble control SW1990 cells to the identical

levels of the DMSO-treated PODXL-KD cells in both uncon-

fined and confined microchannels (Fig. 4A). Interestingly,

dynasore had no additional inhibitory effect on PODXL-KD

SW1990 cells. Similar phenotypic mimicry was also observed in

the microtubule growth rate using EB1-GFP (Fig. 4B) and FA

density (Fig. 4C).

To eliminate any potential off-target effects of dynasore,

siDNM2 was used to knockdown dynamin-2 expression in both

scramble control and PODXL-KD SW1990 cells (Supplementary

Fig. S4A). Of note, PODXL knockdown did not affect dynamin-2

expression (Supplementary Fig. S4A). Similar to the data

acquired using dynasore, dynamin-2 depletion decreased the

migration of the scramble control SW1990 cells to the levels of

PODXL-KD, without altering migration in PODXL-KD cells

(Supplementary Fig. S4B). Cumulatively, these data disclose

the functional role of dynamin-2 in mediating the cytoskeletal

remodeling and promigratory effects of PODXL on pancreatic

cancer cells.

According to mass spectrometry results, NHERF2 was also

enriched in the immunoprecipitate fraction of PODXL (Supple-

mentary Table S1). Because NHERF2 has been reported to act as a

scaffolding protein that bridges the interaction between PODXL

and ezrin in glomerular foot processes (16), we sought to

delineate the potential role of NHERF2 in PODXL-dependent

migration. Although NHERF2 interacts with PODXL in SW1990

pancreatic cancer cells as evidenced by co-IP assays, dynamin-2

was not detected in the NHERF2 immunoprecipitate fraction

(Supplementary Fig. S4C). Also, NHERF2 was not detected in

the dynamin-2 immunoprecipitate fraction (Supplementary

Fig. S4D). We next generated NHERF2-KD SW1990 cells using

shRNA lentivirus (Supplementary Fig. S4E), and compared their

migratory potential to that of scramble controls. In distinct

contrast to PODXL-KD and dynamin-2-KD cells, which displayed

a markedly reduced migration velocity, NHERF2-KD cells moved

much faster than scramble control cells (Supplementary Fig. S4F).

In viewof thesefindings andgiven that PODXL and/or dynamin-2

knockdown suppress migration to an equivalent extent without

any additive effect, we conclude that dynamin-2 regulates

PODXL-mediatedmigrationof pancreatic cancer cells via its direct

binding interaction with PODXL (Fig. 3F). The precise role of

NHERF2 in pancreatic cancer cell migration, which may extend

beyond PODXL, deserves further investigation that is outside

the scope of this current study.

Microtubule and Src kinase are downstream effectors of

PODXL–dynamin-2 complex

Because PODXL knockdown (Fig. 2B) and dynamin-2 inhibi-

tion (Fig. 4B) slow down microtubule growth with similar

efficiency, we reasoned thatmicrotubules represent a downstream

target of the PODXL–dynamin-2 signaling cascade. In light of

prior work showing that dynamin-2 regulates microtubule

dynamic instability (34), we examined the effects of taxol, which

stabilizes microtubules by preventing their depolymerization.

Treatment of scramble control SW1990 cells with taxol

(1.2 mmol/L) had the same effect as dynamin-2 inhibition/

knockdown or PODXL knockdown. Specifically, taxol suppressed

the migration velocities of scramble control cells to the levels of

untreated PODXL-KD cells (Fig. 4D). Of note, PODXL-KD

SW1990 cells treated with taxol displayed a further, albeit

moderate, reduction of migratory potential in microchannels

with a width �10 mm, thereby indicating a potential mild

synergistic effect.

Microtubule polymerization towards FAs has been reported to

induce FA disassembly, leading tomore dynamic FAs (43). Along

these lines, stabilizing microtubules via cell treatment with taxol

increased both FA density and the percentage of total cell area

covered by FAs in scramble control, but not PODXL-KD, SW1990

cells (Fig. 4E). Taken together, our data are in concert with the

notion that PODXL, through its binding to dynamin-2, regulates

microtubule dynamics, which in turnmodulates FA assembly and

disassembly.

Evidence suggests that dynamin-2 forms a trimeric complex

with FAK and Src kinase to induce FA disassembly by activating

integrin endocytosis (32). Interestingly, treatment of scramble

control SW1990 cells with the Src kinase inhibitor dasatinib

(10 nmol/L) recapitulated the phenotypic responses of PODXL

knockdown. Specifically, dasatinib concurrently reduced the

migration velocities (Fig. 4F) and increased the FA density and

the percentage of total area covered by FAs (Fig. 4G) in scramble

control cells. In marked contrast, Src kinase inhibition had a

negligible effect on PODXL-KD SW1990 cells (Fig. 4F and G).

Interestingly, dasatinib failed tomodulate microtubule dynamics

(Supplementary Fig. S4G), suggesting that Src kinase regulates

migration and FA dynamics downstream of PODXL without

involving microtubules. To validate the role of Src kinase in

PODXL–dynamin-2-dependent migration of pancreatic cancer

cells, we also assessed the effect of PP2, a more specific Src kinase

inhibitor, on migration of both SW1990 scramble control and

PODXL-KD cells. Similar to dasatinib, PP2 inhibition reduced

the velocity of the scramble control cells down to the same

level as the PODXL-KD cells, without affecting the velocity of

PODXL-KD cells (Supplementary Fig. S4H).

PODXL knockdown decreases liver metastasis in vivo

To test whether the enhanced migratory propensity of PODXL-

expressing cells observed in vitro facilitates metastasis in vivo, we

used the well-established preclinical model of pancreatic cancer

metastasis to the liver following a hemispleen injection tech-

nique (25). To this end, we injected 1 � 106 scramble control or

PODXL-KD Pa03c pancreatic cancer cells into the spleen of mice

(n ¼ 15 for scramble, n ¼ 12 for PODXL-KD). Knockdown

of PODXL significantly decreased liver metastasis, as evidenced

by the gross anatomy photographs (Fig. 5A) and further con-

firmed microscopically via histology (Fig. 5B). PODXL knock-

down generated significantly smaller number of visible liver
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Figure 4.

Inhibiting dynamin-2, microtubules or Src kinase abrogate the migratory potentiation and cytoskeletal remodeling effects of PODXL. A, Migration

velocity of scramble control and PODXL-KD SW1990 cells inside microchannels of prescribed width after treatment with dynasore (40 mmol/L). Data

represent the mean � SEM from three independent experiments. � , P < 0.05 between scramble DMSO control versus all three other conditions.

�, P < 0.05 between scramble DMSO control versus scramble plus dynasore or PODXL-KD plus dynasore. B, Microtubule growth rate of scramble

control and PODXL-KD SW1990 cells following dynasore (40 mmol/L) treatment as measured by an EB1-GFP assay. Data represent the mean � SEM

from three independent experiments. (Continued on the following page.)
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macrometastasis foci in mice (Fig. 5C). It is noteworthy that the

size of the primary splenic tumor at the injection site was similar

between scramble control and PODXL-KD Pa03c cells (Fig. 5D).

Of note, IHC staining for PODXL in primary splenic tumors

derived from mice injected with PODXL-KD Pa03c cells showed

a dramatic reduction in PODXL staining intensity relative to

scramble control specimens (Fig. 5E), indicating that PODXL

knockdown was maintained throughout the entire duration of

the in vivo hemispleen experiment.

We replicated the aforementioned findings with a second

pancreatic cancer cell line, SW1990. Because of the larger size of

SW1990 than Pa03c cells, injection of the 1� 106 cells resulted in

high postoperativemortality approximating 90%, possibly due to

clotting and thrombosis. Another potential reason for the differ-

ential prothrombotic profile of the two pancreatic cancer cell

types could stem from inherent differential surface expression

of procoagulant molecules, such as tissue factor that can initiate

the coagulation cascade (44). In breast cancer cells, clotting

time was determined to be both tissue factor- and cell number

dependent (45). As such, a lower number of cells (2 � 105) was

attempted for injection into the spleen of mice to mitigate this

issue. Although the lower cell number did improve postoper-

ative survival, about 40% of the mice still died after surgery.

Despite the lower sample size (n ¼ 7 for scramble, n ¼ 5 for

PODXL-KD), the inhibitory effect of PODXL knockdown on

liver metastasis was even more pronounced, as almost all mice

injected with the scramble control SW1990 cells developed

liver metastasis, whereas only one out of five mice injected with

PODXL-KD SW1990 cells developed metastasis (Supplemen-

tary Fig. S5A–S5C). In concert with our findings using Pa03c

cells, PODXL also failed to alter primary splenic tumors size

(Supplementary Fig. S5D). Moreover, PODXL knockdown was

preserved in vivo for SW1990 tumors as evidenced by IHC

(Supplementary Fig. S5E).

The growth of scramble control versus PODXL-KD cells was

unaltered in vitro and in a subcutaneous injection model in vivo

as quantified by the weight of tumors harvested post-mortem,

using Pa03c (Supplementary Fig. S5F and S5G) and SW1990

(Supplementary Fig. S5H and S5I) cells. Collectively, these

data reveal that the increased metastatic potential of PODXL-

expressing cells is attributed to their elevated capacity to

migrate and metastasize to the liver rather than to proliferate

at higher levels at the primary tumor site per se.

Discussion

By using mass spectrometry followed by bioinformatics anal-

ysis, co-IP, and in vitro His-tag pull-down assays, we herein

demonstrate a novel direct binding interaction between the

cytoplasmic tail of PODXL and the large GTPase dynamin-2.

Given that PODXL knockdown and dynamin-2 inhibition sup-

press with similar efficiency microtubule growth rate, and that

dynamin-2 is amicrotubule-associated largeGTPase, we reasoned

that microtubules are a downstream target of the PODXL–dyna-

min-2 signaling cascade. This is further substantiated by a previ-

ous study showing that dynamin-2 regulates dynamic instability

of microtubules (34). Because PODXL knockdown or dynamin-2

inhibition or stabilization of microtubules via cell treatment with

taxol increase FA density and the percentage of total cell area

covered by FAs, we propose amodel bywhich PODXL, through its

binding to dynamin-2, regulates microtubule dynamics, which in

turn modulates FA assembly and disassembly (Fig. 6). Specifical-

ly, we postulate that PODXL binds to and activates dynamin-2 at

the cell periphery, where dynamin-2 could enhance the dynamic

instability of microtubules, causing microtubules to polymerize

more towards existing FA and promote FA disassembly. Alterna-

tively, dynamin-2, by forming a trimer with FAK and Src

kinase (32), could also regulate FA turnover via a Src kinase

pathway (Fig. 6). Along these lines, our data reveal that Src kinase

inhibition concurrently reduces cell migration and increases the

FA density in scramble control, but not PODXL-KD, cells. We

further postulate that both the microtubule- and Src kinase-

dependent pathways, which are downstream of the PODXL–

dynamin-2 signaling axis, regulate FAdynamics, therebyultimate-

ly facilitating cellmigration andmetastasis (Fig. 6). This proposed

model was rigorously tested by inhibiting dynamin-2, microtu-

bules, and Src kinase. Interfering with any of these downstream

targets causes the scramble cells to phenotypically mimic the

PODXL-KD cells, as evidenced by their slower cell migration,

decreasedmicrotubule growth rate and increased FA density, thus

validating their functional significance in propagating the down-

stream effects of PODXL.

The cytoplasmic domain of PODXL, despite its short size, has

been reported to associate with proteins, such as ezrin and

NHERF1/2 to mediate downstream signaling involved in cyto-

skeletal remodeling and cell migration (8, 14). PODXL is

considered to form a stable complex with ezrin, which in turn

connects to actin filaments, leading to redistribution of actin

towards the apical membrane in kidney podocytes (14).

NHERF1 and 2, which are two highly homologous scaffold

proteins with two PDZ domains and an ERM binding domain,

interact directly with PODXL and serve as a linker between

PODXL and ezrin (16). Interestingly, the N-terminus of ezrin

has also been reported to bind directly to the HQRIS sequence

in the juxtamembrane region of PODXL independent of

NHERF1/2 (15). Binding of ezrin to PODXL, either directly or

(Continued.) C, FA density quantified as the number of discrete FAs per cell area (left) or FA area per total cell area (middle) and FA size (right) of

scramble control and PODXL-KD SW1990 cells following dynasore (40 mmol/L) treatment, as assessed by TIRF imaging of phospho-paxillin immunostaining.

Data represent the mean � SEM. D, Migration velocity of scramble control and PODXL-KD SW1990 cells inside microchannels of prescribed width after taxol

(1.2 mmol/L) treatment. Data represent the mean � SEM from three independent experiments. � , P < 0.05 between scramble DMSO control versus all three

other conditions. #, P < 0.05 between PODXL-KD plus taxol versus scramble plus taxol or PODXL-KD plus DMSO control. �, P < 0.05 between PODXL-KD

plus taxol versus PODXL-KD plus DMSO control. E, FA density quantified as described in C using scramble control and PODXL-KD SW1990 cells after taxol

(1.2 mmol/L) treatment, as assessed by TIRF imaging of phospho-paxillin immunostaining. Data represent the mean � SEM from three independent

experiments. F, Migration velocity of scramble control and PODXL-KD SW1990 cells inside microchannels of prescribed width after dasatinib (10 nmol/L)

treatment. Data represent the mean � SEM from three independent experiments. � , P < 0.05 between scramble DMSO control versus all three other

conditions. �, P < 0.05 between scramble DMSO control versus scramble control plus dasatinib or PODXL-KD plus dasatinib. G, FA density quantified as

described in C using scramble control and PODXL-KD SW1990 cells after dasatinib (10 nmol/L) treatment, as assessed by TIRF imaging of phospho-paxillin

immunostaining. Data represent the mean � SEM from three independent experiments. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ����, P < 0.0001.
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indirectly, activates ezrin, which in turn activates RhoA through

sequestration of RhoGDI by activated ezrin (15). With its

second PDZ domain binding to PODXL, the first PDZ domain

of NHERF1 can also bind to Rac1 guanine nucleotide exchange

factor ARHGEF7 to activate Rac1, promoting lamellipodia

formation and cell migration (8).

Although ezrin has emerged as a widely accepted binding

partner of PODXL, there are reports showing that PODXL and

ezrin may have nonrelated or even opposing effects in certain

cancer types, thereby suggesting that the PODXL–ezrin associa-

tion may not be as universal as one is led to believe. In urothelial

bladder cancer, for instance, although highmembranous PODXL

expression correlates with poor prognosis (7), low membranous

expression of ezrin was instead an independent marker of pro-

gression anddisease-specific survival in another study (46). In our

study, we consistently and repeatedly failed to identify the pres-

ence of ezrin in immunoprecipitated PODXL specimens either via

immunoblotting ormass spectrometry. Moreover, the inability of

PODXL knockdown to alter actin dynamics and RhoA or Rac1

activity in pancreatic cancer cells further suggests that the pro-

migratory role of PODXL is independent of the actin cytoskeleton

and the classical Rac1 and/or RhoA signaling induced by ezrin

following its binding to PODXL. Collectively, these previous

reports showing that PODXL and ezrin have opposing effects on

tumor cells, coupled with our data showing the absence of

PODXL–ezrin association and the inability of PODXL knock-

down to alter actin polymerization, strongly support the existence

of a novel cytoplasmic binding partner, which we demonstrated

to be dynamin-2.

Although there have been several in vitro studies on PODXL

and its involvement in cancer, there is no preclinical animal

model study aimed to evaluate the potential oncogenic role of

Figure 5.

PODXL knockdown decreases

metastasis in vivo in a preclinical

murine model of pancreatic

cancer metastasis using a

hemispleen injection technique.

A, Gross anatomical pictures of

representative livers harvested

from mice injected with scramble

control (top row) or PODXL-KD

(bottom row) Pa03c cells via the

hemispleen technique. Yellow

arrowheads, visible liver

macrometastases. B,

Representative histological

sections of livers harvested from

mice injected with scramble

control (top row) or PODXL-KD

(bottom row) Pa03c cells. Black

arrowheads, areas of metastasis.

C and D, Quantification of the

number of visible liver

macrometastasis foci observed

on the harvested livers (C) and

the volume of the primary

splenic tumor of mice injected

with scramble control or

PODXL-KD Pa03c cells (D).

Data represent the mean � SEM

from 15 and 12 mice for the

scramble control and

PODXL-KD groups, respectively.
� , P < 0.05. E, Representative

immunohistochemistry sections

of primary splenic tumors derived

from scramble control (left) or

PODXL-KD (right) Pa03c cells

stained for PODXL reveal that

PODXL knockdown is maintained

in vivo.
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PODXL in pancreatic cancer. To the best of our knowledge, the

well-established preclinical model of pancreatic cancer metas-

tasis to the liver via an injection using the hemispleen tech-

nique represents the first ever-reported in vivo model that

directly assesses the effect of PODXL on pancreatic cancer

metastasis. Prior in vivo models associated with PODXL have

been performed primarily with breast cancer cells, where

impairment in the formation of lung metastases was demon-

strated with tail vein injection, subcutaneous injection and

orthotopic implantation into mammary fat pad for PODXL-

KD cells (20, 47). In our work, we demonstrate that PODXL

knockdown exerts a pronounced inhibitory effect on liver

metastasis using two distinct pancreatic cancer cell lines with-

out affecting primary splenic tumor growth.

TheKRASoncogeneundergoesmutational activation in95%of

PDAC patients, and plays a crucial role in initiating and driving

pancreatic cancer pathogenesis (48). In addition to KRAS, signal

transducer and activator of transcription 3 (STAT3) has been

implicated inmalignant transformation of pancreatic cancer (49).

Interestingly, both KRAS and STAT3 interact with tubulin and

microtubules (50, 51). Moreover, oncogenic KRAS upregulates

Src in pancreatic cancer cells (52). Because 69% of PDACs stain

positively for PODXL (12), and given that microtubules and Src

regulate PODXL-dependent pancreatic cancer cell migration, the

potential link among oncogenic KRAS, STAT3 and PODXL

deserves to be investigated.

In conclusion, we discovered a novel direct binding interac-

tion between PODXL and dynamin-2 that is critical for pro-

moting the efficient migration in vitro and metastasis in vivo of

pancreatic cancer cells. PODXL, through its binding to dyna-

min-2, regulates microtubule dynamics and Src activation,

which in turn modulate FA assembly and disassembly, and

ultimately regulate migration. The functional role of PODXL in

promoting pancreatic cancer metastasis in vivo was demonstrat-

ed using a physiologically relevant hemispleen-based hepatic

metastasis model.
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