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Cells within the tumor microenvironment influence
tumor growth through multiple mechanisms. Peri-
cytes such as hepatic stellate cells are an important
cell within the tumor microenvironment; their trans-
formation into highly motile myofibroblasts leads to
angiogenesis, stromal cell recruitment, matrix depo-
sition, and ensuing tumor growth. Thus, a better un-
derstanding of mechanisms that regulate motility of
pericytes is required. Focal adhesions (FAs) form a
physical link between the extracellular environment
and the actin cytoskeleton, a requisite step for cell
motility. FAs contain a collection of proteins includ-
ing the Ena/VASP family member, vasodilator-stimu-
lated phosphoprotein (VASP); however, a role for
VASP in FA development has been elusive. Using a
comprehensive siRNA knockdown approach and a
variety of VASP mutants coupled with complementary
cell imaging methodologies, we demonstrate a re-
quirement of VASP for optimal development of FAs
and cell spreading in LX2 liver myofibroblasts, which
express high levels of endogenous VASP. Rac1, a bind-
ing partner of VASP, acts in tandem with VASP to
regulate FAs. In vivo , perturbation of Ena/VASP func-
tion in tumor myofibroblast precursor cells signifi-
cantly reduces pericyte recruitment to tumor vasculature,
myofibroblastic transformation, tumor angiogenesis,
and tumor growth, providing in vivo pathobiologic
relevance to these findings. Taken together, our results
identify Ena/VASP as a significant modifier of tumor
growth through regulation of FA dynamics and ensuing
pericyte/myofibroblast function within the tumor mi-
croenvironment. (Am _J Pathol 2010, 177:1888—1900; DOI:
10.2353/ajpath.2010.100187)
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Tumor stroma importantly influences tumor growth and
progression with pericytes representing an important
stromal cell owing to their importance in angiogenesis
and their transformation into highly motile tumor myofi-
broblasts.” Focal adhesions (FAs) are specialized structures
that connect extracellular environment to actin cytoskeleton
thus facilitating the signal transduction and actin remodel-
ing requisite for the process of pericyte migration during
angiogenesis.?> Thus, mechanisms that govern FA assem-
bly and pericyte motility may present potential targets for
anti-cancer therapy but are not yet fully defined.
vasodilator-stimulated phosphoprotein (VASP) is a
member of the Ena/VASP family of proteins that regulate
actin cytoskeleton and cell migration.* It contains distinct
subdomains that facilitate specific protein interactions
and actin binding characteristics that culminate in an
anticapping/branching function within the cytoskele-
ton.*S Although VASP resides within FAs, its precise role
in FA dynamics has not been completely defined, prob-
ably due in part to cell-type specific VASP functions.®~®
Because the role of VASP in pericyte function and
ensuing effects within the tumor microenvironment re-
main unexplored, we investigated the role of VASP in FA
development in human hepatic stellate cells (HSC), liver
pericytes that express a high level of VASP and which on
transformation into myofibroblasts, develop a highly mo-
tile state that has been postulated to influence tumor
growth. Our data reveal a requirement of VASP in FA
dynamics and pericyte motility, which requires coopera-
tion of each distinct VASP subdomain. Indeed, overex-
pression of the EVH2 domain alone results in a dominant
negative function that inhibits FA assembly, cell matility,
and angiogenesis. We also identify a role of Rac1 as a
key binding partner of VASP that promotes its ability to
regulate FA and cell motility. Perturbation of Ena/VASP
function in tumor myofibroblast precursor cells signifi-
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cantly reduced tumor growth in mice demonstrating an
important role for these cell biological mechanisms in
microenvironmental regulation of tumor growth. Taken
together, our results identify VASP as a regulator of FA
development, pericyte motility, and tumor growth and
identify several important mechanisms by which this reg-
ulation is conferred.

Materials and Methods
Cell Culture

LX2, a well-characterized cell line derived from human
liver pericytes that recapitulates many features of an
activated HSC phenotype and is more amenable than
primary cells to plasmid transfection or viral transduction,
was used in this study.® These cells were cultured in
DMEM supplemented with 10% fetal bovine serum, pen-
icillin, and streptomycin.

Generation of VASP Mutant Constructs and
Retroviruses

Human VASP cDNA or YFP cDNA were amplified by PCR
and inserted into a retroviral vector to generated pMMP-
VASPWT-YFP. Similarly, cDNA sequences encoding spe-
cific domains of VASP were inserted into the pMMP vec-
tor to generate VASP mutant constructs. All constructs
were confirmed by sequencing before use. Retroviruses
were generated as described. ™

Viral Transaduction and siRNA Transfection of Cells

Retroviral transduction of cells were performed as de-
scribed. " The transduction efficiency of both methods
was close to 100%. siRNAs (Qiagen) were transfected
into cells using Oligofectamine Reagent (Invitrogen,
Carlsbad, CA). All biochemical, microscopic, and func-
tional assays were performed at 72 hours post transfec-
tion. Protein knockdown was confirmed by Western blot
analysis with specific antibodies. siRNAs used include:
VASP siRNA(1411-1431) (S100051359), VASP siRNA
(369-389) (S102664200), VASP siRNA(1824-1834)
(S102664193), VASP siRNA(444-464) (S103081183), VASP
siRNA(616-636) (S100302127), Rac1 siRNA (318-338)
(S102655051), and negative control siRNA (SI03650318).
Confocal immunofluorescence microscopy (IF) and
quantification of IF was performed as described.'® Primary
antibodies used include anti-vinculin (Sigma V9131, 1:800),
anti-VASP (BD Transduction Laboratory, 610447 1:400), an-
ti-VASP (M4) (Alexis, 1:1000) and anti-Rac1 (BD Transduc-
tion Laboratory, 610650, 1:400), anti-smooth muscle « actin
(aSMA) (Sigma A2547, 1:1000), anti-desmin (Ab-2) (CalBio-
chem, 1:100), anti-PDGF-RB (28E1) (#3169, 1:100), anti-
active Caspase-3 (559565, BD Pharmingen). Confocal mi-
croscopy was performed using a LSM 5 Pascal Laser
Scanning Microscope (Carl Zeiss Inc., Germany). Fibro-
blast density and microvessel density (MVD) of tumors were
quantitated by using Image Pro-Plus software (version
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6.2, MediaCybernetics Inc., Bethesda, MD) as previ-
ously described.'

FA Analysis

Cells were immunolabeled with anti-vinculin or anti-pax-
illin, and confocal images were acquired with a X10 lens
with a zoom factor of 1.5 or 2.5. Cells devoid of mature
cortical FA were defined as cells that contained no large
mature vinculin- or paxillin-positive FA plaques. Approx-
imate 500 cells per sample were randomly picked from
ten different fields, and the number of cells devoid of FA
plaques was analyzed and counted. To quantitate FA
size and the number of FA per cell, images were ac-
quired with a X63 lens and analyzed by Image Pro-Plus
software.'® To visualize cell-matrix adhesions in myofi-
broblasts in tumors in situ, 7-um tumor frozen sections
were immunostained with anti-vinculin or anti-paxillin,
and confocal images were captured with a X100 lens.

In Situ Cross-Linking, Immunoprecipitation, and
Western Blot Analysis

In situ cross-linking, immunoprecipitation (IP), and West-
ern blot analysis was performed as previously de-
scribed.™'® The antibodies used included the following:
anti-VASP (BD Transduction Laboratory, 610447 1:1000),
anti-VASP (M4) (Alexis, 1:1000), anti-vinculin (Sigma,
V9131, 1:1000), anti-Rac1 (BD Transduction Laboratory,
610650, 1:1000), anti-GFP (Sigma, G6795 and G1544,
1:1000), anti—proliferating cell nuclear antigen (PCNA)
(BD Transduction Laboratory, 610664, 1:5000), anti-Ki-67
(DAKO, M7249, 1:100), and anti-Ki-67 (ab15580, Abcam,
1:500). Densitometric analysis was done using Imaged
software (National Institutes of Health, Bethesda, MD).

Vascular Tubulogenesis, Cell Spreading Assays,
and Boyden Chamber Assays

LX2 cells were seeded onto four-well chamber slides
(Lab-Tek, Nalge Nunc International) (15,000 cells per
well in serum-free medium) that were previously coated
with matrigel (150 wl/well, BD Bioscience, San Jose, CA).
Vascular tubes formed on matrigel were photographed
and analyzed at different time points post seeding by
Image Pro-Plus software.'® Cell spreading assays were
performed as previously described.’”'® Chemotaxis was
measured by modified Boyden chamber assays (Becton
Dickinson, Heidelberg, Germany) with the use of 8-um
pore size polycarbonated filters coated with type | colla-
gen (50 pg/ml) as described previously.'® Briefly, cells
(LX2 or primary human HSC [HHSC]) transfected with
control or VASP siRNA were suspended in serum free
medium and seeded to the upper wells (20,000 cells per
well) while lower chambers were filled with 26 ul of me-
dium with or without serum. After four hours incubation at
37°C the polycarbonated filter was removed, and mi-
grated cells on the lower surface were stained with
HEMA-3. Cells passed through the filter were quantified
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from random microscopic fields as we have previously
done.'® Each assay was performed in triplicate with six
replicates of each group per assay. Results are ex-
pressed as the mean number of migrated cells = SD.

Rac1 Activity Assay

Rac1 activity was determined by using a Rac1 Activation
Assay Kit according to manufacturer recommended pro-
tocol (17-283; Millipore, Billerica, MA).

GST Pull-Down Assay

VASP cDNA was inserted into expression vector pGEX
6p-1, GST, or GST-VASP fusion proteins were purified
from Escherichia coli (BL21 DE3) using glutathione-

Sepharose beads. GST pull-down assay was performed
as previously described.’

Subcutaneous Tumor Cell Implantation in Mice

All animal procedures were performed in accordance
with the Institutional Animal Care and Use Committee
guidelines of Mayo Clinic. Mouse embryonic fibroblasts
(MEF) were isolated from 13.5-day-old embryos of
C57BL/6 mice. MEF (passage 1) transduced with YFP or
EVH2-YFP retroviruses were used for co-implantation. In
brief, 1 X 10° LLC and 1 X 10° retroviral transduced MEF
were mixed and resuspended in 100 wl PBS and im-
planted into 8-week-old C57BL/6 mice via subcutaneous
injection. Tumor nodules were measured by a caliper,
and volumes were determined using a formula (volume =
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Figure 1. VASP is highly expressed in HSC, and VASP knockdown by specific siRNAs inhibits tubulogenesis, in vitro cell spreading, and migration. A, Upper
left: Primary human HSC (HHSC), LX2, and MEF were subjected to Western blot analysis for Ena/VASP proteins. B-actin was used as a loading control. Upper
right: Lysates of LX2 cells were subjected to IP using anti-VASP; coprecipitated vinculin was detected by Western blot analysis. Lower: LX2 cells were
double-stained with anti-VASP (red) and anti-vinculin (green). Arrows mark colocalization of vinculin and VASP at a large and mature FA plaque. Scale bars =
20 um. B, Upper: LX2 cells transfected with control siRNA or VASP siRNAs were lysed at 72 hours post transfection for Western blot analysis. The blot was
reprobed with anti—f-actin as a protein loading control. Lower: VASP IF shows VASP was eliminated from FA and peripheral plasma membrane by VASP siRNA.
Scale bars = 20 um. C: Seventy-two hours post transfection, LX2 cells transfected with control siRNA or VASP siRNA were subjected to a tubulogenesis assay.
Representative photomicrographs of tubes are shown on the bottom, and quantitative data are shown by a bar graph on the top (*P < 0.05, ttest; n = 3 independent
experiments). VASP siRNA significantly inhibited vascular tubulogenesis of LX2 cells. Scale bars = 200 uwm. D: Seventy-two hours post transfection, LX2 transfected with
control siRNA or VASP siRNA were subjected to a cell spreading assay. VASP siRNA significantly inhibited cell spreading on culture dishes (*P < 0.05, ttest; n = 3
independent experiments). E: Cell migration was determined by Boyden chamber assays. VASP knockdown induced a similar inhibition of cell migration in both LX2
cell line and primary HHSC. *P < 0.05, VASP siRNA versus control siRNA in the absence of serum; **P < 0.05, VASP siRNA vs. control siRNA in the presence of serum.
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length X width X height X 0.52). Tumor nodules were Results

isolated on the 15th day postimplantation for frozen sec-

tions, which were subjected to immunostaining and mi- VASP Is Highly Expressed in HSC and Is
croscopic analyses. Tumor cell apoptosis was deter- Associated with Vinculin

mined by IF for active Caspase-3, and proliferation was

determined by Western blot analyses for PCNA and Ki- HSC are liver specific pericytes, which are postulated to
67, two commonly used cell proliferation markers. transdifferentiate into more motile myofibroblasts within

the hepatic tumor microenvironment with their enhanced
migration capacity contributing to tumor development

Statistical Analysis and progression.?°=2® As an initial step to investigate the

Data were presented as mean = SEM. Bar graphs, blots, role of VASP in FA development and cell migration in
and fluorescent micrographs represent typical experi- HSC, we analyzed expression of Ena/VASP proteins by
ments reproduced at least three times with similar results. Western blot analysis. VASP is highly expressed in both
Statistical analyses were performed by two-tailed Stu- HHSC and an immortalized human HSC cell line (LX2) as
dent’s t-test or two-way analysis of variance if two factors detected by a polyclonal anti-VASP (M4) antibody that
were involved (GraphPad Prism 4; GraphPad Software recognizes both human and mouse VASP (Figure 1A
Inc., La Jolla, CA). Value of P < 0.05 was considered upper left; MEF, which are a commonly used fibroblastic
statistically significant. cell are also shown on the gel). Mena was also detected
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Figure 2. VASP siRNAs impair the development of mature FA. A: At 72 hours post transfection, confocal microscopy of vinculin IF (green) shows that FA signals
were reduced by VASP siRNA(1411-1434). Scale bars = 20 um. Both control and VASP siRNA were prelabeled with Cy3 (red). Scale bars = 20 wm. B, Upper:
IF confocal microscopy of an alternative FA marker, paxillin (green), is reduced by VASP siRNA. Scale bars = 20 uwm. Lower: High-power confocal images were
subjected to FA analysis after background subtraction using Image Pro-Plus software. VASP siRNA significantly reduced the size of FA plaques and number of FA
per cell in FA containing cells (*P < 0.05, rtest; n = 15 cells per group). C, Lower: Confocal images of vinculin IF reveal that VASP siRNA (1411-1434) increased
the population of cells that are devoid of mature FA plaques (arrows). The arrowhead marks a single cell that still contains FA plaques. Scale bars = 20 um.
Upper: Five distinct VASP siRNAs exhibited a similar effect of increasing the population of cells that are devoid of FA plaques (*P < 0.05, analysis of variance;
n = 3 independent experiments). D, Left: LX2 cells transfected with control or VASP siRNA (1814-1834) that targets against 3'-UTR were transduced with
retroviruses encoding YFP or VASPWT-YFP. The effect of VASP siRNA (1814-1834) on FA was abolished by VASPWT-YFP fusion protein (*2 < 0.05, analysis of
variance; n = 3 independent experiments). Right: VASPWT-YFP fusion protein is resistant to targeting and degradation of VASP siRNA (1814-1834). Cells
expressing VASPWT-YFP were transfected with various siRNAs, and Western blot analysis demonstrates that endogenous VASP but not VASPWT-YFP was
degraded by VASP siRNA (1814-1834). As a control, both endogenous VASP and VASPWT-YFP were targeted by VASP siRNA (369-389), which targets against
the coding region of VASP mRNA.
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in HSC and MEF (Figure 1A upper left), while a third
member of Ena/VASP proteins, Ena/VASP Like (EVL), was
not detected in either cell type (data not shown).

Because vinculin is a commonly used FA marker and
interacts with VASP,>'%24 we focused on this protein in
our model system aimed at mechanistically delineating
the regulatory role of VASP in FA assembly. VASP colo-
calizes with vinculin within punctate densities in the cy-
toplasm as well as cortical FA plagues of cells, as as-
sessed by double IF labeling and confocal microscopy
(Figure 1A lower). IP confirmed vinculin and VASP inter-
action (Figure 1A upper right). The fact that LX2 cells
express a high level of VASP and develop abundant
mature FA plaques that are positive for VASP and vinculin
staining, provided us with a useful cell model in which to
study the role of VASP in FA development.

VASP siRNAs Impair FA Assembly and Reduce
Tubulogenesis

The precise role of VASP in FA development is unclear
and may be cell-type-specific as suggested by differing
results in endothelial cells and fibroblast.® 8252 To un-
derstand the role of VASP in FA development in HSC, we
first used a siRNA approach to knockdown VASP in the
LX2 HSC cell line, which recapitulates the phenotype of
myofibroblastic, activated HSC. To avoid the possibility of
off-target effects of sSiRNA, we used multiple VASP siRNAs,
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each targeting against distinct sequence of human VASP
transcript (QIAGEN), VASP siRNA (369-389), VASP siRNA,
(444-464) VASP siRNA (616-636), VASP siRNA (1411-
1431), and VASP siRNA (1814-1834). Among the five
VASP siRNAs, VASP siRNA (1814-1834) exclusively tar-
gets the 3’-untranslated region (UTR) as further de-
scribed below. A validated negative control siRNA was
used as a control (Allstars, QIAGEN). All VASP siRNAs
exhibited comparable effects on reduction of VASP as
detected by Western blot analysis at 72 hours post trans-
fection (Figure 1B upper). As anticipated, no significant
up-regulation or down-regulation of Mena was detected
by VASP siRNAs. Consistent with the Western blot anal-
ysis, VASP IF and confocal microscopy revealed that the
normal distribution of VASP at mature FA and peripheral
plasma membrane was eliminated by VASP siRNA (as an
example, VASP siRNA [616-636] is shown in Figure 1B
lower). To determine a physiological role of VASP knock-
down in cells, a tubulogenesis assay was used to assess
pericyte adhesion and migration on matrix with this assay
representing a standardized in vitro correlate of in vivo
angiogenic capacity of vascular wall cells.?” VASP siRNA
significantly inhibited tubulogenesis of LX2 cells (Figure
1C). To further support this observation using a more
generalized assay, cell spreading’”'® was measured to
test whether this key parameter of tubulogenesis and
angiogenesis was affected by VASP siRNAs. As shown in
Figure 1D, VASP siRNA significantly inhibited cell

B
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Figure 3. VASP mutants recapitulate VASP siRNA phenotype of FA disruption. A: YFP-tagged retroviral constructs that express deletion or truncation VASP
mutants are shown. The structure of full-length wild-type VASP is depicted on the top. B: Cells expressing individual VASP mutant were stained for vinculin (red).
There is marked colocalization of vinculin with EVH2-YFP or PRRdel-YFP. Scale bars = 20 wm. C: In contrast to YFP or VASPWT controls, retroviral expression
of EVH1, EVH2, or PRRdel mutant significantly increased the population of cells devoid of mature FA (*P < 0.05, analysis of variance; n = 3 independent

experiments).



spreading as assessed one hour after seeding of cells
onto culture dishes. To test whether VASP knockdown
affects cell migration, Boyden chamber assays were per-
formed with both LX2 and primary HHSC. In the presence
or absence of serum stimulation, inhibition of cell migra-
tion was observed in both LX-2 and primary HHSC in
response to VASP knockdown (Figure 1E), demonstrating
a regulatory role of VASP in cell migration and a rele-
vance of our LX2 model to primary HHSC. Furthermore,
multiple VASP siRNAs exhibited a similar effect on inhi-
bition of tubulogenesis, cell spreading, and migration,
indicating that adhesion and migration of cells are regu-
lated by VASP (Figure 1B and data not shown).

We hypothesized that VASP knockdown may attenuate
cell spreading and tubulogenesis by disturbing FA de-
velopment. To test this hypothesis, we performed vinculin
IF and analyzed FA using fluorescence confocal micros-
copy. As shown in Figure 2A, signal intensity of FA was
markedly reduced in the majority of VASP siRNA trans-
fected cells, indicating that the size and number of ma-
ture FA plaques per cell were reduced. To test this fur-
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ther, cells transfected with control or VASP siRNA were
analyzed with an alternative FA marker including paxillin
and similar results were obtained (Figure 2B). A detailed
imaging software approach was used to further dissect
the effect of VASP knockdown on FA, including the size of
FA and number of FA per cell. In the population of trans-
fected cells that still contain FA, the area of FA and the
number of FA per cell were reduced by approximately
50% as compared with control cells (Figure 2B lower
panels). In addition to the reduced FA intensity within
individual cells as depicted in Figure 2A, we observed
that there was a 2-3 fold increase in the population of
cells devoid of FA in VASP siRNA-transfected cells (Fig-
ure 2C). Representative IF confocal images of cells trans-
fected with VASP siRNA (1411-1434) are shown in Figure
2C lower panels (arrows mark cells devoid of mature FA).

To prove that the impaired FA phenotype that we ob-
served was indeed induced by knockdown of VASP, we
performed rescue expression of VASP cDNA from retro-
viral vector (VASPWT-YFP) in cells transfected with VASP
siRNA (1814-1834). Because this specific siRNA targets
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Figure 4. EVH2 mutant impairs FA development, cell spreading, and vascular tubulogenesis of LX2 cells. A: LX2 cells expressing YFP or EVH2-YFP were
subjected to vinculin IF. Arrows mark cells that are devoid of mature FA plaques in cells expressing EVH2-YFP. Scale bars = 20 um. B: FA development
was impaired by EVH2-YFP as analyzed with an alternative FA marker, paxillin. Arrow marks a cell that is devoid of mature FA plaques in cells expressing
EVH2-YFP. Scale bars = 20 um. C: Cells expressing YFP or EVH2-YFP were subjected to a cell spreading assay. The EVH2-YFP significantly inhibited cell
spreading on cell culture dishes (*P < 0.05, rtest; » = 3 independent experiments). D: LX2 cells that express YFP or EVH2-YFP were subjected to a
tubulogenesis assay. Representative confocal images are shown on the left, and quantitative data are shown by a bar graph on the right. The EVH2 mutant
significantly reduced tubulogenesis of LX2 cells (*P < 0.05, ttest; n = 3 independent experiments). Scale bars = 200 um.
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Figure 5. Constitutively active Racl reverses the FA phenotype of VASP siRNA. A, Left: GST-VASP interacts with Racl in vitro. GST or a GST-VASP fusion protein
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hours post siRNA transfection, cells were harvested for tubulogenesis assays. Representative tubes formed on matrigel are shown on the left, and quantitative data
are shown by a bar graph on the right. Scale bars = 200 uwm. Racl siRNA (318-338) significantly inhibits vascular tubulogenesis of LX2 cells (*P < 0.05; t-test;
n = 3 independent experiments). C: Confocal images of vinculin IF show that Racl siRNA(318-338) disrupts FA formation (upper, arrows). Scale bars = 20 um.
Lower: Western blot analysis show that Racl was efficiently knocked down by Racl siRNA (318-338) at 72 hours post siRNA transfection. D, Left: Cells transfected
with control or VASP siRNA were subjected to retroviral transduction, respectively to express YFP or Rac1QL (constitutively active Racl). Rac1QL reversed the FA
phenotype of VASP siRNA. Arrowhead marks a single cell that still contains FA plaques. Arrows mark cells that are devoid of mature FA. Scale bars = 20 wm.
Lower right: Quantitation of microscopy shows that Rac1QL significantly reduced the population of cells that are devoid of FA in VASP siRNA-transfected cells
(*P < 0.05; analysis of variance; # = 3 independent experiments). Upper right: Highly increased Racl activity was detected in cells transduced with Rac1QL

retroviruses by a Racl activity assay. Cell lysates pretreated with GTPyS or GDP were used as positive or negative control, respectively.

against 3’-UTR of VASP mRNA and the transcript of
VASPWT-YFP does not contain the UTR, VASPWT-YFP is
resistant to targeting and degradation by VASP siRNA
(1814-1834) (Figure 2D, right panels). In contrast, en-
dogenous VASP was targeted and degraded by VASP
siRNA (1814-1834) (Figure 2D, right panels). Based on
these data, cells transfected with VASP siRNA (1814—
1834) were subjected to YFP (control) or VASPWT-YFP
retroviral transduction, and FA plaques were analyzed
by vinculin IF. In cells expressing YFP, VASP siRNA
(1814-1834) significantly increased the population of
cells devoid of FA. However, in cells expressing
VASPWT-YFP, the effect of VASP siRNA (1814-1834)
on FA was abolished (Figure 2D and see Supplemental
Fig. S1 at http://ajp.amjpathol.org). These data indicate
that the impaired FA phenotype induced by VASP
siRNA was indeed mediated by VASP deficiency. Thus
our data, generated with a variety of VASP siRNAs and

rigorous controls, highlight a regulatory role of VASP in
FA regulation in LX2 cells.

VASP Mutants Recapitulate VASP siRNA
Phenotype in FA

Ena/VASP proteins contain three subdomains: an N-ter-
minal domain implicated in protein binding with FPPPP
containing proteins (EVH1), a middle domain containing
polyproline rich sequences (PRR), which is also a protein
binding module, and a C-terminal actin binding domain
(EVH2).*°> Ena/VASP may target to FA by virtue of its
EVH1 domain binding with zyxin or vinculin.?®2° The PRR
domain is thought to bind SH3 and WW domain-contain-
ing proteins, such as c-Abl, Src, as well as the actin
monomer binding protein, profilin.>3° The EVH2 domain
contains putative binding blocks for both G- and F-actin



vinculin

vinculin

Figure 6. Perturbation of Ena/VASP function in MEF reduces the tumor
growth conferred by tumor cell-MEF coimplantation. A: MEF expressing YFP
or EVH2 mutant were subjected to vinculin IF. The EVH2 mutant induced
impaired FA phenotype in MEF. Representative photomicrographs are
shown in the left, and quantitative data are depicted by a bar graph in the
right. Arrows mark cells that are devoid of large mature FA. Scale bars = 20
pm (P < 0.05 ttest; n = 3 independent experiments). B: MEF expressing
YFP or EVH2 mutant were subjected to a cell spreading assay. EVH2-YFP
significantly inhibits cell spreading of MEF on cell culture dishes (*P < 0.05
test; n = 3 independent experiments). C, Left: Coimplantation of MEF with
Lewis Lung carcinoma cells (LLC) subcutaneously into syngeneic mice pro-
moted tumor growth compared with LLC alone (*P < 0.05 ttest; n = 9-10
tumors per group). Tumor nodules were measured on the 15th day post
implantation. Right: 1 X 10° LLC mixed with 1 X 10° MEF that express either
YFP or EVH2-YFP were implanted into syngeneic mice. Tumor nodules were
measured and the tumor growth curves are displayed (*P < 0.05 ~test). Dz
Coimplanted YFP-tagged MEF were detected in tumor nodules on the 15th
day post implantation by fluorescence confocal microscopy (green). MEF
that express YFP incorporated into both vessels and interdigitation of tumor
stroma (arrows, left). Conversely, MEF that express EVH2-YFP failed to
distribute throughout the tumor stroma (arrowheads). Scale bars = 20 um.

as well as a motif that promotes actin oligomerization.>'
The mechanisms by which these subdomains cooper-
ate to achieve VASP function are an area of active
investigation. Therefore, we next generated a series of
YFP-tagged VASP mutant constructs aimed at under-
standing the mechanistic basis by which the distinct actin
binding and protein interaction modules of VASP may
interact with vinculin and in turn contribute to FA assem-
bly. These VASP mutants included the VASP N terminus
(aa 1-108; EVH1-YFP), a central proline rich region (aa
108-276; PRR-YFP), the VASP C terminus (aa 276-380;
EVH2-YFP), and PRRdel-YFP in which the central proline
rich region was deleted (Figure 3A). Unlike the focal
adhesion targeting of endogenous VASP, none of the
mutants localized at FA plaques. Each of the mutants
showed a cytoplasmic distribution, with EVH1 and PRR
mutants also congregating in a nuclear pattern (Figure
3B), as previously described,®® thus validating our C-
terminally YFP-tagged VASP mutant constructs. Interest-
ingly, the actin binding EVH2 domain, unlike the EVH1
domain, also decorated cord-like structures reminiscent
of actin bands. Next, cells expressing these VASP mu-
tants were subjected to vinculin IF to study FA formation.
We observed prominent colocalization of vinculin with

cells devoid of cortical
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EVH2-YFP or PRRdel-YFP, however colocalization of vin-
culin with EVH1-YFP and PRR-YFP was not prominent
(Figure 3B). Additionally, IP studies confirmed that in
addition to the EVH1 domain, vinculin also interacts with
the EVH2 of VASP (see Supplemental Figure S2 at http://
ajp.amjpathol.org), which corroborates that the C-terminall
region of VASP interacts with vinculin.'*323* But more
importantly, our data show that unlike YFP and VASPWT
control constructs, EVH1 and/or EVH2 domain constructs
lacking the PRR (EVH1-YFP, EVH2-YFP, and PRRdel-
YFP) impair the development of mature FA (Figure 3C).
As an example, IF confocal images of FA markers includ-
ing vinculin and paxillin in cells that express YFP or
EVH2-YFP are shown in Figure 4, A and B. To translate
the effects of EVH2-YFP-induced FA disassembly to key
downstream cellular functions, cells expressing YFP or
EVH2-YFP were subjected to a cell spreading assay and
a tubulogenesis assay, which reflect coordinated cell
adhesion and migration. Similar to VASP siRNA, EVH2
mutant inhibited LX2 cell spreading on cell culture dishes
(Figure 4C), and both fluorescent confocal images and
quantitative analysis revealed that EVH2-YFP significantly
inhibits cell tubulogenesis on matrigel (Figure 4D). In
summary, the impaired FA phenotype induced by these
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Figure 7. Perturbation of Ena/VASP function in MEF inhibits pericyte incorporation and vascular density of tumors derived from tumor cell-MEF coimplantation.
A: On the 15th day post implantation, tumor sections were cryo-sectioned for IF analysis for stromal cell markers, including a-SMA, desmin, and PDGFRp.
Representative IF confocal images are shown on the upper panels, and quantitative data are shown by a bar graph in the bottom. Fewer a-SMA-positive and
desmin-positive tumor associated fibroblasts were detected in tumors coimplanted with MEF that express EVH2-YFP as compared with YFP control (*P < 0.05
Itest, n = 6). Scale bars = 100 wm. B: Tumor cryo-sections were subjected to CD31 IF staining, and MVD was quantitated. Reduced MVD was observed in tumors
coimplanted with MEF that express EVH2-YFP as compared with YFP control (*P < 0.05 ttest, n = 6). Scale bars = 100 um. C, Left: Tumors derived from
coimplantation were subjected to Western blot analyses for cell proliferation markers, PCNA and Ki-67. The expression levels of PCNA and Ki-67 are reduced in
tumors coimplanted with MEF that express EVH2-YFP as compared with YFP control. B-actin was used as a loading control. Right: Quantitative data showing
the expression levels of PCNA and Ki-67 in tumors derived from the coimplantation experiments.

VASP mutants (EVH1-YFP, EVH2-YFP, and PRRdel-YFP)
was reminiscent of that induced by VASP siRNA, indicat-
ing that these VASP mutants, especially exemplified with
the EVH2 mutant, function in a “dominant negative” man-
ner by disrupting VASP dependent FA formation, adhe-
sion, and tubulogenesis. Mechanistically, EVH2 binding
with vinculin may disrupt FA formation by sequestering
vinculin from FA. Based on these data, we later use the
EVH2 dominant negative mutant to further interrogate the
role of VASP in tumor microenvironment in vivo.

Rac1 Acts in Tandem with VASP to Modulate
FA Formation

It has been shown that active Rac1 colocalizes with VASP
and that Rac1 activity is regulated by VASP in endothelial
cells.3536 Furthermore, Rac1 is a known a regulator of FA
assembly.®” These prior observations led us to pursue

experiments to delineate a potential role for Rac1 in the
process of VASP regulation of FA. We first tested whether
VASP interacts with Rac1 using an in vitro binding assay.
GST or a GST-VASP fusion protein was incubated with
LX2 lysates, the bound Rac1 was detected with anti-Rac
in a Western blot analysis, suggesting a Rac1-VASP in-
teraction (Figure 5A, left). This was further supported by
IF confocal microscopy showing that in LX2 cells that
express VASP-YFP, VASP-YFP colocalizes with Rac1 at
FA (Figure 5A, right panels). Taken together, these data
suggest that VASP interacts with Rac1 in LX2 cells.

To further establish the role of VASP/Rac1 protein in-
teraction in FA assembly in LX2 cells, Rac1 was knocked-
down by Rac1 siRNA (318-338). Similar to VASP siRNA,
Rac1 siRNA inhibited tubulogenesis and markedly im-
paired the development of mature FA in LX2 cells (Figure
5, B and C). To test whether Rac1 and VASP are in a
common pathway to modulate FA, we knocked down



both Rac1 and VASP and examined their effects on FA.
No synergistic or additive effect was observed on FA
disassembly in response to double siRNA transfection,
suggesting that Rac1 and VASP may share a common
pathway to regulate FA (see Supplemental Figure S3 at
http.//ajp.amjpathol.org). These observations also led us
to test the prediction that VASP may promote FA forma-
tion by binding and activating Rac1 and that therefore a
constitutively active Rac1 would act downstream from
VASP and would thus reverse the impaired FA phenotype
of VASP siRNA. Rac1 cDNA with a point mutation Q61L
was inserted into a retroviral vector (Rac1QL) to generate
constitutively active Rac1 retroviruses (Figure 5D, upper
right). Indeed, as shown in Figure 5D, Rac1QL signifi-
cantly inhibited the effect of VASP siRNA on FA, support-
ing a regulatory role of VASP and Rac1 binding and
signaling interaction in FA development.

Disruption of Ena/VASP Function in Stromal
Pericytes Inhibits Tumor Growth in Vivo

We next extended our molecular model of the regulation
of FA assembly by Ena/VASP for functional relevance in
an in vivo cancer setting in which pericyte motility, migra-
tion, adhesion, and tubulogenesis are essential. To this
end, we performed xenotopic tumor studies with Lewis
lung carcinoma cells (LLC) and syngeneic MEF (a peri-
cyte/myofibroblast precursor cell). MEF were used in
these xenotropic studies because they display more ro-
bust viability than murine HSC and syngeneic compati-
bility not possible with human LX2. Therefore, we first
tested whether the EVH2 VASP mutant disrupts FA in
MEF similar to what we observed in LX2 pericytes. As
shown in Figure 6A, the EVH2 mutant impaired the de-
velopment of FA of MEF and also significantly inhibited
spreading of MEF on cell culture dishes (Figure 6B).
Conceptually consistent with prior studies using other
tumor and myofibroblast cell types,*¥~4° coimplantation
of MEF with LLC into syngeneic mice promotes tumor
growth by promoting a prometastatic tumor microenvi-
ronment which is rich in highly motile MEF that generate
tumor promoting neo-vessels and tumor stimulating
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growth factors (Figure 6C, left). However, LLC coimplan-
tation with MEF that express EVH2-YFP yielded smaller
tumors as compared with LLC coimplantation with MEF
that express YFP (Figure 6C; right). Consistent with pre-
vious data showing exogenous MEF were efficiently re-
cruited to the tumor vessels,3® analysis of YFP by confo-
cal microscopy of tumor sections revealed that MEF
expressing YFP avidly incorporated into tumor stroma
including pericyte recruitment to vascular structures (ar-
rows, Figure 6D, left). Conversely, MEF expressing EVH2-
YFP and with a deficient FA formation phenotype, incor-
porated poorly into the tumor stroma and vasculature
(arrowheads, Figure 6D right). We next performed more
in-depth morphological analysis of the tumor microenvi-
ronment focusing on markers that track vascular wall
cells including endothelial cells, pericytes, and myofibro-
blasts. IF and confocal microscopy for mesenchymal cell
markers including smooth muscle « actin (a-SMA),
desmin, and PDGF-receptor B'° revealed that there was
less SMA-positive or desmin-positive fibroblasts in LLC
tumors coimplanted with MEF that express EVH2-YFP
(Figure 7A). Interestingly, coimplantation of MEF that ex-
press EVH2-YFP did not affect recruitment of PDGF-R-
positive stromal cells (Figure 7A), consistent with the
heterogeneous nature of tumor-associated fibroblasts. '
Because stromal pericytes and myofibroblasts also pro-
mote tumor growth by promoting angiogenesis, we also
analyzed tumor MVD by performing IF staining with en-
dothelial marker, CD31/PECAM1 in tumor sections from
our experimental groups. As shown in Figure 7B, MVD
was significantly reduced in LLC tumors coimplanted
with MEF that express the defective EVH2-YFP as com-
pared with the YFP control MEF. Next, analyses were
performed to analyze for tumor cell apoptosis and prolif-
eration. First, IF staining for active Caspase-3 was per-
formed in tumor sections to test whether coimplanted
MEF that express EVH2 affects tumor cell apoptosis
thereby inhibiting tumor growth. While these studies did
not reveal differences in tumor cell apoptosis between
the groups (data not shown), Western blot analyses for
two cell proliferation markers PCNA and Ki-67 did reveal
reduced tumor cell proliferation in tumors derived from
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Figure 8. Schematic representation of Ena/
VASP proteins in FA of pericytes and tumor
growth. VASP binds vinculin by virtue of its
EVH1 and EVH2 domains. FA assembly also
requires VASP-Racl interaction and Racl activa-
tion as revealed by defective FA phenotypes
induced by siRNA targeting of VASP or Rac1 and
rescue of the VASP siRNA defective FA pheno-
type by constitutively active Racl. Perturbation
of this signaling paradigm in vivo using the
dominant negative EVH2 domain of VASP im-
pairs FA and cell spreading of tumor associated
myofibroblasts, thereby culminating in altered
pericyte recruitment to tumor vasculature, re-
duced tumor angiogenesis, and impaired tumor
growth. Myofibroblasts also likely influence tu-
mor growth through angiogenesis-independent
mechanisms as well (not shown).
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coimplanted MEF that express EVH2 (Figure 7C). Al-
though other mechanisms are certainly at play as well,
these studies provide evidence that the regulation of FA
assembly by Ena/VASP within tumor stromal cells regu-
lates pericyte/myofibroblast recruitment, tumor angio-
genesis, and subsequently tumor growth in vivo, thereby
providing a pathobiological context for our earlier mech-
anistic experimental model.

Discussion

In this study we make a number of novel observations
highly pertinent to pericyte cells that reside within the
tumor microenvironment; we demonstrate that: i) Ena/
VASP is required for optimal FA development, ii) the
effect of Ena/VASP on FAs is mediated by Rac1 activity,
and iii) targeted perturbation of Ena/VASP (by virtue of
EVH2 mutant overexpression) in tumor myofibroblast pre-
cursor cells inhibits tumor growth. These observations
lead us to a model in which Ena/VASP modulates FAs in
pericytes, thereby influencing the tumor microenviron-
ment, and in turn tumor growth (Figure 8). In this model,
VASP binds vinculin by virtue of its EVH1 and EVH2
domains. These domains, though mediating VASP vincu-
lin interaction, are insufficient to recruit the protein com-
plex to FA. Instead, optimal FA development requires
functional full-length VASP and its interaction with, and
activation of, Rac1. Thus, perturbation of Ena/VASP func-
tion of tumor pericytes/myofibroblasts impairs FA assem-
bly, thereby resulting in altered pericyte recruitment to
tumor vasculature, reduced tumor angiogenesis, and at-
tenuated tumor growth.

Enhanced expression of Ena/VASP proteins has been
recently described in diverse tumor cells with the propo-
sition that this may promote tumor progression and me-
tastasis.*'~** However, indirect tumor growth effects of
Ena/VASP expressed within stromal cells such as peri-
cytes have not been previously explored. Indeed, tumor
stroma promotes angiogenesis and tumor growth by re-
leasing growth factors, chemokines, and extracellular
matrix and is thus now an increasingly recognized anti-
cancer target." In the liver, quiescent HSC activation into
myofibroblasts has been identified as one of key events
occurring in the hepatic tumor microenvironment that can
promote tumor growth by multiple mechanisms including
matrix deposition, growth factor production, and angio-
genesis.?24%749 Our tumoral coimplantation studies with
pericyte precursor cells expressing the EVH2 mutant,
which we show acts as a dominant negative mutant of
Ena/VASP function, provide a mechanistic basis for a role
of pericyte motility in the regulation of tumor growth be-
cause pericyte motility regulates pericyte recruitment to
vessels, a key step in the angiogenic process.'6%8:3°
However, the inhibitory effects of the EVH2 mutant are
likely due to both antiangiogenesis-dependent and anti-
angiogenesis-independent effects of EVH2 overexpress-
ing MEF because myofibroblasts in the tumor microenvi-
ronment regulate tumor cell proliferation though multiple
redundant and distinct mechanisms.™'° Presently, the
ability to image and evaluate the function of FA in vivo is

limited.®° Indeed, our initial attempts to image FA in our
tumor sections in vivo using IF for FA markers revealed
mostly a cell-cell junction pattern of staining reminiscent
of 3-D matrix adhesions described by others (data not
shown).®°7%2 Future imaging advances in this area will be
necessary to allow for better assessment of FA function in
vivo. Thus, these studies not only uncover new biological
functions of Ena/VASP in the regulation of FA and peri-
cyte motility but they also demonstrate that Ena/VASP
proteins within tumor stroma may present potential ther-
apeutic targets for antitumor therapy by virtue of their
effects within the tumor microenvironment.

Prior studies suggest a cell-type specific role of VASP
in the regulation of FA. For example, VASP plays a reg-
ulatory role on FA in endothelial cells.®® However, in
mouse cardiac fibroblasts, the effects of VASP on FA
were not as evident.”?®> Ena/VASP proteins are required
for neuritogenesis,®® and, interestingly, the HSC used in
this study may share a common origin with neuronal cells
as suggested by expression of the neuronal makers, glial
fibrillary acid protein (GFAP) and NG2 chondroitin sulfate
proteoglycan.’® The possible neuronal lineage of these
cells in addition to their high level of VASP expression
may account for the robust effect of VASP on FA devel-
opment observed in our studies. The identification of
Rac1 within a VASP/Rac1 protein complex is opportune,
owing to its putative role as a VASP signaling partner and
its requisite role in the process of FA assembly.337
Recently, a Mena-Rac1 association was identified in gli-
oblastoma cell lines,>* further conceptually supporting
our data demonstrating a VASP-Rac1 interaction.

In summary, these studies identify VASP as a key
regulator of tumor growth through its effects on FA dy-
namics, migration, and angiogenic capacity of pericytes.
Substantial mechanistic studies reveal a key role for Rac1
as a key effector molecule by which these effects are
achieved. It is anticipated that further insights pertaining
to the cell biology of tumor microenvironment will even-
tually lead to new therapies and approaches to treat
cancer by targeting this tumoral compartment.
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