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Abstract Mena, an actin regulatory protein, functions at

the convergence of motility pathways that drive breast

cancer cell invasion and migration in vivo. The tumor

microenvironment spontaneously induces both increased

expression of the Mena invasive (MenaINV) and decreased

expression of Mena11a isoforms in invasive and migratory

tumor cells. Tumor cells with this Mena expression pattern

participate with macrophages in migration and intravasa-

tion in mouse mammary tumors in vivo. Consistent with

these findings, anatomical sites containing tumor cells with

high levels of Mena expression associated with perivas-

cular macrophages were identified in human invasive

ductal breast carcinomas and called TMEM. The number of

TMEM sites positively correlated with the development of

distant metastasis in humans. Here we demonstrate that

mouse mammary tumors generated from EGFP-MenaINV

expressing tumor cells are significantly less cohesive and

have discontinuous cell–cell contacts compared to

Mena11a xenografts. Using the mouse PyMT model we

show that metastatic mammary tumors express 8.7 fold

more total Mena and 7.5 fold more MenaINV mRNA than

early non-metastatic ones. Furthermore, MenaINV expres-

sion in fine needle aspiration biopsy (FNA) samples of

human invasive ductal carcinomas correlate with TMEM
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score while Mena11a does not. These results suggest that

MenaINV is the isoform associated with breast cancer cell

discohesion, invasion and intravasation in mice and in

humans. They also imply that MenaINV expression and

TMEM score measure related aspects of a common tumor

cell dissemination mechanism and provide new insight into

metastatic risk.

Keywords Breast cancer � Metastasis � Cell motility �
Intravasation � TMEM

Abbreviations

EGF Epidermal growth factor

EGFP Enhanced green fluorescent protein

FACs Fluorescence activated cell sorting

FFPE Formalin-fixed paraffin-embedded

FNA Fine needle aspiration

IHC Immunohistochemistry

IF Immunofluorescence

IVI Intravital imaging

qRT-PCR Quantitative real time polymerase chain

reaction

SCID Severe combined immunodeficiency

TMEM Tumor microenvironment for metastasis

APTC Average primary tumor cells

Introduction

Multiphoton-based intravital imaging has demonstrated

that invasive carcinoma cells in mouse and rat mammary

tumors migrate and intravasate when associated with

migratory [1] and peri-vascular macrophages [2], respec-

tively. An in vivo invasion assay has been used in mam-

mary tumors of rats, mice, and humans to collect migratory

tumor cells associated with macrophages and these cells

have been expression profiled [3]. The gene expression

changes occurring in migratory and macrophage-associ-

ated tumor cells are clustered in several pathways includ-

ing the motility pathways regulating EGF stimulated

locomotion. Many of these genes belong to the ‘‘minimum

motility machine’’ comprised of the cofilin/LIM kinase,

N-WASP/Arp2/3 complex and Mena/capping protein

pathways [4–6]. Several genes that coordinate and control

the activity of these pathways are also up regulated. One of

these genes is Mena. Mena protein promotes actin poly-

merization by interfering with the activity of inhibitory

capping proteins [7]. The anti-capping function of Mena

promotes sustained actin polymerization, which is essential

for directional cell movement in response to growth factors

like EGF.

Mena is upregulated in rat, mouse and human mammary

tumors [8–10]. Similarly, in precursor lesions to cancer of

the cervix and colon, Mena expression is increased with

progressive transformation [11, 12]. Mena has been used

successfully as part of a marker of metastatic risk called

Tumor Micro-Environment of Metastasis (TMEM)

observed in formalin-fixed paraffin-embedded sections of

human invasive ductal carcinomas of the breast [9]. TMEM

is an anatomical site consisting of a macrophage in direct

contact with a Mena expressing tumor cell, and an endo-

thelial cell. TMEM counts are associated with risk of

metastasis in breast cancer patients independently of lymph

node, ER/PR or HER2 status [9].

Mena, a member of the Ena/VASP family of proteins,

regulates membrane protrusion and cell movement in a

variety of cell types and contexts by influencing the geom-

etry and assembly of actin filament networks [13–17]. Mena

is alternatively spliced. In particular, an exon encoding a

sequence of 19 amino acids inserted between the EVH1

domain and the LERER repeats generates a Mena invasion

(INV) isoform (previously called Mena???) [13, 18] and

inclusion of an exon encoding a 21 amino acid insertion in

the EVH2 domain produces the Mena11a isoform [6]. Until

recently, MenaINV was thought to be expressed primarily in

axons of developing neurons [13], whereas expression of

Mena11a was found in epithelial cancer cells [6]. However,

expression profiling of cells collected using the in vivo

invasion assay revealed that MenaINV expression is specifi-

cally upregulated and Mena11a is downregulated in migra-

tory/macrophage associated tumor cells compared to

average primary tumor cells (APTCs) isolated from the same

rat and mouse mammary tumors by FACS [8]. Expression of

MenaINV in a xenograft mouse model increases spontaneous

lung metastases from mammary tumors and alters the dose–

response of tumor cells to epidermal growth factor (EGF),

allowing cells to respond to much lower EGF concentrations

than control cells both in vivo and in vitro [17].

Here we demonstrate that MenaINV promotes discohe-

sive tumor morphology in a xenograft mouse model while

Mena11a expression promotes cohesive tumor morphol-

ogy. We also show that increased expression of MenaINV

but not Mena11a is associated with metastasis in the PyMT

mouse model of breast cancer. Furthermore, we demon-

strate that MenaINV expression correlates with the assembly

of cancer cell intravasation sites in human breast cancers

using TMEM score. It seems that both TMEM score and

Mena isoform expression measure an aspect of tumor

biology unrelated to standard clinical and pathological

parameters because they do not correlate with tumor, size,

lymph node status or ER, PR and HER2/Neu receptor

expression. Thus, we suggest that MenaINV may have

useful clinical applications as a prognostic marker for

metastatic risk and target for therapy.
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Materials and methods

Cell lines, molecular cloning, infection, fluorescence-

activated cell sorting and cell culture

EGFP-Mena splice isoforms were subcloned into the ret-

roviral vector packaging Murine stem cell virus-EGFP

using standard techniques [14]. MTLn3 rat adenocarci-

noma cells were infected with each Mena isoform construct

to create MTLn3-EGFP-Mena (referred to as Mena cells),

MTLn3-EGFP-MenaINV (referred to as MenaINV cells) and

MTLn3-EGFP-Mena11a cells (referred to as Mena11a

cells) and used for all orthotopic injections of SCID mice.

Details about the retroviral system used to generate these

lines have been described previously [17]. Monoclonal

MTLn3 cells were derived from spontaneous lung metas-

tases in a rat model 13762 [19], and were used in these

experiments because they are known to metastasize to the

lung when injected into the mammary gland of SCID mice

and thus are suitable for metastatic studies [20]. Addi-

tionally, these cells have been used to study Mena isoforms

previously [17, 21]; thus we wished to be able to compare

current work with work previously published. To achieve

uniform forced expression, EGFP-MenaINV and -Mena11a

cells were FAC sorted to a level of 4-fold overexpression

of EGFP-Mena isoforms as compared to EGFP-Mena on

the protein level. MTLn3-Cerulean EGFP-Mena splice

isoforms were created using a lentiviral system pCCL-

sin.PPT.hPGK.Cerulean.pre (courtesy of Dr. Gupta, Albert

Einstein College of Medicine). Cytoplasmic expression of

Cerulean was used to improve visualization of tumor cells

during intravital imaging. MTLn3 cells were cultured in

alpha-modified minimum essential medium (MEM) sup-

plemented with 5% fetal bovine serum (FBS) and 0.5%

PenStrep (Invitrogen).

Xenograft animal models

Orthotopic mammary tumors were derived by the subcu-

taneous injection of 1 9 106 EGFP-MTLn3 (referred to as

GFP), -EGFP-Mena, -EGFP-MenaINV -EGFP-Mena11a,

-Cerulean-EGFP-MenaINV or -Cerulean-EGFP-Mena11a

cells into the mammary gland of 5–7 week-old female

SCID mice (these mice are referred to as xenograft mice)

[22]. All experiments involving animals were approved by

the Einstein Institute for Animal Studies.

Intravital imaging (IVI)

Intravital multiphoton imaging was performed in tumors of

SCID mice expressing MTLn3- cerulean-EGFP-MenaINV

or cerulean-EGFP-Mena11a as described previously [23,

24] using a 20 9 1.95 NA water immersion objective with

correction lens. Briefly, a skin flap surgery was performed

to expose the mammary tumor of an anesthetized mouse

and the mouse was then placed on the microscope for

imaging. Visualization of collagen within the primary

tumor is made possible by the generation of a second

harmonic signal which results from the reflection of light

off of collagen helices [25].

Scoring of cohesive and discohesive tumor morphology

was done using images obtained with intravital multiphoton

microscopy. A minimum of four fields from each tumor

imaged in xenograft mice were divided into quadrants. Five

mice per isoform type were evaluated (a total of 20 fields

were scored per tumor type). A score of C (cohesive) indi-

cated a quadrant containing a continuous sheet/large cluster

of tumor cells. A score of D (discohesive) indicated that[�
of the quadrant lacked continuous sheets or clusters of cells.

Data in Fig. 1d is represented as percentage of total fields

analyzed that received a score of C versus percentage of

fields that received a score of D. Images were scored double

blind and the findings from each correlated with each other.

Fine needle aspiration (FNA) of MTLn3 xenografts

Mice were euthanized 3 weeks after carcinoma cell injec-

tion into the mammary gland. FNA was performed as

previously described [26]. In brief, cells collected with 25

gauge needles were expelled onto a glass slide and

smeared. Smears were stained by standard Diff-Quick

protocol [26]. Each smear was given a score based on the

ratio of the number of clusters to the approximate per-

centage of single cells, either \30, \60 or \90% as

observed in a single low power field area (409;

12.56 mm2). A cluster was defined as [10 cells in direct

contact with each other. Each smear was also indepen-

dently described as cohesive or discohesive based on the

relative abundance of clusters as compared to single cells.

Both methods were scored double blind and the findings

from each correlated with each other.

Real time PCR

PCR analyses were performed using SyBR Green kit and

ABI 7300 sequence detector. Primers detected MenaINV

and Mena11a as described previously [8]. The data were

analyzed by ABI Sequence Detection Software (Applied

Biosystems Foster City, CA).

Immunofluorescence (IF) and immunohistochemistry

(IHC)

Following 4 weeks of tumor growth, five primary tumors

from xenografts of each tumor type derived from injection

of MTLn3-EGFP, -EGFP-Mena, -EGFP-Mena11a and
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-EGFP-MenaINV, cells were fixed in 10% buffered formalin

and paraffin embedded. Sections 10 lm thick were cut

from each tumor and placed on slides for further staining. IF

was done using anti-GFP (Aves Lab Cat. #1020) at 1:500

dilution with Alexa488 as a secondary, and anti-b-catenin

(BD Biosciences Cat. #610153) at 1:500 dilution with

Alexa594 as a secondary. Digital images were converted in

ImageJ (NIH) and analyzed using macro analysis that

defines fluorescence intensity starting at the cell periphery

and extend into the cell interior [27]. Primary tumor sec-

tions were imaged using the Zeiss AxioObserver.Z1 with a

10 9 1.4 NA Plan Apo objective with the apotome and

processed using ImageJ (NIH).

IHC for E-cadherin was done using commercially

available monoclonal anti-E cadherin antibody (Dako,

Carpinteria, CA) at 1:25 dilution. Antigen retrieval was

done in a steamer at 90�C for 30 min in Target Retrieval

solution pH 6.0. The slides were incubated with the pri-

mary antibody for 30 min at room temperature and 30 min

with a secondary antibody. E-cadherin was visualized

using anti-mouse horseradish peroxidase-labeled polymer

(Envision System, Dako) and DAB on an automated im-

munostainer (Autostainer, Dako) according to the manu-

facturer’s instructions. The slides were counterstained with

hematoxylin using standard technique.

Western blots

MTLn3 protein lysates were prepared, the samples were

resolved by SDS-PAGE, transferred to nitrocellulose,

blocked in odyssey blocking solution (LiCor), incubated in

primary antibodies overnight at 4�C, secondary antibodies

for 1 h at room temperature, and analyzed using the Odyssey

(LiCor) [28]. Primary antibodies, anti-Mena [1:1000] [29],

anti-Mena11a [1:5000] [30], anti-MenaINV [1:500] (unpub-

lished, more information available upon request), anti-beta-

actin [1:5000] (Invitrogen), were used at the indicated

concentrations. Secondary antibodies, Mouse 680 (used

against actin and Mena) and Rabbit 800 (used against

Mena11a and MenaINV) were purchased from LiCor and

imaged in separate channels. Endogenous Mena, Mena11a

and MenaINV were detected at lower molecular weights as

compared to EGFP-Mena11a and EGFP-MenaINV.

Collection and processing of polyoma middle T antigen

induced mouse mammary tumors

Transgenic animals with mammary gland-specific expres-

sion of Polyoma middle T (PyMT) antigen in the FVB-

C3H/B6 background were obtained from the Albert

Einstein College of Medicine mouse repository. FNA was

performed with a 25 gauge needle on animals anesthetized

with 5% isoflurane and killed by cervical dislocation. The

initial FNA biopsy was used for quality assessment using

standard Diff-Quick stain. Subsequent biopsies were used

for qRT-PCR analysis. Staging of H&E stained tumor

sections from formalin fixed, paraffin embedded tissue was

done as previously described [31].

Human tissue selection and FNA biopsy procedure

Lumpectomy and mastectomy specimens received at the

Albert Einstein College of Medicine/Montefiore Medical

Center, Moses and Weiler Divisions for pathological

examination were used for FNA-based tissue collection

under institutional IRB approval. Four to five FNA aspi-

ration biopsies were performed on grossly visible lesions

using 25 gauge needles. The adequacy of the sample was

assessed by standard Diff-Quick protocol [26]. Only sam-

ples composed of 90% of either benign or malignant epi-

thelial cells, as determined by standard pathologic

characteristics [26], were used in the study.

Tissue selection for TMEM staining, TMEM staining

and scoring

At the time of routine microscopic examination of the

lesions on which FNA biopsies had been performed, an

appropriate area of the tumor suitable for TMEM analysis

was identified by low power scanning. The following cri-

teria were used: high density of tumor, adequacy of tumor,

lack of necrosis or inflammation, and lack of artifacts such

as retraction or folds. TMEM staining and assessment were

done as described previously [9]. Briefly, 10 digital images

were acquired at 4009 total magnification. Using the

‘‘circle’’ tool available in Photoshop, all TMEM are

‘‘marked’’ using circles, and the ‘‘marked’’ images are

saved as separate files. The total TMEM count for each

image was tabulated, and the counts from all 10 images are

then summed to give a final TMEM density for each patient

sample, expressed as the number of TMEM per 10 high

power fields (4009 total magnification). Two pathologists

independently scored all fields. The scores for each case

were averaged for the two pathologists to yield a final score

used in the data analysis.

E-cadherin scoring

Similarly to TMEM scoring, ten digital images were

acquired at 4009 total magnification for each xenograft

tumor and cells with complete membranous staining were

marked with asterisk using Photoshop tools. The total

number of cells from all ten images was summed to give a

final number of cells with complete E-cadherin membra-

nous stain for each xenograft. There were three xenografts

per group; thus a total of 30 high power fields (4009 total
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magnification) were analyzed per group. The results are

expressed as a mean (with SEM) of number of cells with

complete membranous stain per group.

Relationship of FNA sample to TMEM

FNA primarily collects loose tumor cells with very few

macrophages and no endothelial cells and incurs minimal

tissue damage [32]. Thus, after the FNA procedure, the

entire tumor was formalin-fixed, paraffin-embedded

(FFPE) and sent for pathological examination. A repre-

sentative block of FFPE tumor tissue was selected and

triple immunostained for TMEMs. Therefore, the FNA

sample and TMEM count were obtained from the same

tumor for the entire cohort (Fig. S3 in Supplementary

material).

Statistical analysis

Statistical significances were determined using unpaired,

two-tailed Student’s t-tests assuming equal variances and

an alpha level of 0.05. Differences were considered sig-

nificant if the P value was\0.05. Actual P-values are listed

on graphs within each figure. For differences in Mena

isoform expression between metastatic and non-metastatic

PyMT tumors and the association between TMEM density

or Mena isoform fold change with tumor grade, lymph

node status, tumor size, ER, PR and Her2/Neu status,

Wilcoxon Mann–Whitney rank-sum test was used. Given

that six comparisons were done for human samples, the

P values for determining statistical significance was set at

0.008 by applying the Bonferroni correction to the standard

assumption that P \ 0.05 is statistically significant. The

strength of association between Mena isoform expression

and TMEM density was calculated using Spearman’s cor-

relation coefficient.

Results

Expression of Mena11a, but not MenaINV promotes

cohesive primary tumor morphology and integrity

of cell–cell junctions

To investigate the effects of expression of Mena, MenaINV

and Mena11a on primary tumor morphology and tumor cell

cohesiveness, we generated orthotopic mammary tumors

from MTLn3 rat adenocarcinoma cell lines forced to

express Mena, MenaINV and Mena11a isoforms. Our pre-

vious studies show that invasive tumor cells spontaneously

increase expression of MenaINV, and decrease expression

of Mena11a in vivo [8]. We also showed that MTLn3

mammary carcinoma cells forced to express MenaINV are

sensitized to EGF and are more metastatic [17]. We

hypothesized that the highly invasive and metastatic nature

of MenaINV cells might be in part caused by decreased

tumor cell cohesion [6, 33]. Likewise, the expression of

Mena11a, characteristically found in more epithelial tumor

cells [6] and non invasive tumor cells in vivo [8], might

promote cohesive tumor cell morphology. These consid-

erations also suggest that FNA of tumors could be used to

detect differences in Mena expression patterns. To test this,

FNA samples were collected from MTLn3-derived mam-

mary tumors. Examples of cohesive and discohesive FNA

cytopathology smear patterns are shown in Fig. 1a. We

found that FNA smears obtained from Mena11a expressing

mammary tumors were more cohesive than smears

obtained from Mena and MenaINV expressing mammary

tumors (Fig. 1b). MTLn3 control tumors (referred to as

GFP) and tumors derived from Mena and MenaINV

expressing MTLn3 cells had similar discohesive smear

patterns (Fig. 1b). Quantification of cell clusters and dis-

cohesive areas confirmed that Mena11a tumors were sig-

nificantly more cohesive than GFP, Mena or MenaINV

tumors (Fig. 1b).

To further characterize the effects of Mena, Mena11a

and MenaINV on tumor cell cohesion within the primary

tumor we used multiphoton-based intravital imaging (IVI).

Within the intact primary tumor of an anesthetized mouse,

Mena11a expressing tumors had well defined cohesive

cell–cell contacts, whereas MenaINV expressing tumors had

discontinuous cell–cell contacts and the cells were more

randomly organized resulting in a discohesive appearance

(Figs. 1c, S1 in Supplementary material). Mena expressing

tumors also demonstrated more discohesive appearance as

compared to GFP tumors but did not show as drastic a

trend toward discohesion as that seen in MenaINV

expressing tumors. All images were taken under non-

bleached conditions with lower laser power of the multi-

photon microscope allowing the weaker cytoplasmic fluo-

rescence to persist. This allowed direct comparison of

Mena, MenaINV, and Mena11a expressing tumor cells and

demonstrates that Mena is more diffuse than the Mena11a

or MenaINV isoforms (Fig. 1c).

Primary tumor morphologies were scored based on

cohesive and discohesive appearance in tumors expressing

GFP fused to the Mena isoform indicated. Mena11a tumors

had the largest percentage of cohesive fields while

MenaINV tumors had the largest percentage of discohesive

fields (Fig. 1d).

Given the strong correlation of Mena11a expression

with cohesion, and MenaINV expression with discohesion

of tumor cells, we asked whether MenaINV and Mena11a

isoform expression affects the integrity of cell–cell junc-

tions using b-catenin and E-cadherin immunofluorescence

and immunohistochemistry, respectively. Localization of
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these proteins at cell–cell contacts has been used to

investigate cell junction integrity [34, 35]. Mena11a

expressing mammary tumors exhibited continuous b-cate-

nin immunofluorescence staining at cell–cell contacts

while staining for b-catenin in MenaINV expressing mam-

mary tumors was discontinuous (Fig. 2a). Mena11a tumor

cells also had a significantly higher intensity of b-catenin

staining at cell–cell contacts (Fig. 2b), and within the

whole cell (Fig. S2 in Supplementary material) as com-

pared to MenaINV cells. Mena expressing tumor cells had

similar localization of b-catenin at cell–cell contacts

(Fig. 2a) and increased expression within the whole cell

(Fig. S2 in Supplementary material) as compared to GFP

control tumors. In addition to a reduction in b-catenin

staining, tumor cells from MenaINV expressing tumors also

showed a dramatic reduction in continuous E-cadherin

Fig. 1 Mena11a promotes cohesive morphology while MenaINV

promotes discohesive morphology of the primary tumor in vivo.
a Representative Diff Quick stained smears of FNA samples from

MTLn3-derived mammary tumors illustrating cohesive and discohe-

sive cell patterns. Arrow example of clusters scored in (d). Arrow-
heads single cells scored. Scale bars 100 lm. b Ratio of number of

clusters/percentage of single cells. Each data set = 10 smears/tumor

type shown. Error bars SEM. c Multiphoton microscopy intra vital

imaging (IVI) of MTLn3-EGFP-Mena, GFP-Mena11a and GFP-

MenaINV mammary tumors. Images represent one quadrant of a single

field of view (512 9 512 pixels). Box i GFP-Mena expressing tumor

showing a mix of cohesive and discohesive morphology. Box ii GFP-

Mena11a expressing tumor showing cohesive morphology. Box
iii GFP-MenaINV expressing tumor showing discohesive morphology.

Scale bars 50 lm. Green EGFP-fusion protein. Purple collagen I

second harmonic. d. Quantification of primary tumor morphology

from IVI. Scores were tallied and percentage of fields with each score

was determined and represented in the bar graph. N = 15–25 fields/

cell type. ‘‘C’’ = cohesive, ‘‘D’’ = discohesive. *Statistically signif-

icant differences

520 Clin Exp Metastasis (2011) 28:515–527

123



staining at cell–cell junctions as compared to that seen in

GFP and Mena11a expressing tumors (Fig. 2c). E-cadherin

staining pattern was similar to b-catenin; predominantly

discontinuous in MenaINV tumors when compared to GFP,

Mena or Mena11a expressing tumors (Fig. 2c, d). We

found significantly lower numbers of cells with complete

membranous staining in MenaINV tumors than in GFP

control, Mena or Mena11a expressing tumors (Fig. 2d),

consistent with our finding that Mena11a promotes a

cohesive epithelial morphology while MenaINV supports a

discohesive morphology in vivo.

To rule out if the observed effects of MenaINV and

Mena11a cells on invasion are due to compensatory

expression of the different Mena isoforms we performed

western blots on each cell line to check for expression of

each Mena isoform. In MenaINV cells the levels of

endogenous Mena or Mena11a were unchanged as com-

pared to GFP control cells (Fig. 3). In Mena11a there were

no detectable differences in Mena or MenaINV levels as

compared to GFP cells (Fig. 3).

The expression level of Mena, MenaINV and Mena11a

isoform mRNA correlates with cell cohesiveness,

and metastatic status in PyMT oncogene induced mouse

mammary carcinomas

To assess how cohesion and Mena isoform expression

correlate with metastatic status we studied PyMT mouse

mammary carcinoma. These tumors histologically recapit-

ulate progression of human ductal carcinoma of the breast

from ductal hyperplasia and ductal carcinoma in situ to

invasive ductal carcinoma [31]. Invasive ductal carcinomas

in PyMT tumors can be additionally stratified into histo-

logically distinct subcategories of early and late carcino-

mas. Unlike in humans where cancer morphology does not

reflect tumor metastatic potential, late PyMT cancers are

associated with tumor cell dissemination and lung metas-

tases [31, 36, 37]. Thus we assessed the FNA smear pattern

and Mena isoform expression in early and late PyMT

tumors to determine if Mena isoform mRNA expression

correlates with the smear pattern and metastatic outcome.

Smear patterns obtained from early PyMT mouse mammary

tumors were predominantly cohesive, while those obtained

from late, metastatic tumors were predominantly discohe-

sive (Fig. 4a-i, a-ii). Quantitative real time PCR (qRT-PCR)

of FNA samples shows a spontaneous 8.7-fold increase in

pan-Mena expression (determined with primers that iden-

tify all Mena isoforms = pan-Mena) and 7.5-fold increase

in MenaINV expression in late carcinomas when compared

with early carcinoma, while Mena11a amplicons were

decreased by 70% in late carcinomas (Fig. 4b). Thus, the

Mena isoform expression pattern in cells collected by FNA

from late, metastatic tumors matches that of the invasive

cells collected by the in vivo invasion assay while the Mena

expression pattern from early carcinomas matches that of

average primary tumor cells (APTCs) isolated from the

Fig. 2 Mena11a promotes integrity of cell–cell contacts. a GFP,

Mena11a and MenaINV mammary xenograft tumors stained for b-

catenin. Red b-catenin, blue DAPI. Scale bar 25 lm. b Average

intensity of b-catenin determined at cell–cell contacts (2 lm area

around the cell periphery). N = 20 cells/tumor type. Error bars SEM.

c GFP, Mena11a and MenaINV mammary xenograft tumors stained

for E-cadherin. Brown E-cadherin, blue hematoxylin staining. Scale
bar 25 lm. d Average intensity of E-cadherin at cell–cell contacts.

N = 30 high power fields (4009 total magnification) per cell type.

Error bars SEM. *Statistically significant differences
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same rat and mouse mammary tumors by FACS (2). This

finding suggests that the pattern of Mena isoform expres-

sion in FNA samples may reflect invasive potential of FNA

collected cancer cells.

MenaINV isoform mRNA expression correlates

with the TMEM intravasation score and metastatic risk

in human invasive ductal carcinomas of the breast

The correlation of spontaneously increased MenaINV and

decreased Mena11a expression with tumor progression and

metastatic outcome in transgenic PyMT mouse mammary

tumors, and our recent findings showing that MenaINV, but

not Mena11a, expression increases tumor cell motility,

intravasation and dissemination in xenograft mouse mam-

mary tumors [17, 21], led us to ask if the altered expression

of these isoforms correlates with an increased risk of

metastasis in humans.

Since our study is prospective we used TMEM score as

a measure of increased metastatic risk. As previously

shown TMEMs are visualized by a triple immunostain to

detect the direct contact of macrophages, Mena expressing

carcinoma cells and endothelial cells in formalin fixed

paraffin embedded tissues [9]. The number of TMEM sites

has been shown previously to be significantly higher in

tumors that produce distant metastases [9]. TMEM was

developed based on studies that used multiphoton intravital

imaging of mammary tumors in PyMT mice showing

breast carcinoma cells intravasating at sites along blood

vessels where peri-vascular macrophages are in direct

contact with tumor cells and endothelial cells [38, 39].

Examples of TMEMs (marked by circles) are shown in two

human invasive ductal carcinomas as identified in histo-

logical sections (Fig. 5a). TMEM was also identified in

xenograft mammary tumors derived from injection of

MTLn3-MenaINV cells (Fig. 5b).

We hypothesize that MenaINV expressing tumor cells are

involved in the assembly of TMEM and therefore human

tumors with numerous TMEM intravasation sites will have

Fig. 3 Western blot of MenaINV, Mena11a and GFP cell lines for

Mena, Mena11a and MenaINV. Actin lanes shown in the top blot also

apply to the middle blot (see ‘‘Western blots’’ section). Note no

changes in band intensity of bands in the molecular weight range

70–100 kDa where Mena isoforms migrate

Fig. 4 MenaINV is associated with metastasis in PyMT mammary

tumors. a Smear pattern of early, non-metastatic (i) and late,

metastatic (ii) invasive ductal carcinoma obtained from FNA samples

of PyMT mouse mammary tumors. b Fold change of all Mena (pan-

Mena), MenaINV and Mena11a isoform mRNA expression in FNA

samples from metastatic compared to non-metastatic PyMT carcino-

mas. The mRNA expression of Mena, MenaINV and Mena11a in

tumor cells collected by FNA was expressed as fold change in late

carcinomas compared to early carcinomas. Error bars SEM. *Statis-

tically significant differences
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a higher proportion of discohesive, invasive and migratory

tumor cells expressing MenaINV compared to tumors with

few TMEM sites. To investigate this we collected cells

from 40 patients’ invasive ductal carcinomas (IDC) and 5

fibroadenomas by FNA.

The expression of Mena11a and MenaINV at the protein

level was assessed by western blotting. As shown in 4

randomly chosen FNA samples (Fig. S4 in Supplementary

material), Mena isoform expression is detectable at the

protein level, but only with long exposure. While these

blots establish that the Mena isoforms are expressed at the

protein level in FNA samples, the number of cells collected

in FNA samples was variable and not sufficient for western

blot analysis of correlations with TMEM count. Thus, the

quantification of Mena isoform expression was determined

by PCR for all FNA samples to be correlated with TMEM

count.

Therefore, PCR primers specific to the Mena isoforms of

interest were used with all 40 FNA samples and the results

were expressed as a fold change of Mena isoform mRNA

expression in IDC, compared to the mean level of Mena

isoforms mRNA obtained from five fibroadenomas. TMEM

counts were scored in tumor samples obtained from the

same cohort of 40 patients, and were correlated with the

fold change in Mena isoform mRNA expression (Fig. 5c).

The tissue collection methods are outlined in Fig. S3

(Supplementary material). The Spearman’s correlation

coefficient for the association between MenaINV fold

change and TMEM count was 0.78 (P = 10-6). An inverse

association between Mena11a and TMEM was also

expected but was not found (r = -0.23, P = 0.14).

We also evaluated the collective fold change of all Mena

isoforms using primers that amplify all Mena isoforms

(pan-Mena). The expression of pan-Mena did not correlate

with TMEM score (r = -0.15, P = 0.37) (Fig. 6). These

results indicate that MenaINV is the isoform that is corre-

lated with TMEM count and therefore with the metastatic

risk in breast carcinoma.

These same tumor samples were also classified accord-

ing to the modified Bloom Richardson scale. Patients’ age,

tumor size, tumor grade, lymph node status, estrogen,

progesterone and HER2/Neu receptor status were docu-

mented along with MenaINV, Mena11a expression level

and TMEM score (Table S1 in Supplementary material).

Median values as well as 5th and 95th percentiles of

MenaINV, Mena11a expression levels and TMEM scores

Fig. 5 High TMEM count in human invasive ductal carcinomas of

the breast is associated with increased fold change of MenaINV

expression. a Examples of fields scored for TMEM (in circles), 9400.

Brown macrophages. Blue endothelial cells. Red pan-Mena positive

tumor cells. b TMEM—Multiphoton microscopy image of MTLn3-

EGFP-MenaINV cells at sites of peri-vascular macrophages. Scale
bar 25 lm. Green MTLn3-EGFP-MenaINV. Red Texas-red dextran

labeled macrophages. White arrow indicates location of TMEM

where peri-vascular macrophages and MenaINV expressing tumor

cells are in direct contact with each other and the vessel wall. Asterisk
indicates location of blood vessel. c Correlation of MenaINV and

Mena11a isoform mRNA fold change with TMEM count for 40

human invasive ductal carcinomas (MenaINV: r = 0.78, P = 10-6;

Mena11a: r = -0.23, P = 0.14). Note the log scale of Y-axis
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for all recorded tumor characteristics stated above was

calculated (Table 1). We found statistically significant

difference in TMEM score between the tumors of low and

high grade (P = 0.004). However, no statistically signifi-

cant difference in Mena isoform mRNA fold change

among the tumors of different grades was found. Likewise,

there was no statistically significant difference in TMEM

score and Mena isoform mRNA fold change among tumors

of different size, lymph node status, ER, PR and HER2/

Neu expression, suggesting that both TMEM score and

Mena isoform mRNA expression reflect mechanisms of

tumor invasion/progression independent of most currently

used clinical and pathological parameters.

These data indicate that the expression of MenaINV

mRNA correlates with TMEM score, and are consistent

with the PyMT mouse tumor results showing that expres-

sion of MenaINV, but not Mena11a, correlates with

metastasis (Fig. 4b). They are also consistent with the

results of our recent xenograft experiments documenting

that MenaINV is the isoform associated with increased

intravasation, dissemination and higher rates of lung

metastasis [21].

Discussion

Animal models indicate that carcinoma cells located in

invasion-inducing microenvironments undergo transient

and sometimes stable epigenetic changes similar to those

that drive morphogenetic cell movements in the developing

embryonic organ [2, 7–41]. One of the changes is the

increased expression of the actin regulatory protein

MenaINV and decreased expression of Mena11a [8]. Here

we have found that changes in isoform expression from

Mena11a to MenaINV correlate with the loss of epithelial

cell–cell contacts and the emergence of a discohesive cell

population in the primary tumor. Additionally, previous

studies have reported an increase in cell motility in vivo

Fig. 6 TMEM score does not correlate with the expression of pan-

Mena mRNA in FNA samples. Lack of correlation of pan-Mena

mRNA fold change with TMEM count for 40 human invasive ductal

carcinomas (r = -0.15, P = 0.37)

Table 1 Summary of Mena and TMEM values for tumors with different clinico-pathological variables

Tumor characteristics MenaINV Mena11a TMEM

Median (5th, 95th percentile) Median (5th, 95th percentile) Median (5th, 95th percentile)

BR 3, 4 and 5 (N = 6) 0.83 (0.39, 2.47) 0.06 (0.02, 0.20) 8.5 (0.5, 26)

BR 6 and 7 (N = 14) 2.38 (0.50, 8.11) 0.13 (0.01, 0.64) 39 (1.7, 118)

BR 8 and 9 (N = 20) 2.91 (0.62, 5.65) 0.05 (0.01, 0.62) 45 (11.1, 175.7)

\2 cm (N = 21) 1.93 (0.4, 6.0) 0.07 (0.01, 0.59) 27 (2, 146)

[2 to \5 cm (N = 15) 2.49 (0.52, 6.49) 0.08 (0.01, 0.68) 28 (1.7, 76.4)

[5 cm (N = 4) 4.19 (0.43, 12.81) 0.02 (0.01, 0.02) 45.5 (8.55, 177.65)

LN ? (N = 15) 2.71 (0.08, 11.68) 0.05 (0.01, 0.68) 40 (2.7, 116)

LN - (N = 25) 2.01 (0.46, 5.74) 0.06 (0.01, 0.58) 23 (1.2, 141.2)

ER ? (N = 30) 2.75 (0.39, 9.01) 0.07 (0.01, 0.74) 38 (1.45, 160.85)

ER - (N = 10) 1.77 (0.3, 3.83) 0.06 (0.01, 0.58) 25 (5.3, 52.65)

PR ? (N = 24) 2.75 (0.39, 10.1) 0.07 (0.01, 0.56) 32.5 (1.2, 140)

PR - (N = 16) 1.77 (0.5, 4.92) 0.06 (0.01, 0.66) 30 (2.75, 134.75)

HER2/Neu ? (N = 9) 2.57 (0.96, 4.63) 0.09 (0.02, 0.57) 23 (9.2, 67.2)

HER2/Neu - (N = 31) 1.85 (0.25, 8.83) 0.05 (0.01, 0.73) 28 (1.5, 159.5)

Triple negative (N = 7) 1.68 (0.21, 4.12) 0.02 (0.01, 0.58) 33 (6.3, 53.1)

Median, 5th and 95th percentile of MenaINV, Mena11a mRNA fold change, and TMEM counts for well (BR 3–5), moderately (BR 6 and 7)

poorly (BR 8 and 9) differentiated invasive ductal carcinomas, tumors\2 cm,[2 to\5 cm,[5 cm, tumors with positive (?) and negative (-)

estrogen (ER), progesterone (PR) and HER2/Neu receptor expression. Median is defined as a value that has exactly 50% of the data above and

50% below it. Likewise, 5th and 95th percentiles represent values that have 5 and 95% of the data below it respectively
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and lung metastases in orthotopic mammary tumors

derived from MenaINV expressing tumor cells [17]. Thus,

the discohesive primary tumor morphology and discontin-

uous cell–cell adhesion contacts observed in MenaINV

tumors supports the enhanced migratory phenotype previ-

ously reported [17].

We demonstrate that expression of Mena11a promotes

the maintenance of epithelial cell–cell contacts and a

cohesive cell population within a mammary tumor. This is

consistent with recent findings showing that expression of

Mena11a delays but does not prevent metastatic progres-

sion in MTLn3 xenograft mammary tumors [21]. These

results suggest that the expression of Mena11a in tumor

cells will support their retention in cohesive regions of

tissue with relatively stable cell–cell junctions (Fig. 7).

Thus, the FNA smears from the tumors with the high

proportion of Mena11a expressing cells show mostly

cohesive clusters likely reflecting a less malignant clinical

outcome.

Previous studies have shown that MenaINV expressing

carcinoma cells have increased movement in vivo [17]

(Fig. 7, Box i). Sensitivity of tumor cells to a particular

chemoattractant will determine the direction and speed of

their movement within the tissue [22]. Previous studies also

show that MenaINV expressing cells are hypersensitive to

EGF during in vivo invasion [17]. This sensitivity could

therefore promote migration toward, and association with

EGF producing peri-vascular macrophages, resulting in

intravasation (Fig. 7, Box iii). This hypothesis is supported

by previous observations of carcinoma cell migration

toward blood vessels and intravasation in mouse mammary

tumors [39]. We propose that a high proportion of single

cells in FNA smears, and their expression of MenaINV, is

likely to reflect the presence of a migratory, and intrava-

sation competent cell population, and therefore an adverse

clinical outcome.

Our results show that the presence of MenaINV express-

ing carcinoma cells in FNA samples is correlated with the

presence of the anatomical structure called TMEM [9, 17].

As previously mentioned, TMEM is defined as the direct

contact of a perivascular macrophage, an endothelial cell

and Mena expressing tumor cell (Fig. 7, Box ii). In recent

findings we show that MenaINV expressing carcinoma cells

have dramatically increased intravasation [21]. Thus, it is

possible that the expression of MenaINV can provide an

advantage to tumor cells in their ability to find macrophages

when located in microenvironments with low concentra-

tions of EGF due to the increased sensitivity of MenaINV

tumor cells to EGF [17]. These findings indicate that

increased MenaINV expression may affect metastatic

potential of a particular breast tumor by contributing to

macrophage-dependent cell motility throughout the primary

tumor (Fig. 7, Box i), and intravasation at TMEM sites

(Fig. 7, Boxes ii, iii). Indeed, our findings in PyMT mice

indicate that MenaINV promotes metastatic progression.

We show here that human invasive ductal carcinomas

with high MenaINV expression in FNA samples correlate

with a high TMEM score. However, expression of

Mena11a does not correlate with TMEM score and this is

consistent with the recent findings that Mena11a expressing

tumor cells have no effect on intravasation or metastasis

relative to GFP control cells [21]. The observations in

human tumors also suggest that expression of the Mena11a

isoform does not affect the late stages of metastasis. These

results support the involvement of the MenaINV isoform in

assembly of TMEM, and intravasation in human breast

carcinomas.

We recently reported a case–control study demonstrating

that TMEM density is associated with increased risk of

metastasis of invasive ductal carcinomas of the breast [9].

That study demonstrated that TMEM count correlates with

tumor grade supporting the fact that low grade tumors rarely

metastasize. We also found a significant difference in

TMEM score between low and high tumor grades in our

cohort (P = 0.004). In both the previous and current studies,

we did not observe any association between TMEM count

and ER, PR, HER2/Neu expression or lymph node metas-

tasis. Since about 10–15% of patients develop metastatic

disease within 3 years of diagnosis [4, 5] we would expect

about five cases from our cohort of 40 to be metastatic within

the same time frame. Indeed, only five cases from our cohort

(15%) have TMEM values around or above the 90th per-

centile (107.6) (Table S1 in Supplementary material;

Fig. 7 Tumor cell behavior in mammary tumors as related to Mena

isoform expression. During tumor progression the spontaneous

microenvironment-dependent decrease in Mena11a and increase in

MenaINV expression results in cell discohesion, migration towards

blood vessels (Box i), formation of TMEM (circles in left box, and

Box ii), transendothelial migration and intravasation (Box iii). Box ii
is the IHC image of a TMEM as counted and schematized in Box iii.
The black box (within the histology field) in the low magnification

IHC image at the left represents the regions schematized in Boxes i
and iii
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Fig. 5c). Three of those cases also have MenaINV around or

above the 90th percentile (5.64).

In summary, our results indicate that carcinoma cells

with an elevated MenaINV expression are discohesive

(Fig. 5, Box i), while those with elevated Mena11a

expression are more cohesive. Our results also suggest that

MenaINV expressing cells assemble TMEM, and intrava-

sate at TMEM sites (Fig. 5, Box ii and iii). It will be

important to determine how epigenetic changes may affect

isoform expression and if these changes act through control

of alternative splicing. Studies are underway to investigate

the role of alternative splicing mechanisms in control of

Mena isoform expression (FG, unpublished). Future studies

will investigate molecular and biochemical mechanisms of

action of the MenaINV and Mena11a isoforms, as well as

their utility as predictors of breast cancer outcome and as

targets for therapy.
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