
Abstract. EVL belongs to the Ena/VASP (Enabled/
vasodilator-stimulated phosphoprotein) family of proteins
[Mena (mammalian Ena), VASP and EVL], which have a
range of roles in regulating the actin cytoskeleton. Growing
evidence suggests that Mena and VASP are involved in
carcinogenesis, though little is known about the significance
of EVL 's function in cancer. This study examined the
expression levels of EVL mRNA in paired breast cancer
specimens using semi-quantitative and real-time RT-PCR. In
a comparison between matched breast tumors and normal
tissues, a significant increase in the level of EVL mRNA was
found in 23 of the 35 (65.7%) tumors (P=0.032). Patients in
the advanced stages more frequently exhibited an elevated
EVL expression in tumor tissues. The EVL mRNA relative
expression level significantly correlated with clinical stages
(P=0.021). To begin elucidating the mechanism, we measured
the ability of EVL to transform NIH3T3 cells and regulate the
motility of MCF-7 cells in vitro by focus formation and
modified Boyden chamber assays. The results indicated that
overexpression of EVL was insufficient to transform NIH3T3
cells, although the motility of EVL transfected MCF-7 cells
was markedly promoted. Collectively, EVL expression level
was higher in breast tumors compared to normal tissues and its
up-regulation was positively associated with the clinical
stages of breast cancer. Additionally, EVL may be implicated
in invasion and/or metastasis of human breast cancer.

Introduction

Breast cancer is one of the most common malignancies
diagnosed among women (1). During the past few decades, the
incidence rate of breast cancer has increased markedly in

China, especially in metropolitan areas (2,3). Thus, the
identification of tumor-specific genes and the definition of
their roles in breast cancer development will help to elucidate
the molecular mechanisms of breast cancer and develop
protocols for early clinical diagnosis and therapy.

The actin cytoskeleton engages in many cellular functions
including the regulation of cell shape, growth, adherence and
motility, which have escaped normal control mechanisms
during malignant transformation and metastasis. Emerging
data have suggested that the progression of breast cancer is
accompanied by a de-regulation of actin cytoskeleton
regulatory proteins (4,5). Ena/VASP (Enabled/vasodilator-
stimulated phosphoprotein) family proteins are involved in
cell motility, adhesion and many other actin-dependent
processes. Mammalian Ena/VASP proteins (Mena, VASP and
EVL) have conserved domain organization and exhibited an
extensive functional overlap (6,7). Successive studies by Di
Modugno et al showed that hMena (human Mena) was
overexpressed in >70% of primary breast cancers (8) and in
benign breast lesions with a high risk of transformation (9).
Up-regulated rat Mena was also detected in invasive mammary
tumor cells (10). It was reported that lung adenocarcinomas
show greater VASP expression than normal epithelium (11).
EVL was originally identified by its significant sequence
similar to Ena and VASP and was involved in actin-based
motility and localized to focal adhesions and the leading edge
of lamellipodia in fibroblasts (12,13).

To date, no studies have examined EVL expression in
breast cancer, though previous studies suggested that Ena/
VASP proteins might be involved in carcinogenesis (8-11,14).
In order to understand whether an altered expression level of
EVL was involved in the progression of breast cancer, the
mRNA expression levels of EVL in 35 paired breast cancer
specimens were evaluated by semi-quantitative and real-time
RT-PCR and the relative EVL expression levels were
correlated with clinicopathological factors. Additionally, the
transforming ability of EVL was assessed with a classical
fibroblast assay and the role of EVL in regulating MCF-7 cell
migration was examined by a modified Boyden chamber assay.

Materials and methods

Patients and tissue samples. Thirty-five patients with breast
cancer who underwent surgery at Xinhua Hospital (Shanghai,
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P.R. China) from October 2006 to April 2007 were enrolled in
this study. Fresh surgical tumors and corresponding normal
tissue specimens were grossly dissected to maximize the
removal of adipose tissues, snap-frozen in liquid nitrogen and
stored at -70˚C until further processing. Histopathological
analysis confirmed the surgical differentiation of malignant
and surrounding normal tissues. Each tumor was categorized
according to the AJCC staging system (15) and clinical data
obtained from the medical records are displayed in Table I.
Each study was conducted in accordance with the tenets of the
Declaration of Helsinki.

RNA extraction and reverse transcription. Total RNA was
extracted from 35 paired normal and tumor breast tissue
specimens using Trizol® reagent (Invitrogen™). cDNA
synthesis (every material purchased from Promega) was
performed with an oligo-(dT)18 primer and M-MLV Reverse
Transcriptase in the presence of RNase inhibitor following
the manufacturer's protocol. Before being reverse transcribed,
the RNA was treated with RQ1 RNase-free DNase to
remove genomic DNA contamination. The reverse trans-
cription of each specimen was performed three times
independently and PCR assays were performed separately on
the products.

Semi-quantitative PCR. The forward (5'-CAATGCTGTTTG
CCCTGAA-3') and reverse (5'-GTTGGCATCGGACTTT
GAG-3') primers for EVL (accession number NM_016337)
were designed to generate a 458 bp PCR product. ß-actin
(accession number NM_001101) primers were used
concurrently as internal controls. The forward and reverse
sequences were 5'-AGCGAGCATCCCCCAAAGTT-3' and
5'-GGGCACGAAGGCTCATCATT-3', respectively, which
obtained a 285 bp PCR product. A prior PCR optimization
was performed to ensure that each reaction was terminated
during the exponential phase of the amplification. The PCR
amplification was performed with Takara Taq™ for 1 cycle at
94˚C for 5 min followed by 23 and 26 cycles for ß-actin and
EVL, respectively, at 94˚C for 30 sec, 58.5˚C for 30 sec and
72˚C for 30 sec. The PCR products were separated on 1.5%
agarose gels with ethidium bromide for visualization. Each
test was repeated three times independently.

Quantitative real-time PCR. The Bio-Rad iCycler iQ™ system
was employed to quantify the expression levels of EVL and
ß-actin in the breast tissue. The specific primers for EVL and
ß-actin were designed and synthesized by Takara and the
forward and reverse primer sequences and corresponding
amplicon sizes were as follows: for EVL, 5'-CACGACGAG
AGCTCCATGTCA-3', 5'-TGGCCAGCAGTTTGTTCAT
TTC-3', 187 bp; for ß-actin: 5'-TGGCACCCAGCACAAT
GAA-3', 5'-CTAAGTCATAGTCCGCCTAGAAGCA-3',
186 bp.

Optimal PCR conditions were established using a SYBR
Premix Ex Taq kit (Takara) in accordance with the
manufacturer's instructions. A reaction (20 μl) consisting of
1.2 μl cDNA (corresponding to ~20 ng RNA), 10 μl of SYBR
Premix Ex Taq and 1 μl of each 4 μM primer. PCR
amplification was performed as follows: pre-denaturation for
one cycle at 95˚C for 10 sec and 40 cycles at 95˚C for 5 sec,

60˚C for 20 sec and 72˚C for 10 sec; data acquisition was
performed at the chain extension step. A melting curve
analysis of the PCR products was performed between 65˚C
and 95˚C at 0.05˚C/sec increments. To verify the melting
curve results, randomly selected PCR products were separated
on agarose gels, recovered and sequenced.

For each specimen, the amount of EVL and ß-actin mRNA
was calculated based on standard curves generated from
corresponding PCR products, which was obtained from a
patient-derived sample. The relative expression level was
expressed as a ratio of the amount of EVL mRNA to ß-actin
mRNA. In each case, the fold difference of relative EVL
expression in tumor tissue versus normal tissue was calculated
using the formula ratiotumor/rationormal. Three independent
experiments were performed and three-well repeats were
measured for each sample. A non-template control and
standards were included in each experiment.

Cell lines and plasmid constructs. The human breast cancer
cell line MCF-7 and mouse fibroblast NIH3T3 were kindly
provided by the Shanghai Institute of Materia Medica, Chinese
Academy of Sciences. Cells were grown in DMEM medium
(Gibco™) with 10% fetal bovine serum (HyClone) and other
required supplements at 37˚C in a humidified atmosphere
containing 5% CO2.

The full-length EVL and H-Ras (accession number
NM_005343) cDNA was amplified by RT-PCR from total
RNA isolated from a tumor breast tissue and inserted,
respectively, into the cloning vector pGEM®-T (Promega). The
specific primers used were: for EVL, 5'-CCCTGTGCTGCC
ACTTTTCA-3' (forward) and 5'-GCTCCTGTGCGTGCTC
TGGT-3' (reverse); for H-Ras, 5'-CTGAGGAGCGATGAC
GGAATA-3' (forward) and 5'-CCTTCCTTGCTTCCGTC
CTT-3' (reverse).

The coding regions of EVL and H-Ras were PCR amplified
from pGEM-T-EVL or pGEM-T-H-Ras and cloned,
respectively, into the mammalian expression vector
pcDNA4/myc-His C (Invitrogen). The primers used were: for
EVL, 5'-GCGGATCCGCCACCATGGCCACAAG-3'
(forward) and 5'-AGGCCGGCTCGAGACGTGGTGCTG
ATC-3' (reverse); for H-Ras, 5'-GAGGATCCGCCACCAT
GACGGAATA-3' (forward) and 5'-TTGTGCCTCGAGAG
GAGAGCACACA-3' (reverse). The BamHI restriction sites
and the Kozak sequences were designed into the forward
primers. In the reverse primers, the stop codons were
mutated to be a part of the XhoI restriction sites and the ORF
(open reading frame) of EVL and H-Ras was designed to be in-
frame with the C-terminal myc-His tag. The coding sequence
of EVL was also amplified with the primers: 5'-CTTCC
AAGCTTCAGCCATGGCCACA-3' (forward) and 5'-CGA
CGGATCCGCGCAGCGAG-3' (reverse). It was then
introduced into the HindIII/BamHI site of pEGFP-C1
(Clontech) and was fused with the EGFP (enhanced green
fluorescent protein) gene. The restriction sites of the primers
are underlined and the Kozak sequences are shown in
bold. Each construct was verified by DNA sequencing
(Invitrogen).

Western blot analysis. NIH3T3 cells transfected with
pcDNA4/myc-His C, pcDNA4/myc-His C-EVL and
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pcDNA4/myc-His C-H-Ras constructs were lysed with lysis
buffer (10 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% Triton
X-100 and 1 mM EDTA) containing protease inhibitor (1:25;
Complete Protease Inhibitor Cocktail Tablets in glass vials,
Roche) at 48 h after transfection. Cytosolic protein (30 μg)
was quantified by Bradford assay, separated by 12% SDS-
PAGE and transferred onto a PVDF membrane (Millipore).
Then, the membrane was probed with monoclonal antibody
against the myc tag (2 μg/ml; clone 9B11; Cell Signaling)
and incubated in a peroxidase conjugated goat anti-mouse
antibody (1 μg/ml; Rockland). SuperSignal West Dura
Extended Duration Substrate (Pierce) was used for signal
detection. For the ß-actin signal, the blot was re-probed with
1.25 μg/ml monoclonal anti-actin (2 μg/ml; clone C7;
Chemicon).

Focus formation assay. NIH3T3 cells were transfected by
Lipofectamine™ 2000 (Invitrogen) according to the manu-
facturer's instructions. Twenty-four hours after transient
transfection by a 4.0 μg control (pcDNA4/myc-His C) or
recombinant (pcDNA4/myc-His C-EVL and pcDNA4/

myc-His C-H-Ras) plasmids, identical numbers of cells
were respectively plated into 35-mm plates containing
growth medium. Three replicate dishes were plated for each
sample. After ten days of incubation, transformed foci were
visualized by crystal violet staining.

Cell migration assay. A Boyden chamber assay was used
with minor modification. Briefly, MCF-7 cells transfected
with pEGFP-C1 or pEGFP-C1-EVL were used after 30 h of
transient transfection. Viable cells (2x104) in 0.3 ml DMEM
containing 1% fetal bovine serum were seeded into the upper
chamber of each Millicell-PCF insert (8 μm pore size,
polycarbonate filter, 12 mm diameter; Millipore) and the
units were placed into 24-well plates containing DMEM
supplemented with 10% fetal bovine serum. After 18 h, cells
remaining on the upper side of the filters were removed
carefully with cotton swabs and the migratory cells on the
membrane underside were identified by EGFP fluorescence.
Six random microscope fields (magnification, x100) were
counted in each replicate filter and results were expressed as
the mean ± SD.
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Table I. Correlation of the fold differences of the EVL relative expression levels with patient clinicopathological parameters
and molecular marker data in paired breast cancer specimens.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Feature Number of patients (%) Mediana Meana P-value
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Age (Median, 56 yrs; Range, 43-82 yrs) 0.195b

< Median 17 (48.6) 1.30 2.42
≥ Median 18 (51.4) 3.27 4.36

Clinical stage 0.0210c,d

I 010 (28.6) 0.945 2.44
II 422 (62.8) 1.86 2.56
III 53 (8.60) 13.80 13.00

Tumor maximal diameter (cm) 0.228c

≤2 15 (42.8) 1.88 3.06
>2 and ≤5 19 (54.3) 1.83 2.94
>5 1 (2.90) 17.80 17.80

Histological type 0.687b

Ductal 24 (68.6) 1.62 3.06

Lobular/others 11 (31.4) 2.51 4.20

Lymph node status 0.172b

Negative 23 (65.7) 1.30 2.68
Positive 12 (34.3) 2.20 4.84

ER status 0.987b

Negative 14 (40.0) 1.74 3.55
Positive 21 (60.0) 1.88 3.33

PR status 0.301b

Negative 16 (45.7) 2.62 4.28
Positive 19 (54.3) 1.30 2.70

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
aFor each variable, the median and mean of the fold differences of EVL relative expression levels in paired tumor tissues versus normal tissues
are reported. bThe Mann-Whitney U test and cthe Kruskal-Wallis H test were used. dStatistically significant.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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Statistical analysis. SPSS 12.0 (SPSS, USA) for Windows was
used for statistical analysis. A paired sample t-test was used to
compare the relative EVL expression levels between normal
paired and tumor specimens. The Mann-Whitney U test and
the Kruskal-Wallis H test were used to test the association
between the fold difference of EVL transcripts in paired
specimens and clinicopathological data. An independent
sample t-test was used to compare variables in the cell
migration assay. A P-value of <0.05 was considered to be
statistically significant.

Results

EVL transcription levels are elevated in human breast cancer.
Semi-quantitative RT-PCR was utilized to obtain an overview
of the EVL expression pattern in clinical breast cancer samples.
Up-regulated EVL mRNA expression was apparent in 20 out
of 35 (57.1%) breast tumors when it was compared to the
normal tissue. Five representative cases are shown in Fig. 1A.

The quantification of EVL mRNA was performed by using
real-time RT-PCR. The result was normalized to the ß-actin
mRNA level of each specimen. As shown in Fig. 2, the
relative expression levels of EVL ranged from 0.00203 to
0.454 (median, 0.0396; mean, 0.0586) in normal breast
tissues and ranged from 0.00814 to 0.567 (median, 0.0631;
mean, 0.115) in breast cancer specimens. EVL expression
levels in tumors were significantly higher than that of the
matched normal tissues (P=0.032).

Up-regulated expression of EVL in breast cancer is
correlated with clinical stages. To examine the difference in
EVL mRNA expression between the paired tumor and
normal breast tissue, we compared the EVL/ß-actin mRNA
ratios of the tumors to the ratios of the matched normal
tissues. The fold differences are shown in Fig. 1B, which
indicated that 65.7% (23 out of 35) of the tumors possessed
elevated EVL mRNA expression and 48.6% (17 out of 35) of
the tumors had more than a two-fold increase in EVL mRNA
expression. Elevated expression levels of EVL were observed
in 40% (4 out of 10) of stage I, in 72.7% (16 out of 22) of
stage II and in 100% (3 out of 3) of stage III tumors tested.
The fold differences of paired specimens significantly
correlate with clinical stages (P=0.021). No significant
correlation, however, was found between the fold differences
and tumor size, age, histology, lymph node status, ER status
or PR status (Table I).

Focus formation ability of NIH3T3 is unaffected by EVL
overexpression. The up-regulation of EVL mRNA expression
in a large fraction of breast cancer specimens and the
implicated tumorigenesis ability of VASP (11) might suggest
a role for EVL in promoting transformation/tumorigenesis.
To test this hypothesis, we transfected a mammalian
expression construct with no insert (pcDNA4/myc-His C) or
expressing the EVL or H-Ras cDNA (pcDNA4/myc-His C-EVL
and pcDNA4/myc-His C-H-Ras, respectively) into NIH3T3
cells and assessed focus formation after ten days of
incubation. As shown in Fig. 3, there were no foci observed in
the cells expressing EVL and the control pcDNA4/myc-His
C-transfected cells. In contrast, oncogenic H-Ras expression
effectively induced the foci formation of NIH3T3 cells. The
result indicated that EVL overexpression was insufficient to
induce NIH3T3 cell transformation in vitro.
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Figure 1. EVL mRNA expression in breast carcinomas. (A) Semi-quantitative
RT-PCR analysis of EVL mRNA levels in five representative pairs of breast
specimens. EVL mRNA was highly expressed in the tumor (T) samples
although was either down-regulated or absent in normal breast specimens (N).
ß-actin mRNA levels were used as an internal control. (B) Real-time RT-PCR
analysis of EVL expression in breast cancer specimens. Numbers indicate
case numbers. Expression fold is the ratio of relative EVL expression levels
in normal and cancer tissues. A positive value indicated a higher expression
level; a negative value indicated a lower expression level in tumors relative
to the normal specimens. All data were averages of triplicate experiments.

Figure 2. Comparison of the relative expression levels of EVL in 35 paired
normal breast and cancerous tissues. There was a significant increase in the
mRNA expression of EVL in tumors as compared to matched normal
specimens (P=0.032, paired sample t-test). °Mild outlier. *Extreme outlier.
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Transient EVL expression promotes the migration of MCF-7
cells. Ena/VASP proteins are known to participate in signal
pathways that affect cell adhesion and motility, which are the
key components of invasion and metastasis. To clarify whether
up-regulated EVL expression influences cancer cell migration,
MCF-7 cells were transfected with an expression vector
encoding EGFP (pEGFP-C1) or an EGFP fusion protein of
EVL (pEGFP-C1-EVL) and examined in a modified Boyden
chamber assay. As shown in Fig. 4, EVL-expressing cells
exhibited an approximately three-fold increase in serum-
stimulated cell migration compared with control cells
(12.8±2.32 versus 32.8±2.79; P<0.001), which suggested that
EVL positively regulated the motility of MCF-7 cells.

Discussion

Proteins of the Ena/VASP family share a conserved domain
organization: a central proline-rich domain flanked by two
defined regions called Ena/VASP homology domains (EVH1
and EVH2). They have emerged as multifunctional regulators

of the actin cytoskeleton (6,7). In human cancer, the up-
regulation of hMena and VASP has been observed via
immunohistochemistry in the progression of carcinogenesis,
though the underlying molecular mechanism remains to be
elucidated (8,9,11).

In human glioblastoma multiforme, elevated expression
levels of EVL in tumor tissues have been examined by
microarray analysis (16). We utilized the SAGE (Serial
Analysis of Gene Expression) databases of the CGAP (Cancer
Genome Anatomy Project) to analyse the expression pattern
of the EVL gene in normal and cancerous breast tissues and
cell lines by the analytical tool DGED (Digital Gene
Expression Display), a four-fold up-regulation of EVL in
cancerous tissues and cell lines was found (data not shown). In
this report, we compared EVL mRNA expression levels in
breast tumors with corresponding normal tissues originating
from the same patient in order to determine whether it is
involved in human breast cancer progression. By semi-
quantitative RT-PCR, 57.1% of breast tumors were shown to
have exhibited up-regulation of EVL expression. Increased
EVL expression level in breast cancer was further detected by
more-sensitive real-time quantitative PCR, which showed that
elevated EVL expression was apparent in 65.7% of the breast
cancer tissues. Although only 48.6% of the cases showed
more than a two-fold elevated mRNA expression in the
tumor, the observed up-regulation of EVL expression in the
tumor was statistically significant.

To evaluate the functional significance of the up-regulation
of EVL expression in breast cancer, we examined the
transforming properties of human EVL by focus formation
assay. However, the results demonstrated that EVL expression
was insufficient to induce NIH3T3 cell transformation in vitro.

To explore the role of EVL expression in the process of
human breast cancer, we examined the correlation of EVL
mRNA expression level with the clinical features. As shown in
Table I, the data demonstrated that increased EVL mRNA
expression paralleled the advanced clinical stages. Notably, the
increasing expression of VASP paralleled the clinical stages of
lung adenocarcinomas (11) and the hMena protein was also
reported to be progressively overexpressed in high-risk benign
breast lesions (8,9).

Active aberrant cell migration is a typical characteristic of
the advanced stages of cancer. Ena/VASP proteins are known
to act at the interface of several signaling pathways in order to
regulate cellular protrusion and migration by controlling the
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Figure 3. Transformation ability of EVL. NIH3T3 cells were transfected with pcDNA4/myc-His C, pcDNA4/myc-His C-EVL (EVL) or pcDNA4/myc-His
C-H-Ras (H-Ras), respectively. (A) Western blot analysis of EVL and H-Ras protein expression in transient transfected NIH3T3 cells using an anti-c-myc tag
monoclonal antibody. ß-actin was the internal control for protein loading. (B) Focus formation assay, where NIH3T3 cells were transfected with the indicated
expression plasmids and foci were visualized after 10 days by staining with crystal violet.

Figure 4. Effect of transient EVL expression on the migration of MCF-7 cells.
(A) Transient EVL expression significantly promoted MCF-7 cell migration
as compared with the control (P<0.001, independent sample t-test). Modified
Boyden chamber migration assays were performed as described in Materials
and methods. Data represent the mean ± SD of three independent experiments.
(B) Representative photographs of a migration assay for migrated MCF-7
cells expressing EGFP or EGFP-EVL (original magnification, x100).
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geometry of growing actin networks. In this study, we found
that overexpression of EVL can promote MCF-7 cell motility,
which is an important step in the metastatic cascade. In
epithelial cells, EVL is co-localized with the proteins which
are highly implicated in the supramolecular complexes
necessary for the establishment of cell-cell contacts
(adherens junctions and tight junctions), though the role of
EVL in this location is unclear (17). Additionally, the
overexpression of a fragment of Ena/VASP responsible for
oligomerization disrupts epithelial sheet formation (18). Since
cell motility responses are dependent on a balance of cell
contact formation and turnover (19), the promoted EVL-
overexpressed MCF-7 cell motility may be due to the actions
of EVL in regulating cell adhesion.

In conclusion, EVL expression levels were higher in breast
cancer tissues than in normal tissues. Furthermore, there was
a statistically significant correlation between EVL relative
expression levels and clinical stages. Our current results
suggest that overexpression of EVL may be an oncogenic
event that is involved in the processes of malignancy, such as
tumor invasion and/or metastasis.
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