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Paxillin controls endothelial cell migration and tumor angiogenesis
by altering neuropilin 2 expression
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ABSTRACT

Although a number of growth factors and receptors are known

to control tumor angiogenesis, relatively little is known about

the mechanism by which these factors influence the directional

endothelial cell migration required for cancer microvessel formation.

Recently, it has been shown that the focal adhesion protein paxillin

is required for directional migration of fibroblasts in vitro. Here, we

show that paxillin knockdown enhances endothelial cell migration in

vitro and stimulates angiogenesis during normal development

and in response to tumor angiogenic factors in vivo. Paxillin

produces these effects by decreasing expression of neuropilin 2

(NRP2). Moreover, soluble factors secreted by tumors that stimulate

vascular ingrowth, including vascular endothelial growth factor

(VEGF), also decrease endothelial cell expression of paxillin and

NRP2, and overexpression of NRP2 reverses these effects. These

results suggest that the VEGF–paxillin–NRP2 pathway could

represent a new therapeutic target for cancer and other

angiogenesis-related diseases.

KEY WORDS: Paxillin, Neuropilin 2, VEGF, Angiogenesis, Cancer,

Capillary endothelial cell, Motility

INTRODUCTION
Capillary endothelial cell migration is mediated by dynamic
remodeling of the actin cytoskeleton and linked focal adhesions

that physically anchor cells to the underlying extracellular
matrix (ECM). Focal adhesions also mediate mechano-chemical
transduction through changes in the position and activity of many

signal transducing molecules (e.g. small and large G proteins,
protein kinases, inositol lipid kinases, ion channels, etc.) that
physically associate with the cytoskeletal backbone of the focal

adhesion (Wozniak et al., 2004). As a result, physical interactions
between cells and ECM through integrins that locate in focal
adhesions can influence the direction in which cells extend new

lamellipodia and filopodia, and thereby control oriented cell
movement (Brock and Ingber, 2005; Dike et al., 1999; Parker
et al., 2002; Sero et al., 2011; Xia et al., 2008). Recently, we have
shown that knockdown of the focal adhesion protein paxillin

interferes with oriented lamellipodia extension and inhibits
directional migration in fibroblasts by altering focal adhesion

position (Sero et al., 2011). The present study was initiated to

explore the possibility that paxillin might play a similar role in
governing directional migration of capillary endothelial cells
during tumor angiogenesis.

Paxillin is a multifunctional multidomain focal adhesion
adaptor protein that is phosphorylated by Src and focal
adhesion kinase (FAK) (Tachibana et al., 1995; Turner et al.,

1990), and associates with many other focal adhesion proteins
and signaling molecules (Brown and Turner, 2004; Deakin et al.,
2012; Hagel et al., 2002; Sero et al., 2012; Turner et al., 1990). It
can positively and negatively regulate cell migration depending

on whether it is located at the leading edge (Nayal et al., 2006) or
tail end (Nishiya et al., 2005) of the cell. Paxillin-knockout mice
are embryonic lethal because of developmental defects in the

mesoderm (Hagel et al., 2002), and paxillin knockdown causes
defects in embryonic stem cell spreading (Wade et al., 2002) and
enhances HeLa cell migration (Yano et al., 2004). Interestingly,

paxillin mutations and changes in protein expression are also
associated with alterations in the malignant progression of many
tumors (Deakin et al., 2012), including breast (Madan et al., 2006;
Short et al., 2007), lung (Jagadeeswaran et al., 2008; Mackinnon

et al., 2011; Salgia et al., 1999), prostate (Sen et al., 2012),
melanoma (Velasco-Velázquez et al., 2008) and colorectal cancer
(Yang et al., 2010).

Directional capillary endothelial cell migration is an essential
component of sprouting angiogenesis (Lamalice et al., 2007; Li
et al., 2005). Because paxillin controls directional migration in

fibroblasts (Plotnikov et al., 2012; Sero et al., 2011), it is
possible that changes in paxillin expression or activity also
influence capillary endothelial cell motility during tumorigenesis.

In fact, in capillary endothelial cells, paxillin rapidly becomes
phosphorylated in response to treatment with the tumor-associated
vascular endothelial growth factor (VEGF), which is a potent
motility factor (Abedi and Zachary, 1997). However, the

mechanism by which paxillin might exert control over capillary
endothelial cell migration and angiogenesis has never been
explored in the context of tumor angiogenesis.

The ubiquitous angiogenic growth factor VEGF, and its
receptors, have been implicated in control of directional capillary
endothelial cell migration because they regulate expression or

activities of signaling molecules that are central to migratory
control, including Cdc42, Rho, Rho-associated protein kinase
(ROCK), FAK, phosphatidylinositol-3 kinase (PI3K) and p38
MAPKs (Chung and Ferrara, 2011; Koch et al., 2011; Lohela et al.,

2009). VEGF acts through VEGF receptor 2 (VEGFR2) (Chung
and Ferrara, 2011; Koch et al., 2011; Lamalice et al., 2007; Lohela
et al., 2009) and through its non-kinase receptor neuropilin 2

(NRP2) (Geretti et al., 2008; Gluzman-Poltorak et al., 2000;
Neufeld et al., 2002), which is expressed in endothelial cells
(Gluzman-Poltorak et al., 2000; Takashima et al., 2002) as well as

neuronal cells where it plays a central role in axon guidance. NRP2
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deficiency suppresses lymphatic vessel development (Yuan et al.,
2002), embryonic angiogenesis (Takashima et al., 2002) and retinal

neovascularization in the presence of ischemia (Shen et al., 2004).
Importantly, it has also been suggested that NRP2 plays a role in
tumor angiogenesis because it is required for semaphorin 3F
(Sema3F)-dependent chemorepulsion of capillary endothelial

cells, which appears to be disrupted during tumor progression
(Bielenberg et al., 2004).

Here, we show that paxillin knockdown increases capillary

endothelial cell migration and invasiveness, and thereby enhances
microvessel ingrowth, by suppressing NRP2 expression in vitro

and in vivo. In addition, our findings show that soluble tumor-

derived factors produce similar effects through decreasing
paxillin expression in capillary endothelial cells. The paxillin–
NRP2 axis might therefore represent a new target for therapeutic

modulation or normalization of the tumor vasculature.

RESULTS
Paxillin controls endothelial cell migration
Our recent finding that paxillin regulates directional cell
migration in fibroblasts (Sero et al., 2011) led us to examine
whether paxillin also controls oriented migration of endothelial

cells, which is required for capillary network formation during
angiogenesis. Human umbilical vein endothelial cell (HUVEC)
migration was analyzed in Transwell migration chambers using

EBM2 supplemented with bFGF (also known as FGF2), VEGF,
IGF, EGF and 5% serum. Treatment with two distinct small
interfering RNA (siRNA) sequences against paxillin resulted in

knockdown of paxillin expression by ,90% as confirmed by
immunoblotting and qRT-PCR (Fig. 1A,B). Paxillin knockdown
cells exhibited an ,2-fold increase in migration after 24 hours
when compared with control cells transfected with scrambled

siRNA (Fig. 1C). When the Transwell chambers were coated

with Matrigel to create a 3D ECM invasion assay (Sero et al.,
2011), the paxillin knockdown cells again displayed an ,2-fold

increase in the average distance they invaded into gel relative to
control cells (Fig. 1D,E), which is consistent with increases in
directional cell migration produced by knocking out paxillin in
mouse embryonic fibroblasts (Sero et al., 2011). These data show

that paxillin expression might be required for control of the
normal processes of directional endothelial cell migration and
invasion that underlie capillary network formation.

We then explored whether paxillin knockdown also alters
capillary endothelial cell migration and invasion in vivo. Matrigel
plugs were pre-cast in poly-dimethylsiloxane (PDMS) polymer

molds and implanted subcutaneously in a mouse. Then, paxillin
or control siRNA (10 mg) was injected into the plug after 3 days,
and vascular ingrowth was analyzed 4 days later, as described

previously (Mammoto et al., 2009) (supplementary material Fig.
S1A). Treatment with paxillin siRNA decreased paxillin
expression in infiltrating CD31+ cells by 60% as measured by
immunofluorescence staining (Fig. 2A,B) and by ,50% in all

cells when analyzed by qRT-PCR (Fig. 2C). Interestingly,
suppression of paxillin expression resulted in ,1.5-fold increase
in the number of CD31+ capillary endothelial cells that invaded

into the Matrigel plugs (Fig. 2D,E). Quantification of the number
of capillary endothelial cells at increasing depths through the gel
revealed that there were 2- to 8-fold increases in the number of

capillary endothelial cells throughout the depth of gels containing
paxillin siRNA compared to control gels (Fig. 2F). This increased
ingrowth of capillary microvessels was confirmed by perfusing

the entire mouse vasculature with fluoresceinated-concanavalin
A (ConA) via injection into the retro-orbital vein just prior to
harvesting the implants, and generating 3D reconstructions
(Fig. 2G; supplementary material Fig. S1B). Thus, knocking

down paxillin expression not only increased capillary endothelial

Fig. 1. Paxillin controls endothelial cell migration in vitro. (A) Immunoblots showing paxillin and GAPDH protein levels in HUVECs transfected with control
(lanes negative for the paxillin siRNA) or paxillin-targeted siRNAs (Pax #1, Pax #2). (B) Graph showing mRNA level of paxillin in HUVECs treated with
control or paxillin siRNA. (C) Graph showing the number of migrating HUVECs transfected with control or paxillin siRNA normalized to the control-siRNA-
transfected cells in Transwell migration assay. The migratory stimulus is 5% serum EGM2. (D) Graph showing the distance of invasion of HUVECs transfected
with control or paxillin siRNA in a Transwell invasion assay. The migratory stimulus is 5% serum EGM2. In B–D, black bars indicate cells transfected with control
siRNA. Data are means6s.e.m. *P,0.05, **P,0.01; ***P,0.001. (E) Confocal micrographs showing HUVEC invasion into Matrigel transfected with control
(Con) or paxillin siRNA with 5% EGM2 as chemoattractant. Scale bar: 50 mm.
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microvessels in vivo. The total number of cells (e.g. immune

cells, fibroblasts and capillary endothelial cells) migrating into
the Matrigel plug did not vary significantly between control and
paxillin siRNA-treated implants (Fig. 2D; supplementary

material Fig. S1C,D). Suppression of paxillin also did not alter
the number of CD45+ immune cells that invaded the gels
(supplementary material Fig. S1E); however, it significantly
decreased the number of fibroblasts that invaded the gel

(supplementary material Fig. S1F). Therefore, it appears that

paxillin suppression has different effects on cell migration in vivo

depending on the cell type.

Paxillin controls retinal angiogenesis in vivo
We then examined whether paxillin is also important for control

of normal developmental angiogenesis in vivo by analyzing the
effects of paxillin knockdown during mouse neonatal retinal
angiogenesis. This is a relevant model system because directional
cell migration is required for new microvessel formation in the

growing retina (Gerhardt et al., 2003; Wacker and Gerhardt,

Fig. 2. Paxillin controls endothelial cell migration in vivo.
(A) Confocal micrographs showing paxillin expression (top)
and CD31 expression (bottom) in the Matrigel implanted
subcutaneously on the back of C57BL/6 mice treated with
control or paxillin siRNA. The region of skin is shown above
the dotted line, and Matrigel with invading cells is below the
dotted line. (B) Graph showing paxillin protein levels,
quantified by using immunohistochemical image analysis
where paxillin colocalized to CD31+ cells was measured in
three random 50650-mm fields per gel (n55). (C) Graph
showing mRNA level of paxillin in the infiltrated cells in the
implanted Matrigel (n58). (D) H&E-stained micrographs
showing host-cell migration from C57BL/6 mouse skin into
implanted Matrigel treated with control or paxillin siRNA (top).
Confocal micrographs showing CD31-stained endothelial
cells in the Matrigel treated with control or paxillin siRNA
(bottom). (E) Quantification of endothelial cell density in the
implanted Matrigel with control or paxillin siRNA from
immunohistochemical CD31 image analysis (n57). In B, C
and E, black bars indicate mice treated with control siRNA.
(F) Graph showing migration distance of CD31-stained
endothelial cells from the skin into Matrigel implant treated
with control or paxillin siRNA (n56). (G) 3D reconstructed
confocal micrographs of a Matrigel implant treated with
control or paxillin siRNA perfused with fluorescein-ConA.
Scale bars: 50 mm. Data are means6s.e.m. *P,0.05;
**P,0.01; ***P,0.001. See also supplementary material
Fig. S1.
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2011). Paxillin siRNA (0.5 mg) was injected directly into the
vitreous humor of a postnatal day 4 (P4) mouse eye, the eye was

harvested 2 days later and the vessels were visualized by staining
with fluorescent isolectin. Knockdown of paxillin resulted in
increased formation of sprouts throughout the forming vascular
network (Fig. 3A,B). We also studied the retinal vascular

network at P8 (by this point most of the vessels reach the edge
of the retina). Knockdown of paxillin resulted in increased
tortuous microvessel formation as indicated by a 1.5-fold increase

in vessel density compared to control-siRNA-treated eyes
(Fig. 3C,D). Thus, suppression of paxillin expression appears
to result in enhanced migration in vitro, as well as increased

microvascular ingrowth in vivo during normal vessel
development.

Paxillin controls angiogenesis by altering NRP2 expression
VEGF is one of the most ubiquitous angiogenic factors and it
plays a key role in controlling capillary endothelial cell migration
(Chung and Ferrara, 2011; Koch et al., 2011; Lohela et al., 2009).

The cell surface VEGF receptor NRP2 controls endothelial cell
survival and migration in response to VEGF (Favier et al., 2006;
Takashima et al., 2002). Therefore, we examined whether

paxillin might control endothelial cell migration by altering
NRP2 expression. siRNA-mediated knockdown of paxillin

resulted in a 50% decrease in NRP2 expression at both protein
and mRNA levels in cultured HUVECs (Fig. 4A–C). To

determine whether these effects are specific for paxillin, we
explored whether other key focal adhesion proteins (vinculin and
zyxin) also affect NRP2 expression and endothelial cell motility.
However, knockdown of vinculin or zyxin did not alter NRP2

expression nor change endothelial cell migration in a Transwell
migration assay (supplementary material Fig. S2A–C). Moreover,
when NRP2 was knocked down using siRNA (supplementary

material Fig. S2D–F), HUVEC migration increased by 1.5-fold
(Fig. 4D), and invasion into Matrigel doubled (Fig. 4E,F), much
as it did when paxillin was knocked down in these cells (Fig. 1C–

E). Importantly, overexpression of NRP2, which increases NRP2
mRNA and protein levels in capillary endothelial cells
(supplementary material Fig. S2D–F), was able to prevent the

increase of HUVEC migration and invasion in paxillin knock-
down cells (Fig. 4D–F). Thus, NRP2 appears to mediate the
effects of paxillin on endothelial cell motility and invasion in

vitro.

We have previously shown that overexpression of a paxillin N-
terminal (paxN) truncation mutant in paxillin-knockout mouse
embryonic fibroblasts results in a significant increase in their

invasive behavior, whereas expression of a C-terminal (paxC)
truncation mutant has the opposite effect (Sero et al., 2011). To

Fig. 3. Paxillin controls formation
of sprouts during mouse neonatal
retinal angiogenesis. (A) Confocal
images of isolectin-stained retina
from P6 neonatal mouse 2 days post
intravitreous injection of control or
paxillin siRNA. Scale bars: 0.5 mm
(top micrograph); 50 mm (bottom
micrograph). White arrowheads
indicate sprouts and sprout
orientation. (B) Normalized average
number of sprouts per 4006200-mm
retinal area with control (black bars)
or paxillin siRNA (white bars) (n53).
(C) Confocal images of isolectin-
stained retina from P10 neonatal
mice 2 days post intravitreous
injection of control or paxillin siRNA.
Scale bar: 0.1 mm. (D) Graph
showing the vessel density of
peripheral region of retina treated with
paxillin siRNA normalized with that
from control-siRNA-treated retina
(n56). Data are means6s.e.m.
*P,0.05; **P,0.01.
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further analyze the molecular mechanism through which paxillin

controls endothelial cell migration, we examined whether
overexpression of paxillin truncation mutants could control
endothelial cell migration. When paxN was overexpressed in
paxillin-knockdown HUVECs in vitro (supplementary material

Fig. S2G), we detected a 20% increase in cell migration relative
to paxillin knockdown cells alone (supplementary material Fig.
S2H). In contrast, overexpression of paxC (supplementary

material Fig. S2G) did not produce any significant change
in migratory behavior (supplementary material Fig. S2H).
Importantly, this migration-stimulating effect of overexpressing

paxN in paxillin knockdown HUVECs was accompanied by a
decrease in NRP2 protein levels, whereas paxC overexpression
had no effect on NRP2 protein expression (supplementary

material Fig. S2G). Therefore, the N-terminal portion of paxillin
appears to mediate its ability to promote migration in endothelial
cells by suppressing NRP2 expression.

To determine the physiological relevance of these effects, we

measured the expression of NRP2 in capillary endothelial cells
that infiltrated Matrigel plug implants in the in vivo Matrigel
capillary invasion assay when we knocked down paxillin

expression. NRP2 expression decreased by 40% in capillary
endothelial cells, as measured by image analysis, when paxillin
siRNA was injected subcutaneously (Fig. 5A,B), and a similar

decrease in NRP2 mRNA level was measured by analyzing total
mRNA in gel implants using qRT-PCR (Fig. 5C). We then
injected NRP2-specific siRNA subcutaneously, and found that it
produced ,60% knockdown of NRP2 protein and mRNA levels

(supplementary material Fig. S3A–C). Direct knockdown of

NRP2 did not alter the total number of cells (e.g. immune cells,
fibroblasts and capillary endothelial cells) migrating into the
Matrigel plug (Fig. 5D; supplementary material Fig. S3D);
however, it specifically produced an increase in endothelial cell

migration resulting in significantly enhanced capillary ingrowth
into the gel (Fig. 5D,E). This resulted in the appearance of
a higher number of capillary endothelial cells at increasing

distances into the gel relative to control gels (Fig. 5F), hence
mimicking the results we observed by knocking down paxillin
(Fig. 2F). In addition, NRP2 knockdown increased the number of

functional vessels perfused by fluorescent ConA and visualized in
3D reconstructions (Fig. 5G; supplementary material Fig. S3E).
These results indicate that paxillin controls NRP2 expression both

in vitro and in vivo, and that siRNA-mediated knockdown of
NRP2 enhances endothelial cell migration and microvascular
invasion, resulting in a phenotype nearly identical to that
produced by inhibiting paxillin expression.

Although NRP2 acts as a VEGF receptor, VEGFR2 is the key
receptor VEGF utilizes to stimulate angiogenesis, and it also
plays a key role in controlling capillary endothelial cell migration

(Chung and Ferrara, 2011; Koch et al., 2011; Lamalice et al.,
2007; Lohela et al., 2009). We therefore explored whether
paxillin controls capillary endothelial cell migration by altering

VEGFR2 expression. These studies revealed, however, that
paxillin knockdown did not significantly change VEGFR2
expression in capillary endothelial cells that infiltrated into the
implanted Matrigel plugs in vivo (supplementary material Fig.

Fig. 4. Paxillin controls NRP2
expression and endothelial
migration in vitro. (A) Immunoblots
of paxillin, NRP2 and GAPDH in
HUVECs treated with control (lanes
negative for the paxillin siRNA) or
paxillin siRNA. (B) Graph showing
quantification of protein levels of
paxillin and NRP2 in HUVECs treated
with control or paxillin siRNA.
(C) Graph showing mRNA levels of
paxillin and NRP2 in HUVECs treated
with control or paxillin siRNA.
(D) Graph showing number of
migrating HUVECs treated with
paxillin siRNA, NRP2 siRNA, or
paxillin siRNA plus NRP2 DNA
normalized by control-siRNA-
transfected cells in Transwell
migration assay. (E) Graph showing
invasion distance of HUVECs treated
with paxillin siRNA, NRP2 siRNA, or
paxillin siRNA plus NRP2 DNA in a
Transwell invasion assay. The
migratory stimulus is 5% serum
EGM2. Data are represented as
mean6s.e.m. *P,0.05; **P,0.01;
***P,0.001. In B–E, black bars
indicate cells treated with control
siRNA. (F) Confocal micrographs
showing HUVEC invasion in a
Transwell invasion assay with 5%
EGM2 as chemoattractant in
combination with NRP2 siRNA or
paxillin siRNA plus NRP2 DNA. Scale
bar: 50 mm. See also supplementary
material Fig. S2.
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S3F–H). Thus, paxillin appears to exert its angiogenesis-
modulating effects by selectively altering NRP2 expression.

Paxillin mediates tumor-induced angiogenesis
Formation of well-organized microvessels is necessary for normal

organ development and deregulation of this process contributes to
cancer progression, as well as to development of tumor resistance
to cancer therapies (Carmeliet and Jain, 2011; Chung and Ferrara,

2011). We therefore set out to examine whether paxillin is also
involved in control of tumor-induced angiogenesis. To do this, we

implanted a Matrigel plug subcutaneously within one chamber of
a two-chamber PDMS device that contained Lewis lung
carcinoma (LLC) cells in the second chamber, separated from

the Matrigel by a porous filter membrane (supplementary
material Fig. S4A). LLC cells are unable to escape (data not
shown), but the soluble factors they produce diffuse through

Fig. 5. NRP2 knockdown enhances endothelial cell
migration in vivo. (A) Confocal micrographs showing
NRP2 expression (top) and CD31-stained endothelial
cells (bottom) in Matrigel implanted subcutaneously on the
back of a C57BL/6 mouse treated with control or paxillin
siRNA. (B) Graph showing NRP2 protein levels quantified
by immunohistochemical image analysis where NRP2
colocalized to CD31+ cells as measured in three random
50650-mm fields per gel (n55). (C) Graph showing mRNA
level of NRP2 in the infiltrated cells in the implanted
Matrigel (n58). (D) H&E-stained micrographs showing
host-cell migration from C57BL/6 mouse skin into
implanted Matrigel treated with control or NRP2 siRNA
(top). Confocal micrographs showing CD31-stained
endothelial cells migrated in the Matrigel implant with
control or NRP2 siRNA (bottom). (E) Quantification of
CD31+ endothelial cell migration into Matrigel implant
treated with control (black bars) or NRP2 (white bars)
siRNA as measured in three random 50650-mm fields per
gel (n54). In B, C and E, black bars indicate mice treated
with control siRNA. (F) Graph showing migration distance
of CD31-positive endothelial cells into Matrigel implant
treated with control or NRP2 siRNA (n54). (G) 3D
reconstructed confocal micrographs of Matrigel implant
treated with control or NRP2 siRNA perfused with
fluorescein-ConA. Data are represented as mean6s.e.m.
*P,0.05; **P,0.01; ***P,0.001. Scale bars: 50 mm. See
also supplementary material Fig. S3.
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pores of the membrane and act as chemoattractants to stimulate
migration of host cells into the Matrigel. LLC cells are known to

secrete VEGF, as well as multiple other soluble growth factors
(Satchi-Fainaro et al., 2005).

We found that the presence of LLC-derived angiogenic factors
decreased cellular expression of paxillin in fluorescent ConA-

staining cells by 40% and 90%, as demonstrated by computerized
image analysis of immunohistochemically stained sections

(Fig. 6A,B) and qRT-PCR of extracted Matrigel (Fig. 6C),
respectively. The presence of LLC-derived factors in the

second chamber also resulted in a significant increase in total
number of migrating cells, in capillary endothelial cell migration
and in the number of capillary endothelial cells that appeared at
increasing depths into the gel compared to single-chamber

implants (supplementary material Fig. S4B–E). As expected,
tumor-derived factors also increased the total number of

Fig. 6. Paxillin and NRP2 mediate endothelial cell
migration and invasion induced by tumor factors in

vivo. (A) Confocal micrographs showing paxillin expression
(top) and ConA-stained vessels (bottom) in infiltrated cells
in the Matrigel implant with or without LLC factors.
(B) Graph showing paxillin protein levels quantified by
immunohistochemical image analysis where paxillin
colocalized to fluorescent ConA-staining cells as measured
in three random 50650-mm fields per gel (n55). (C) Graph
showing mRNA level of paxillin in the infiltrated cells in the
implanted Matrigel (n56). (D) 3D reconstructed confocal
micrographs of Matrigel implant with or without LLC factors
perfused with fluorescein-ConA. (E) Confocal micrographs
showing NRP2 expression (top) and CD31-stained
endothelial cells (bottom) migrated into the implanted
Matrigel with or without LLC factors. (F) Graph showing
NRP2 protein levels quantified by immunohistochemical
image analysis of NRP2 colocalized with CD31+ cells as
measured in three random 50650-mm fields per gel (n54).
(G) Graph showing mRNA level of NRP2 in the infiltrated
cells in the implanted Matrigel (n58). Data are represented
as mean6s.e.m. *P,0.05; **P,0.01. Scale bars: 50 mm.
See also supplementary material Fig. S4.
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functional vessels as indicated by perfusing with fluorescent
ConA and carrying out 3D reconstructions (Fig. 6D;

supplementary material Fig. S4F). Taken together, these results
indicate that soluble angiogenic factors produced by the LLC
tumor both suppress paxillin expression and greatly increase
capillary endothelial cell migration and microvascular invasion in

vivo.
The soluble factors secreted by LLC cells that decreased

paxillin expression in capillary endothelial cells by 40%

(Fig. 6A,B) also reduced capillary endothelial cell expression of
NRP2 by 30–50%, when analyzed by immunohistochemistry

(Fig. 6E,F) or measuring total NRP2 mRNA levels in the
Matrigel plug implants (Fig. 6G). Thus, it appears that the

endogenous expression of paxillin is decreased by the presence of
tumor factors and this, in turn, suppresses NRP2 expression in

vivo, just as it does in vitro. To test this hypothesis, we examined
whether tumor factors promote angiogenesis in vitro by altering

paxillin expression, and thereby modulating NRP2 levels. Indeed,
conditioned medium collected from LLC cell cultures decreased
expression of both paxillin protein and mRNA levels (Fig. 7A–C)

by ,70% and ,50%, respectively in cultured HUVECs, much as
we observed in our in vivo studies (Fig. 6A–C). Moreover, NRP2

Fig. 7. LLC factors and VEGF
control HUVEC migration and
invasion through paxillin–NRP2
signaling. (A) Immunoblots showing
paxillin, NRP2 and GAPDH protein
levels in HUVECs treated with 0.5%
serum EBM2 with or without LLC
factors, or in combination with paxillin
DNA. The arrowhead indicates
paxillin. (B) Quantification of
immunoblotting in A showing protein
levels of paxillin and NRP2.
(C) Graph showing mRNA level of
paxillin and NRP2 in HUVECs treated
with 0.5% serum EBM2 with or
without LLC factors, or in combination
with paxillin DNA. (D) Graph showing
number of HUVECs migrating
towards 0.5% serum EBM2 with or
without LLC factors in combination
with paxillin DNA or NRP2 DNA
treatment in a Transwell migration
assay. (E) Graph showing invasion
distance of HUVECs to 0.5% serum
EBM2 with or without LLC factors in
combination with paxillin DNA or
NRP2 DNA treatment in a Transwell
migration assay. (F) Confocal
micrographs showing HUVEC
invasion in a Transwell invasion
assay with 0.5% serum EBM2 or
paxillin DNA or NRP2 DNA with LLC-
conditioned 0.5% serum EBM2.
(G) Graph showing paxillin and NRP2
mRNA levels from HUVECs in 0.5%
serum EBM2 with or without VEGF
(30 ng/ml), or in combination with
paxillin DNA. (H) Graph showing
number of HUVECs migrating
towards 0.5% serum EBM2 with or
without VEGF in combination with
NRP2 DNA in a Transwell migration
assay. (I) Graph showing invasion
distance of HUVECs to 0.5% serum
EBM2 with or without VEGF in
combination with NRP2 DNA in a
Transwell migration assay.
(J) Confocal micrographs showing
HUVEC invasion in a Transwell
invasion assay with or without NRP2
DNA with VEGF-conditioned 0.5%
serum EBM2. Data are represented
as mean6s.e.m. *P,0.05; **P,0.01;
***P,0.001. Scale bars: 50 mm.
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expression decreased by at least 50% when the cultured HUVECs
were stimulated with LLC factors that also decrease paxillin

expression (Fig. 7A–C), whereas overexpression of paxillin
restored normal NRP2 levels (Fig. 7A–C). Thus, again, NRP2
appears to be downstream of paxillin in this signaling pathway.

When we examined the effects of LLC-derived factors on

HUVEC migration and invasion in vitro, the tumor factors
increased the number of migrating cells that invaded into the
Matrigel plugs by 1.5-fold and 2-fold, respectively (Fig. 7D–F).

Furthermore, when we overexpressed paxillin in LLC factor-
treated cells, cell migration and invasion were restored to
control levels (Fig. 7D–F). Similar normalization of capillary

endothelial cell migration and ECM invasion was also obtained
by overexpressing NRP2 (Fig. 7D–F).

VEGF decreases paxillin expression and NRP2 expression
As VEGF is a major angiogenic chemoattractant produced by
LLC cells (Satchi-Fainaro et al., 2005) and NRP2 is a VEGF
receptor, we explored whether VEGF could be responsible for the

effects of tumor-derived factors on paxillin and NRP2 expression
that we observed. VEGF alone decreased paxillin expression by
,80% when measured by qRT-PCR (Fig. 7G), in addition to

suppressing expression of NRP2 mRNA (Fig. 7G), much as
we observed in our studies with LLC-derived factors. Moreover,
paxillin overexpression in combination with VEGF was able to

reverse the suppression of NRP2 mRNA levels (Fig. 7G).
Importantly, VEGF-induced increases in HUVEC migration
(Fig. 7H) and invasion (Fig. 7I,J) also were suppressed by

overexpressing NRP2 (Fig. 7H–J). Taken together, these
experiments show that soluble tumor-derived factors, such as
VEGF, stimulate microvessel ingrowth, at least in part, by
decreasing endogenous expression of paxillin, which in turn leads

to suppression of NRP2, and an associated increase in migration
and invasion of endothelial cells.

DISCUSSION
Paxillin governs proper spatial positioning of focal adhesions
and lamellipodia in fibroblasts that are required for directional

migration, and its absence results in enhanced (albeit disordered)
cell migration (Sero et al., 2011). Although the role of paxillin in
cell motility has been explored extensively, its function during
angiogenesis remained unclear. Here, we show that knockdown

of paxillin using siRNA transfection decreases expression of the
capillary endothelial cell guidance molecule, and angiogenic
VEGF receptor, NRP2 (Bielenberg et al., 2004; Gluzman-

Poltorak et al., 2000; Takashima et al., 2002). Moreover, this
results in increases in endothelial cell migration in vitro, as well
as enhanced capillary sprouting in the developing retina and

increased microvascular invasion in Matrigel implants in vivo.
Importantly, we also discovered that the expression of paxillin is
decreased by tumor-derived soluble factors including VEGF,

which in turn suppresses NRP2 expression and enhances
microvessel formation. Given that both normal retinal vascular
development and tumor neovascularization are mediated by
VEGF (Chung and Ferrara, 2011; Lohela et al., 2009), these

observations suggest that VEGF–paxillin–NRP2 signaling plays
a central role in both normal and tumor angiogenesis.
Thus, modifiers of this new signaling pathway might offer an

alternative strategy for treatment of cancer and other
angiogenesis-related diseases.

It remains unclear how paxillin controls NRP2 expression. Our

studies suggest that the paxillin N-terminus controls NRP2

expression and thereby, stimulates endothelial cell migration. In
fact, the paxillin N-terminus interacts with a number of signaling

molecules that regulate transcription and migration (Deakin and
Turner, 2008; Sero et al., 2012). For example, p190RhoGAP (also
known as ARHGAP35) has been shown to control the activity
of paxillin phosphorylated at Y31 and Y118 (Tsubouchi et al.,

2002), and p190RhoGAP also controls VEGFR2 expression
through a balance of the transcription factors GATA2 and TFII-I
(Mammoto et al., 2009). Interestingly, NRP2 has a GATA2-

binding site in its promoter region, and thus, the paxillin N-
terminus could control NRP2 expression by interacting with
signaling molecules that associate with p190RhoGAP and

GATA2. The VEGF-phosphorylated transcription factor ELK1
(Murata et al., 2000) also can bind to the NRP2 promoter region.
ELK1 has been reported to form a complex with nuclear paxillin

to regulate cell functions (Sen et al., 2012), and so paxillin could
control NRP2 transcriptional activity through ELK1 in capillary
endothelial cells. It is as yet unknown whether paxillin controls
the expression of receptors for other angiogenic factors besides

NRP2. Although p190RhoGAP regulates VEGFR2 expression
(Mammoto et al., 2009), paxillin did not significantly modulate
VEGFR2 expression in our Matrigel plugs in vivo. Finally, it is

possible that paxillin controls endothelial cell migration both
upstream and downstream of NRP2 because even though paxillin
interacts with p190RhoGAP and controls NRP2 expression,

p190RhoGAP has been shown to act downstream of NRP2 to
inhibit cell motility (Shimizu et al., 2008).

Although we previously reported that paxillin knockdown

promotes fibroblast migration in vitro (Sero et al., 2011), in our in

vivo Matrigel implants, paxillin knockdown decreased fibroblast
migration. This might be because of differences in ECM or
soluble factors in vivo, or be due to paracrine effects of other

cell types that infiltrate the Matrigel in vivo (e.g. endothelial
or immune cells). Although paxillin knockdown decreased
fibroblast infiltration into the Matrigel implants, it significantly

increased migration of endothelial cells. It is possible that this
endothelial response we observed in vivo could be a secondary
effect of decreased fibroblast migration. However, fibroblasts

produce ECM components and secrete soluble factors that can
both inhibit endothelial cell migration as well as promote it
(Chung and Ferrara, 2011; Kut et al., 2007). Thus, given our in

vitro findings demonstrating that paxillin knockdown directly

promotes endothelial cell migration in vitro by changing NRP2
expression, and we see similar changes in NRP in vivo, we
believe that a similar mechanism is responsible for the vascular

ingrowth we observed in the Matrigel implants.
Our studies revealed that soluble tumor factors decrease paxillin

expression and thereby enhance capillary endothelial cell

migration that drives angiogenesis and microvascular invasion.
Mechanical forces also contribute to control of capillary cell
growth, migration and fate determination (Mammoto and Ingber,

2009; Mammoto et al., 2012), and changes in mechanical forces
elicited by altering ECM stiffness can regulate angiogenesis
through p190RhoGAP (Mammoto et al., 2009). Given that paxillin
mediates force-dependent control of cell behaviors (Sawada and

Sheetz, 2002; Zaidel-Bar et al., 2007), including directional cell
motility (Plotnikov et al., 2012; Polacheck et al., 2014; Sero et al.,
2011), cell-derived mechanical forces might also contribute to the

control of angiogenesis through paxillin.
Paxillin knockdown and a subsequent decrease in NRP2

expression increased endothelial cell migration in vitro and in

vivo in the present study; however, the mechanism by which
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paxillin knockdown results in enhanced microvascular network
formation remains unclear. We have previously shown that

paxillin is not required for focal adhesion formation or total cell
migration in fibroblasts, but that it is required for tension sensing,
proper localization of both focal adhesions and lamellipodia, and
directional migration (Sero et al., 2011). Thus, suppression of

paxillin and NRP2, both of which are required for directional cell
motility, appear to result in an inability of endothelial cells to
properly localize focal adhesion remodeling and motile processes,

resulting in haphazard and enhanced migration as observed in the
tumor vasculature. The suppression of NRP2 expression also
might contribute to these effects by decreasing binding of its

ligand Semaphorin 3F (Sema3F), which is a chemorepulsive
cytokine that normally suppresses motile process formation and
endothelial cell movement (Bielenberg et al., 2004; Bielenberg

et al., 2006; Carmeliet, 2005; Geretti et al., 2008). Although
decreased expression of NRP2 also would decrease binding of
its ligand VEGF, this angiogenic factor can still stimulate
endothelial cells through its other receptor, VEGFR2. This

hypothetical mechanism conflicts, however, with the finding that
NRP2 knockdown can inhibit VEGF-induced migration of
endothelial cells in vitro (Favier et al., 2006). However, this

inhibition might be due to differences in experimental settings,
for example, we used whole serum or LLC tumor cell extract as a
stimulant, whereas the other studies used only VEGF. In addition

to VEGF and Sema3F, other molecules that can modulate cell
migration, such as bFGF, PDGF, HGF and TGF-b1 (Wild et al.,
2012) have been shown to bind NRP2, and LLC cells have been

shown to produce both chemoattractive and repulsive factors
(O’Reilly et al., 1994). Thus, the balance of attractive and
repulsive cues might control the degree and direction of cell
migration, as well as microvascular network formation, through

their common receptor NRP2.
Interestingly, our finding that soluble tumor-derived factors

decreased paxillin and NRP2 expression in vitro and in vivo is

consistent with past reports that have shown that paxillin is
decreased in lung, breast and colorectal tumors, among others
(Deakin et al., 2012; Salgia et al., 1999; Yang et al., 2010). This

seems to be controversial because paxillin expression has
also been reported to be elevated in lung, prostate, breast,
cervical and other tumors (Deakin et al., 2012; Jagadeeswaran
et al., 2008; Mackinnon et al., 2011; Salgia et al., 1999; Sen et al.,

2012). These conflicting results might be because these studies
did not address the specific expression of paxillin in tumor
endothelial cells because different cell components of cancers

(e.g. parenchymal tumor cells, stroma fibroblasts, immune cells,
endothelial cells) can respond in different ways to the same tumor
factors. Alternatively, there might be differences in growth factor

secretion and/or requirement among these different tumor types.
Also pertinent to our studies are past findings which have

shown that modulation of paxillin has potential clinical

implications for cancer. For example, inhibition of paxillin
phosphorylation by the sialytransferase inhibitor Lith-O-Asp or
other small molecules suppress lung tumor progression and
metastasis (Chen et al., 2011; Huang et al., 2012), as well as

breast cancer progression (Golubovskaya et al., 2008), in vivo.
Interestingly, these molecules affect phosphorylation activity in
the N-terminal region of paxillin, and we have shown here and in

a previous study that the expression of the N-terminal alone
substantially increases migration when transfected into paxillin
knockdown cells, where N-terminus and C-terminus of paxillin

have been shown to have complementary but opposite effects on

cell migration and invasion (Sero et al., 2011). Thus, modulation
of the N- or C-terminus of paxillin could be responsible for the

mitigated migration and metastasis seen in past studies. In any
case, these observations suggest that modifying the expression
and activity (i.e. phosphorylation) of paxillin in endothelial cells
could be a promising strategy for cancer therapy.

In summary, we have demonstrated that paxillin controls
directional migration of endothelial cells, as well as microvessel
invasion in vitro and in vivo, and that its expression is regulated

by soluble tumor factors through VEGF–NRP2 signaling. Given
that paxillin expression is altered in various cancers that
are characterized by enhanced angiogenesis, development of

modifiers of paxillin expression and/or activity could represent a
new avenue for therapeutic development in cancer and other
angiogenesis-related diseases.

MATERIALS AND METHODS
Materials
Anti-paxillin monoclonal antibody was from Abcam (Cambridge,

MA, USA), anti-NRP2 monoclonal antibody was from Santa

Cruz Biotechnology (Santa Cruz, CA, USA), anti-CD31 monoclonal

antibody was from BD Biosciences (San Diego, CA, USA), anti-SMA

monoclonal antibody was from Epitomics (Burlingame, CA, USA), anti-

vinculin monoclonal antibody was from Sigma (St Louis, MI, USA),

anti-zyxin monoclonal antibody was from Abcam (Cambridge, MA,

USA), anti-GFP antibody was from BioVision (Milpitas, CA, USA),

anti-GAPDH antibody was from Millipore (Billericka, MA, USA), anti-

VEGFR2 antibody was from Cell Signaling, and Alexa-Fluor-488-

conjugated phalliodin was from Invitrogen. Recombinant human

(rh)VEGF was from R&D Systems (Minneapolis, MN, USA).

Cell culture
HUVECs (Lonza, Walkersville MD, USA) were cultured in EBM2

(Lonza, Walkersville MD, USA) medium with 5% fetal bovine serum

(FBS) and growth factors (VEGF, bFGF, PDGF) (Lonza, Walkersville

MD, USA). LLC cells were cultured in Dulbecco’s modified Eagle’s

medium (DMEM) with 10% FBS (Gibco, Invitrogen, Carlsbad, CA,

USA). LLC-conditioned medium was generated from confluent LLC

monolayers after 24 hours of culture in 0.5% serum EBM2. To stimulate

cells with VEGF, we added rhVEGF to 0.5% serum EBM2 to obtain a

concentration of 30 ng/ml. Knockdown of paxillin, vinculin and zyxin

(Ambion, Austin, TX, USA) and NRP2 (Sigma, St. Louis, MI, USA) was

performed with siRNA (supplementary material Table S1) transfected

into cells using the siLentFect transfection reagent (Bio-Rad, Hercules,

CA, USA). An siRNA duplex with irrelevant sequence served as a

control (Ambion, Austin TX, USA). Overexpression of human paxillin

(pSport-Paxillin, Open Biosystems) and human NRP2 (a gift from

Michael Klagsbrun, Boston Children’s Hospital, MA; Shimizu et al.,

2008) were performed using Superfect transfection reagent (Qiagen,

Valencia, CA, USA). Transfection with vehicle alone served as control.

The effects of knockdown and overexpression were confirmed via qRT-

PCR and western blotting at 48–72 hours after transfection. GFP-tagged

human paxillin N-terminus (paxN) and human paxillin C-terminus

(paxC) truncation mutants (Sero et al., 2011) were transfected into

siRNA-based paxillin knocked down HUVECs. We ensured that the

siRNA did not also knockdown the transfected paxN and paxC mutants

by using two sequences of siRNA against paxillin acting in the two

different termini (e.g. paxillin siRNA #1 with target sequence in the

paxillin C terminus was used in combination with paxN transfection, and

paxillin siRNA #2 with target sequence in the N-terminus was used with

paxC transfection).

Molecular biology assays
RNA was purified using an RNeasy mini kit (Qiagen, Valencia, CA,

USA). qRT-PCR was performed with iScript cDNA synthesis kit (Bio-

Rad, Hercules, CA, USA) and iTaq Sybr Green Supermix (Bio-Rad,

Hercules, CA, USA) using a CFX96 real-time PCR machine (Bio-Rad,
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Hercules, CA, USA). b2 microglobulin or cyclophilin controlled for

cDNA content. Primers for paxillin, zyxin, vinculin, NRP2 and VEGFR2

are described in supplementary material Table S2.

Cell biological methods
Transwell migration assays
A total of 66105 HUVECs per ml in 0.5% EBM2 were cultured on a 1%

gelatin (Sigma, St. Louis, MI, USA)-coated membrane (Corning) and

placed in a well with a chemoattractant (5% serum EGM2, 0.5% serum

EBM2 plus 30 ng/ml rhVEGF or 0.5% serum EBM2 plus LLC-

conditioned medium at a 2:1 ratio) (Mammoto et al., 2009). Cells were

stained with Giemsa solution (Sigma, St. Louis, MI, USA) 24 hours later

and counted in four random fields in three or more independent

experiments.

Transwell invasion assay
Matrigel was added to an 8-mm-pore Transwell insert (Corning). A total

of 36106 cells/ml in 5% EGM2 were cultured on the underside of

an inverted insert for 2 hours, the insert was then placed in a well

with chemoattractant (described above) and incubated for 24 hours

(Sero et al., 2011). Fixed inserts were incubated with Matrigel

immunofluorescence wash buffer (130 mM NaCl, 7 mM Na2HPO4,

3.5 mM NaH2PO4, 0.1% BSA, 0.2% Triton X-100, 0.05% Tween-20)

and stained with Alexa-Fluor-488-conjugated phalliodin (Invitrogen,

Carlsbad, CA, USA) and DAPI. Images were taken at 25 C̊ on a Leica

TCS SP2 confocal laser scanning microscope at excitations of 405 nm

and 594 nm with a 636 1.40 NA oil objective using Leica confocal

software 2.61 at 3-mm z-plane slices through the depth of the

Matrigel. Image analysis was performed with ImageJ software.

Immunocytochemical image analysis was performed by measuring the

depth of the center of the cell.

In vivo Matrigel plug assay
All animal studies were reviewed and approved by the Animal Care and

Use Committee at Boston Children’s Hospital. Matrigel plugs were cast

in 76762-mm PDMS molds and implanted subcutaneously on the back

of a C57BL/6 mouse (Mammoto et al., 2009) (supplementary material

Fig. S1A). Cancer model implants had an adjacent mold with 16106 LLC

cells encased in 0.22-mm membranes (Whatman, Clifton, NJ, USA)

(supplementary material Fig. S4A). 10 mg of siRNA paxillin, siRNA

NRP2 or scramble control siRNA was injected locally at day 3 after

implantation. Fluorescein-ConA (Vector Laboratories, Burlingame, CA,

USA) was injected into the retro-orbital vein prior to harvesting at day 7.

Implants were fixed, frozen, sectioned and stained with hematoxylin and

eosin (H&E), anti-CD31, paxillin, NRP2, VEGFR2 and DAPI antibodies.

H&E stained images were taken on a Nikon Eclipse E600 microscope,

fluorescent images were taken at 25 C̊ on a Leica TCS SP2 confocal laser

scanning microscope at excitation wavelengths of 405 nm, 488 nm and/or

594 nm with a 636 1.40 NA or 406 1.25 NA oil objective and Leica

confocal software version 2.61. Immunohistochemical vessel density

analysis was performed by quantifying the expression of CD31 and

fluorescent ConA per three different 50650-mm areas of Matrigel for

more than three independent implants using ImageJ software. In brief,

projected z-stack images of 30-mm thick gel sections stained with CD31

or perfused with fluorescent ConA were binarized and positively staining

areas were quantified using ImageJ software. NRP2, VEGFR2 and

paxillin expression was measured when colocalized with CD31+ or

fluorescent ConA-staining cells for three 50650-mm areas of Matrigel for

more than three implants. Invasion distance was measured by taking

images through the depth of the gel (beginning at the skin line and

moving away from the skin) and measuring the distance of CD31+ cells

using ImageJ software. Migration of immune cells and fibroblasts was

quantified by counting the number of CD45+ cells and smooth muscle

actin (SMA+ and CD312) cells, respectively, in 50650-mm areas of

Matrigel for more than three independent implants using ImageJ

software. Stacks of 5–20 immunohistochemical images (1–3 mm between

images) were complied to form 3D images using Volocity 4.4 Software

(Improvision).

In vivo retinal vessel formation
0.5 mg of paxillin siRNA was injected intravitreally into one eye of a P4

or P8 neonatal C57BL/6 mouse and control siRNA was injected into the

other eye. The eyeball was harvested 2 days later. Flat mounted, fixed

tissues were stained with fluorescein-conjugated isolectin and imaged

(Mammoto et al., 2009) at 25 C̊ using a Leica TCS SP2 confocal laser

scanning microscope at an excitation wavelength of 594 nm with a 56air

or 206 0.70 NA oil objective, and Leica confocal software 2.61. Stacks

of 5–20 images were complied with Volocity 4.4 Software as above.

Vessel density was quantified using Adobe Photoshop as described

above. Isolectin-staining sprouts within 100 mm of the retina edge were

counted using ImageJ.

Statistical Analysis
All experiments were repeated independently three or more times and

data are represented as mean6s.e.m. Statistical analyses to assess the

difference between control and treatment groups were performed with

MATLAB R2012b software (Mathworks, Natick, MA, USA) using the

unpaired Student’s t-test.
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