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Summary

We have shown previously that distinct Mena isoforms are expressed in invasive and migratory tumor cells in vivo and that the
invasion isoform (Mena™V) potentiates carcinoma cell metastasis in murine models of breast cancer. However, the specific step of
metastatic progression affected by this isoform and the effects on metastasis of the Menal l1a isoform, expressed in primary tumor cells,
are largely unknown. Here, we provide evidence that elevated Mena™V increases coordinated streaming motility, and enhances
transendothelial migration and intravasation of tumor cells. We demonstrate that promotion of these early stages of metastasis by
Mena™V is dependent on a macrophage—tumor cell paracrine loop. Our studies also show that increased Menalla expression correlates
with decreased expression of colony-stimulating factor 1 and a dramatically decreased ability to participate in paracrine-mediated

invasion and intravasation. Our results illustrate the importance of paracrine-mediated cell streaming and intravasation on tumor cell
INV

dissemination, and demonstrate that the relative abundance of Mena

progression in breast cancer cells.

and Menalla helps to regulate these key stages of metastatic
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Introduction

Cell motility is essential for many aspects of metastasis; however,
few molecular markers exist that can predict the migratory potential
of a tumor cell in vivo. Intravital multiphoton imaging in animal
models can be used to characterize carcinoma and stromal cell
behavior within intact primary tumors in detail (Condeelis and
Segall, 2003; Wang et al., 2007; Egeblad et al., 2008; Kedrin et al.,
2008; Andresen et al., 2009; Perentes et al., 2009). Such imaging
approaches yield direct information at single-cell resolution and
permit quantification of cell motility, interactions between tumor
and stromal cells, and direct observation of invasion, intravasation
and extravasation. In mammary tumors, this technology was used
to describe the microenvironments in which tumor cells invade,
migrate and intravasate, and revealed essential roles for
macrophages in these events (reviewed in Condeelis and Segall,
2003; Condeelis and Pollard, 2006; Yamaguchi et al., 2006; Kedrin
et al., 2007). In particular, chemotaxis of tumor cells toward
macrophages is essential for invasion in mouse primary mammary
tumors (Wyckoff et al., 2004; Goswami et al., 2005), whereas
chemotaxis of tumor cells toward peri-vascular macrophages is
essential for intravasation (Wyckoff et al., 2007).

Expression profiling of invasive tumor cells captured from the
primary tumor was used to obtain molecular information regarding
the pathways mediating carcinoma cell invasion and intravasation
(Wyckoff et al., 2000a; Wang et al., 2004; Wang et al., 2007). The

‘invasion signature’ obtained from this profile revealed sets of
coordinated expression changes associated with increased invasive
potential (Goswami et al., 2004; Wang et al., 2004; Wang et al.,
2006; Wang et al., 2007; Goswami et al., 2009). Mena, a regulator
of actin polymerization and cell migration, is upregulated in
invasive tumor cells obtained from rat, mouse and human tumors
(Di Modugno et al., 2006; Goswami et al., 2009; Robinson et al.,
2009). Conservation of Mena upregulation in invasive tumor cells
across species suggests that it plays a crucial role in metastatic
progression.

In patients, Mena expression correlates with metastatic risk:
relatively high Mena expression has been observed in patient
samples from high-risk primary and metastatic breast tumors (Di
Modugno et al., 2006), as well as cervical, colorectal and pancreatic
cancers compared with low-risk cases (Gurzu et al., 2008; Pino et
al., 2008; Gurzu et al., 2009). Mena is also a component of a
marker for metastatic risk called TMEM (tumor micro-environment
for metastasis) (Robinson et al., 2009). TMEMs are identified by
co-localization of Mena-positive tumor cells, macrophages and
endothelial cells, and the TMEM score predicts risk independently
of clinical subtype of cancer (Robinson et al., 2009). Therefore, the
contribution of Mena to metastasis is independent of clinical
subtype.

These findings emphasize the importance of determining the
mechanism by which Mena and its isoforms differentially affect
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metastatic progression. Mena is a member of the Ena/VASP family
of proteins and binds actin to regulate the geometry and assembly
of filament networks through: (1) an anti-capping protein activity
(Bear et al., 2002; Barzik et al., 2005; Hansen and Mullins, 2010)
that involves binding to profilin and both G- and F-actin; (2) Mena
tetramerization, and (3) reduction in the density of actin-related
proteins 2 and 3 (Arp2/3)-mediated branching (Gertler et al., 1996;
Barzik et al., 2005; Ferron et al., 2007; Pasic et al., 2008; Bear and
Gertler, 2009; Hansen and Mullins, 2010). Alternative splicing for
the Mena gene has been reported: a 19 amino acid residue insertion
just after the EVH1 domain generates the Mena invasion isoform
(Mena™V, formerly Mena*™™") (Gertler et al., 1996; Philippar et al.,
2008), whereas a 21 residue insertion in the EVH2 domain
generates the Menalla isoform (Di Modugno et al., 2007). A
comparison of the invasive and migratory tumor cells collected in
vivo, with primary tumor cells isolated from mouse, rat and human
cell-line-derived mammary tumors, revealed that Mena™
expression is upregulated and Menal 1a is downregulated selectively
in the invasive and migrating carcinoma cell population (Goswami
et al., 2009). The differential regulation of Mena isoforms across
species suggests that these two isoforms have important roles in
invasion and metastasis.

In previous studies, we showed that expression of Mena™ " in a
xenograft mouse mammary tumor promotes increased formation of
spontaneous lung metastases from orthotopic tumors and alters the
sensitivity of tumor cells to epidermal growth factor (EGF) (Philippar
et al., 2008). We undertook the current study to identify the step(s)
in the metastatic cascade that are affected by Mena™" expression
and investigate the effect of expression of the second regulated
isoform, Menalla, on metastatic progression. In particular, we
dissected each step of metastatic progression to determine which
steps are affected by expression of Mena™" that ultimately leads to
enhancement of metastatic dissemination, and whether these same
steps are also affected by Menalla expression in tumor cells.

We chose MTLn3 cells for our studies because they are well
characterized with respect to tumor cell invasion, migration and
metastasis (Levea et al., 2000; Sahai, 2005; Le Devedec et al.,
2009; Le Devedec et al., 2010), tumor—stromal cell interactions
(Sahai, 2005), TGFp signaling in metastatic progression (Giampieri
et al., 2009), and the role of Mena in breast cancer metastasis
(Philippar et al., 2008; Goswami et al., 2009). MTLn3 cells are
derived from the clonal selection of metastatic lung lesions from
rats with mammary tumors (Neri et al., 1982). These rat mammary
tumors have been characterized as estrogen-independent and they
metastasize to the lymph nodes and lungs (Neri et al., 1982).
Evaluation of vimentin and cytokeratins in MTLn3 mammary
tumors, associated lymph nodes and lung metastases revealed that
MTLn3 tumor cells are comparable to a basal-like subtype of
breast cancer (Lichtner et al., 1989).

INV

Results

Mena'NV promotes coordinated cell migration in vivo in the
form of streams of single cells

Previously, we found that expression of Mena and Mena™
increases in vivo cell motility, which we hypothesized contributes
to the increased lung metastasis observed with these cells (Philippar
et al., 2008). Different types of motility are thought to play diverse
roles during tumor cell invasion (Wolf et al., 2003; Gaggioli et al.,
2007; Ilina and Friedl, 2009; Friedl and Wolf, 2010), therefore we
hypothesized that Mena™" expression promotes a type of motility
that supports enhanced tumor cell invasion. To address this

\Y%

hypothesis, we used multiphoton-based intravital imaging (IVI]) to
examine the types of motility displayed by tumor cells expressing
the different Mena isoforms. In all tumors, we generally observed
two patterns of movement: coordinated cell movement whereby
the cells align and move in an ordered single file line (streaming)
(Fig. 1A, top panel; supplementary material Movie 1), and random
cellular movement whereby carcinoma cells move independently
of other carcinoma cells in an uncoordinated manner (Fig. 1A,
bottom panel; supplementary material Movie 2). Both Mena™"-
expressing and Menalla-expressing tumor cells exhibited streaming
and random movement in vivo. However, streaming movement
was significantly more common in Mena™V-expressing tumor cells
in vivo (Fig. 1B). Quantification of cells moving within the primary
tumor showed that Mena™" expression significantly increased
both random and streaming tumor cell movement compared with
that seen with GFP-expressing control cells and Menalla-
expressing primary mammary tumors. Both movement types were
only slightly increased in Menalla-expressing tumor cells (Fig.
1B). To characterize streaming motility further, time-lapse images
were analyzed for cell crawling (supplementary material Fig. S1A),
and we used photoconversion from green to red to measure the
stability of the streams over a 24-hour period (Kedrin et al., 2008).
Carcinoma cell streams were observed over 24 hours after
photoconversion, suggesting that streaming is a long-lived behavior
(Fig. 1C) involving crawling cells (supplementary material Fig.
S1A). Results from co-injection of MTLn3 cells expressing GFP—
Menalla—GFP or Cerulean-Mena™Y showed that the tissue
architecture specific to each Mena isoform type is preserved as
compared with injection of either Menalla- or Mena™V-expressing
cells alone (data not shown).

Streaming cell movement is more productive than random
cell movement

We studied the underlying motility parameters contributing to
streaming and random movement by determining cell speed, net
path length, directionality and turning frequency in vivo. In vivo,
streaming cells moved significantly faster than randomly moving
cells, regardless of Mena isoform expression (supplementary
material Fig. SI1B), with average speeds of greater than 1.9
um/minute. All cell types participating in random movement
exhibited a narrow distribution of velocities (supplementary
material Fig. S1Ci), whereas cells that participated in streaming
movement had a broad distribution of velocities (supplementary
material Fig. S1Cii). This suggests that random cell movement is
autonomous, whereas streaming cells exhibit velocities dependent
on multiple cell—cell signaling interactions.

The directionality, net path length and turning frequency of a
cell are measures of cell locomotion efficiency. In general, the net
path length (supplementary material Fig. S1D) and directionality
(supplementary material Fig. S1E) of streaming carcinoma cells in
vivo were increased, whereas turning frequency was decreased
(supplementary material Fig. S1F) compared with randomly moving
cells. These results indicate that streaming cell movement is more
efficient because cells that stream move faster, farther and turn less
frequently. The increased streaming observed in vivo for cells
expressing Mena™V (supplementary material Fig. S1B) means that
Mena™V-expressing cells move more efficiently in vivo. In steady-
state conditions in vitro, cells only move randomly and the Mena
isoform-expressing cells did not differ significantly from each
other in speed and directionality. This suggests that additional
factors are required for streaming that are not present in vitro
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(supplementary material Fig. S2A,B). We investigated these
additional in vivo factors and outline the results below.

In vivo invasion is enhanced by the expression of Mena'NV
and suppressed by the expression of Menai1a

To determine whether the enhanced streaming exhibited by
Mena™V-expressing carcinoma cells correlates with chemotaxis-
dependent invasion, we used the in vivo invasion assay to evaluate
the ability of carcinoma cells to invade towards EGF in vivo
(Wyckoff et al., 2000a). We showed previously that MTLn3 cells
exhibit a characteristic biphasic response to EGF whereby maximal
chemotactic invasion is achieved in response to 25 nM EGF (Segall
et al., 1996; Wyckoff et al., 2000a). Expression of Mena™" shifts
this biphasic response, and maximal invasion is achieved in
response to 1 nM EGF (Fig. 2A) (Philippar et al., 2008). This result
demonstrates that sensitivity to EGF chemotaxis is increased in
vivo and is consistent with the increased sensitivity of Mena™"-
expressing cells to EGF in vitro (supplementary material Fig.
S3A,B) (Philippar et al., 2008). In vitro, Mena™"-expressing cells
exhibit protrusive activity in response to EGF concentrations as
low as 0.1 nM, whereas cells expressing GFP and Menalla did
not respond to stimulation with either 0.1 or 0.5 nM EGF

Fig. 1. Mena™Y promotes coordinated carcinoma cell streaming within
the primary tumor significantly more than other Mena isoforms.

(A) Multiphoton microscopy images (20X) of Mena™"- and Menal la-
expressing mammary tumors in mice. Upper panels illustrate MTLn3—
Cerulean-EGFP-Mena™V cells at different intervals in time, moving in a
stream; cells outlined in white follow the same path (direction indicated
with white arrows in far left panel) as they move through the tumor. Lower
panels illustrate MTLn3—Cerulean-EGFP—Menal la cells at different
intervals of time, moving randomly; cells outlined in white are moving in
different directions from each other (directions indicated with white arrows
in far left and middle panels). Scale bars: 25 um. Green, Cerulean MTLn3
cells expressing either EGFP-Mena™" or EGFP-Menalla. Purple,
collagen I second harmonic. Vector diagrams to the right illustrate
movement patterns of streaming (top vector diagram) versus randomly
moving (bottom vector diagram) cells in the panels to the left. Vector
diagrams are representative of all cell types participating in either
streaming or random movement. (B) Average number of tumors cells
moving randomly (white bars) or streaming (gray bars) per field quantified
from IVI of primary mammary tumors derived from mammary gland
injection of cell types indicated; 30-50 fields analyzed per condition. P
values are indicated above bars. Error bars indicate s.e.m. (C) Multiphoton
microscopy of Mena'NV-expressing MTLn3 tumor cells coexpressing
Dendra2 moving coordinately in a cell stream. Images taken at 20X at
time 0 (image taken immediately following Dendra2 photoconversion) and
24 hours following Dendra2 photoconversion from green to red. Red area
results from the same red photoconverted tumor cells in both images.
White arrow, Denra2 photoconverted carcinoma cells in a stream. Green,
Dendra2 in MTLn3-Mena™V cells. Scale bars: 50 um.

(supplementary material Fig. S3A,B). Importantly, Mena™V
expression not only sensitizes tumor cells to EGF, but also
significantly increases the number of invasive cells collected with
the peak concentration of EGF, which indicates more efficient cell
migration (Fig. 2A). Menalla-expressing tumors did not invade
significantly above background levels in response to a broad range
of EGF concentration (Fig. 2A). Thus, Menalla and Mena™"
have opposite effects on chemotaxis-dependent invasion in vivo.

Expression of Mena isoforms alters paracrine loop

signaling with macrophages during in vivo invasion

Using the in vivo invasion assay, tumor cells have been observed
to chemotax into needles containing either EGF or colony-
stimulating factor 1 (CSF1) (Wyckoff et al., 2004; Patsialou et al.,
2009). This can only occur if a paracrine signaling relay is
established with macrophages because, in the absence of
macrophages, the chemotatic signal cannot be transmitted over
long distances and few cells are collected (Wyckoff et al., 2004).
Therefore, we looked at whether the tumor cell-macrophage
paracrine loop is involved in the enhanced in vivo invasion of
Mena™V-expressing cells and the suppression of invasion in
Menal la-expressing cells. Both macrophages and tumor cells enter
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collection needles during in vivo invasion (Wyckoff et al., 2004),
and typing of cells collected following in vivo invasion confirmed
the presence of both tumor cells and macrophages in collections
from tumors expressing GFP, Mena™" and Menalla (data not
shown).

To assess the extent of paracrine signaling between
macrophages and Mena™V-expressing carcinoma cells during in
vivo invasion, we performed the in vivo invasion assay in the
presence of either 6.25 nM Erlotinib (Tarceva), an EGF receptor
(EGFR) tyrosine kinase inhibitor, or a mouse CSF1 receptor-
blocking antibody (a-CSF1R) (Wyckoff et al., 2004). In vivo
invasion of both Mena™V- and GFP-expressing cells was reduced
to background levels in assays with Erlotinib as compared with

invasion toward needles containing EGF+DMSO or EGF alone
(Fig. 2B), demonstrating the requirement for EGFR-mediated
stimulation for invasion. Similarly, invasion of both Mena™V-
and GFP-expressing cells decreased significantly with needles
containing o-CSF1R as compared with invasion toward needles
containing EGF+DMSO or EGF+IgG antibodies (control IgG)
(Fig. 2C), thus suggesting the necessity of EGF production and
signal propagation by macrophages. These results are consistent
with the requirement for co-migrating macrophages in tumor cell
migration, as shown in Fig. 3D and discussed below. Together,
these results demonstrate the requirement for paracrine signaling
between Mena™V-expressing tumor cells and macrophages in
vivo.
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Both CSF1 secretion and EGF binding to the EGFR by
carcinoma cells are essential components of the carcinoma cell-
macrophage paracrine loop (Wyckoff et al., 2004; Patsialou et al.,
2009). We used real time PCR to examine the relative mRNA
expression of CSF1 and EGFR in the Mena isoform-expressing
cells lines in culture to determine whether changes in the expression
of these signaling molecules could contribute to the observed
differences in EGF-dependent in vivo invasion (Wyckoff et al.,
2004). Menalla-expressing cells showed a fourfold decrease in
CSF1 expression as compared with GFP-expressing cells, whereas
CSF1 expression in Mena- and Mena™V-expressing cells was
unchanged (Fig. 2D). We previously reported no difference in
EGFR expression in cells expressing either Mena or Mena™" as
compared with MTLn3 cells (Philippar et al., 2008). Cells
expressing Menalla also showed no statistical difference in
expression of EGFR compared with GFP- and Mena™V-expressing
cells (supplementary material Fig. S4), indicating that altered
receptor levels do not contribute to the altered EGF-dependent
phenotypes observed in the different cell types. Thus, the inability
of Menalla-expressing cells to participate in macrophage-
dependent invasion might arise in part due decreased CSFI1
expression along with a reduction in direct response EGF (Fig.
2D).

To determine whether suppression of chemotaxis-dependent
invasion of Menalla-expressing tumor cells resulted from
differences in the ability of these tumor cells to co-migrate with
macrophages, we used a 3D invasion assay that measures
macrophage-dependent co-migration of carcinoma cells with
macrophages in collagen (Goswami et al., 2005). Although addition
of macrophages to GFP-expressing tumor cells significantly
increased 3D invasion, addition of macrophages to Menalla-
expressing cells did not significantly increase invasion (Fig. 2E).
This is consistent with the reduced response to EGF and the
reduced CSF1 expression levels in Menalla-expressing cells that
fall below the threshold needed to stimulate the pro-invasive
macrophage behavior (Fig. 2D).

Mena™V-expressing carcinoma cell streaming requires the
presence of macrophages and paracrine signaling

Because the enhanced invasion of Mena™V-expressing carcinoma
cells depends on paracrine loop signaling with macrophages, and
the paracrine loop has been shown to be required for tumor cell
migration in mammary tumors (Wyckoff et al., 2004), we
hypothesized that the paracrine loop also drives carcinoma cell
streaming in vivo. Using IVI, we observed that multiple carcinoma
cells moved in streams among host cell shadows previously
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identified as immune cells and macrophages (Wyckoff et al., 2000b;
Wyckoff et al., 2007) (Fig. 3A; supplementary material Movie 3).
Intravenous injection of Texas Red dextran during IVI indeed
confirmed the identity of the host cell shadows in tumor cell
streams as macrophages, because macrophages uniquely take up
dextran delivered intravenously into mammary tumors over the
time interval of these experiments (Wyckoff et al., 2007) (Fig. 3B;
supplementary material Movie 4). Additionally,
immunohistochemistry of fixed primary tumors identified
macrophages intercalated between carcinoma cells in cell streams
(Fig. 3C).

To determine whether streaming required macrophages, mice
were treated with clodronate liposomes 48 hours prior to IVI to
decrease levels of functional macrophages (Hernandez et al., 2009).
A 70% decrease in the number of Texas Red dextran-labeled
macrophages was observed in animals treated with clodronate
liposomes compared with those treated with PBS liposomes
(supplementary material Fig. S5). IVI of primary tumors
demonstrated that there were 90% fewer streaming cells in mice
treated with clodronate liposomes as compared with controls,
confirming the involvement of the macrophage—tumor cell paracrine
loop in streaming (Fig. 3D). To confirm the involvement of the
paracrine loop in streaming, mice were treated with Erlotinib 2
hours prior to IVI to block the EGFR on tumor cells (Zerbe et al.,
2008) or with a CSFIR antibody 4 hours prior to IVI to block the
CSFIR on macrophages (Wyckoff et al., 2007). IVI of primary
tumors demonstrated that there were 65% fewer streaming cells in
mice treated with Erlotinib and 80% fewer streaming cells in mice
treated with a-CSFIR as compared with tumors (Fig. 3D).
Expression of Mena™V in tumor cells leads to increased
transendothelial migration and intravasation
Given that our data shows increased streaming (Fig. 1B) and
invasion (Fig. 2A) in Mena™V-expressing cells we hypothesized
that expression of Mena™¥ might also enhance intravasation to
increase metastasis. Following intravenous injection of Texas Red
dextran, TVI of Mena™V-expressing tumors showed that tumor cell
streaming was indeed directed toward blood vessels (Fig. 4A;
supplementary material Movie 5). We then quantified the
intravasation efficiency of tumors expressing Mena™V and
Menalla using IVI of photoconverted carcinoma cells adjacent to
blood vessels to determine the percentage of tumor cells
intravasating over a 24-hour period (Fig. 4B) (Kedrin et al., 2008).
Quantification of the change in the photoconverted tumor area 24
hours after photoconversion showed that 95% of Menalla-
expressing cells remained in the converted area as compared with
75% of carcinoma cells expressing Mena™V (Fig. 4Bi,ii).
Additionally, we evaluated the tumor cell blood burden to measure
intravasation in vivo (Wyckoff et al., 2000b). Mice with Mena™V-
expressing tumors had a fourfold increase in the number of
carcinoma cells in circulation compared with mice with GFP- or
Menalla-expressing tumors (Fig. 4C). Menalla-expressing
xenograft mice had similar numbers of circulating carcinoma cells
as compared with GFP-expressing xenograft mice (Fig. 4C).

Given that previous studies showed that interaction between
tumor cells and perivascular macrophages is required for
intravasation (Wyckoff et al., 2007), and that our studies show that
enhanced Mena™V cell streaming and invasion are paracrine-
dependent, we hypothesized that enhanced intravasation in
Mena™V-expressing cells might also be paracrine-dependent. To
examine the minimum requirements for macrophage-assisted

intravasation we used a subluminal-to-luminal transendothelial
migration (TEM) assay in which we could vary the presence of
macrophages to determine their need for carcinoma cell
intravasation (Fig. 4D). Interestingly, less than 0.5% of carcinoma
cells traversed the endothelium in the absence of macrophages,
regardless of Mena isoform expression (Fig. 4E). Addition of
macrophages did not enhance TEM for cells expressing GFP or
Menalla (Fig. 4E). Remarkably, in the presence of macrophages,
54% of Mena™V-expressing cells traversed the endothelium, a
200-fold increase in TEM as compared with all other cell types
(Fig. 4E).

To test the paracrine dependence of intravasation in vivo, we
assessed the number of circulating tumor cells following functional
impairment of macrophages achieved by treatment of mice with
clodronate liposomes or CSF1R-blocking antibody, or impairment
of tumor cells by treatment with Erlotinib. Tumors formed from
injection of Mena™V-expressing cells showed a significant decrease
in circulating tumor cells following treatment with clodronate
liposomes, CSFIR blocking antibody and Erlotinib as compared
with those treated with respective controls (Fig. 4F).

Expression of Mena'V, but not Mena11a, increases
intravasation, dissemination and lung metastasis

To determine the mechanistic consequence of enhanced
transendothelial migration and intravasation by Mena™" expression
or the suppression of invasion by Menalla expression, we
investigated the ability of these cells to extravasate, disseminate
and metastasize to the lung. An experimental metastasis assay was
used as a measure of extravasation (Xue et al., 2006). Micro-
metastases in the lungs were counted after intravenous injection of
GFP-, Menalla- or Mena™V-expressing cells. The metastatic
burden was similar for all cell lines (Fig. SA).

Previous studies have shown that MTLn3 tumor cells forced to
express Mena™" show a significant increase in the number of
metastases formed (Philippar et al., 2008). Thus, we asked whether
dissemination of single tumor cells to the lung, a step preceding
growth of macrometastases, was affected in xenograft mice derived
from injection of cells expressing Mena™" or Menalla. Mice with
Mena™V xenografts had significantly increased carcinoma cell
dissemination to the lungs compared with animals bearing either
Menalla- or GFP-expressing tumors (Fig. 5B). Mice with Menal la
xenografts had half as many cells in the lungs as mice bearing
GFP-expressing tumors (Fig. 5B).

Given that Mena™V expression increases tumor cell
dissemination and that Menalla expression decreases tumor cell
dissemination, we hypothesized that Mena isoform expression
would similarly affect the final step in metastatic progression: the
formation of spontaneous metastasis. Spontaneous metastases to
the lungs were scored in mice with mammary tumors at either 3 or
4 weeks after mammary gland injection of GFP-, Menalla- and
Mena™V-expressing cells. Expression of Mena™" increased the
incidence of metastasis compared with expression of GFP and
Menalla, whereas expression of Menalla decreased metastases
after 3 weeks of tumor growth (Fig. 5C). However, after 4 weeks
of tumor growth, all primary tumors resulted in detectable
metastases regardless of the Mena isoform expressed (Fig. 5C). In
addition, Mena™V expression promoted metastatic spread to the
lungs with little (at 3 weeks) or no (at 4 weeks) effect on primary
tumor growth (supplementary material Fig. S6A,B) (Philippar et
al., 2008) or cell growth in vitro (supplementary material Fig.
S6C). Hence, differences in tumor metastasis occurring in tumors
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with different Mena isoform expression are not an indirect
consequence of tumor growth. These data indicate that the increased
incidence of spontaneous metastasis observed in Mena™V-
expressing tumors is due to metastatic events occurring prior to
extravasation.

Discussion

Increased Mena expression is correlated with metastasis in breast
cancer patients (Di Modugno et al., 2006). In particular, during
invasion and migration of tumor cells, expression of Mena™¥
increases whereas that of Menalla decreases (Goswami et al.,
2009). In this study, we have identified invasion, migration and
intravasation as crucial steps of metastasis that are affected by
expression of Mena™V- and Menalla-expressing tumor cells. A
key characteristic of Mena™"-expressing cells is their contribution
to cell streaming and enhanced intravasation as a result of the
dramatic increase in transendothelial migration. Another important
finding is the effect of Mena™" expression on tumor cell sensitivity

Control
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Fig. 4. Mena™V cells promote macrophage-
dependent transendothelial migration.

(A) Multiphoton microscopy of MTLn3—-EGFP—
Mena'™V cells moving towards a blood vessel within the
primary mammary tumor of a mouse over 30 minutes.
Scale bars: 25 um. Green, MTLn3-EGFP-Mena™V.
Red, Texas Red dextran-labeled blood vessels. White
arrow indicates direction of cell movement. Asterisk
indicates location of blood vessel. See supplementary
material Movie 5. (Bi) Quantification of percentage of
Denra2 photoconverted tumor cells remaining in the
converted area located near a vessel at 0 and 24 hours.
(Bii) Multiphoton microscopy of a primary tumor.
Images taken at 20x over 30 minutes. Red area,
Dendra2 photoconverted Mena™Y tumor cells at 0 and
24 hours. Green, Dendra2-Mena™V tumor cells. White
outline, blood vessel. White bracket indicates area
evaluated at each time point. Scale bars: 50 um.

(C) Average number of single cells from 1 ml of blood
from mice with GFP, Mena™V and Menalla mammary
xenografts; n=10 animals per condition. (D) Cartoon
depicting TEM assay. Pink cells, endothelial cells. Solid
gray line, Matrigel. Dotted gray line, transwell
membrane. Red cells, macrophages (BAC1.2 cells).
Green cells, carcinoma cells. (E) Quantification of TEM
of each cell type in the absence or presence of
macrophages (M®); n=3 experiments each done in
duplicate. (F) Average number of circulating carcinoma
cells in tumors derived from injection of MTLn3—
EGFP-Mena™V cells following the indicated treatment;
n=10 experiments per condition. P values indicated
above bars. Error bars indicate s.e.m.

005

to macrophage-supplied EGF and the subsequent enhancement of
paracrine-mediated invasion. Our findings ultimately suggest that
the EGF-dependent enhancement of invasion and intravasation in
Mena™V-expressing tumor cells contributes to increased tumor
cell dissemination and spontaneous metastasis to the lungs.

Conversely, we found that Menalla-expressing cells do not
show dramatically increased streaming and fail to co-invade with
macrophages, which indicates a reduced paracrine signaling
interaction. The decrease in CSF1 expression in Menalla-
expressing cells contributes to impaired paracrine signaling and
leads to the observed deficits that depend on this paracrine signaling
loop in vivo, including streaming, invasion, transendothelial
migration, tumor cell dissemination and spontaneous metastasis to
the lungs.

During invasion, tumor cells are known to decrease their
expression of Menalla and begin producing the Mena™ isoform
(Goswami et al., 2009). We have shown that Menalla expression
is correlated with decreased EGF-induced in vivo invasion. We
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Fig. 5. Mena™V enhances dissemination of tumor cells and spontaneous
metastasis to the lungs. (A) Experimental lung metastasis quantified after
intravenous injection of GFP-, Menalla- or Mena™V-expressing cells showing
no statistically significant difference; n=10 animals per cell type. (B) Average
number of single tumor cells disseminated into the lungs of mice with GFP,
Menalla or Mena™¥ mammary xenografts; n=10 animals per condition.

(C) Number of animals with spontaneous lung metastases in mice with GFP,
Menalla and Mena™V mammary xenografts following primary tumor growth.
P values indicated above bars. Error bars indicate s.e.m.

have also shown that Mena™V-expressing migratory carcinoma
cells are highly sensitive to EGF in their protrusion and chemotaxis
activities, leading to significantly enhanced in vivo invasion. These
activities can result in Mena™V-expressing cell migration towards,
and association with, perivascular macrophages, resulting in
enhanced transendothelial migration and intravasation.

In addition to decreased EGF-induced in vivo invasion of
Menalla-expressing cells, we also found that these cells express
less CSFI mRNA. Data from patients suggests that CSF1 and its
receptor play crucial roles during progression of breast cancer
(Kacinski et al., 1991; Scholl et al., 1994) and that CSF1 and the
CSFIR are coexpressed in >50% of breast tumors (Kacinski, 1997).
Elevated circulating CSF1 was also suggested to be an indicator of
early metastatic relapse in patients with breast cancer, independent
of breast cancer subtype (Scholl et al., 1994; Tamimi et al., 2008;
Beck et al., 2009). This suggests that lower levels of CSF1 in
Menalla-expressing cells could lead to decreased metastatic
progression. The decreased invasion, intravasation and
dissemination of Menal la-expressing cells are consistent with the
decrease in expression of CSF1 and the reduced sensitivity to EGF,
which would make these cells less likely to participate in a paracrine
signaling loop with macrophages.

A major finding of our study is that the expression of Mena™"
enhances a form of coordinated cell migration not previously
described, where cell migration is spatially and temporally
coordinated between carcinoma cells that are not connected by
junctions. We call this newly described form of coordinated cell
migration ‘streaming’. Streaming differs from previously described
forms of coordinated cell migration, which require the stable
retention of cell—cell junctions (Sahai, 2005), because streaming
cells need not make contact and the velocities of migration are 10—
100 times more rapid. Previous studies have shown that in vivo
MTLn3 cells express CSF1 and EGFR, but do not produce CSF1R
or EGF, whereas macrophages express CSF1R and EGF but do not
produce CSF1 or EGFR (Goswami et al., 2005). Therefore
coordinated arms of the paracrine signaling pathways are active in
both cell types during invasion in vivo (Wyckoff et al., 2004). In
our study, we demonstrate that streaming requires paracrine
chemotaxis between carcinoma cells and macrophages. The ability
of Mena™V-expressing cells to protrude and chemotax to 25- to
50-fold lower concentrations of EGF than parental tumor cells, and
to suppress cell turning in streams, undoubtedly contributes to the
extraordinary coordination and maintenance of high velocity
migration as cell streams in vivo. We propose that the increased
sensitivity of Mena™V-expressing cells to EGF in the EGF-CSF1
paracrine loop is responsible for the increase in streaming motility.
This conclusion is supported by the inhibition of streaming
following blocking of the EGFR by Erlotinib, or of CSF1R by -
CSFIR (Fig. 3D).

Invasive tumor cells from PyMT mice exhibit increased Mena'™
expression and decreased expression of Menalla (Goswami et al.,
2009). Interestingly, recent studies using intravital imaging of
mammary tumors in Mena-deficient PyMT mice have shown
significantly decreased streaming motility of tumor cells, providing
further evidence that Mena contributes to enhanced motility
(Roussos et al., 2010). Finally, mammary tumors derived from the
human breast cancer cell line, MDA-MB-231, have tumor cells
that participate in macrophage—tumor cell paracrine-mediated
invasion (Patsialou et al., 2009), and these invasive tumor cells
have also been shown to differentially upregulate Mena™" and
downregulate Menalla (Goswami et al., 2009). Together, these
findings suggest that paracrine-mediated carcinoma cell streaming
is a generalized phenomenon that occurs in rat, mouse and human
models of breast cancer and is a consequence of the differential
regulation of the Mena isoforms.

In our study, the suppression of invasion and streaming by the
inhibition of paracrine signaling between macrophages and tumor
cells in vivo, and by decreasing macrophage function in vivo,
demonstrates the crucial role of macrophages during coordinated
migration of Mena™V-expressing cells (Wyckoff et al., 2007;
Hernandez et al., 2009). We also demonstrate that macrophages are
essential for transendothelial migration of Mena™-expressing
tumor cells. Our results are consistent with previous work showing
that paracrine signaling between tumor cells and macrophages, and
the presence of perivascular macrophages in the primary tumor,
are required for invasion and intravasation, respectively (Wyckoff
et al., 2004; Wyckoff et al., 2007). In particular, our results support
previous work suggesting that Mena™V- but not Menalla-
expressing tumor cells specifically contribute to intravasation of
breast cancer cells in humans by helping to assemble the
macrophage-dependent intravasation compartment called TMEM
(Robinson et al., 2009; Roussos et al., 2011).
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In vivo, we have shown that Mena™V-expressing cells invade
towards very low concentrations of EGF in macrophage-dependent
paracrine chemotaxis. In vitro, low concentrations of EGF such as
that found in serum, lead to macrophage-independent 3D invasion
of Mena™V-expressing cells (Philippar et al., 2008), whereas
completion of transendothelial migration requires EGF supplied
by macrophages (Wyckoff et al., 2004). The effects of Mena™"
expression on EGF-dependent processes lead to increased invasion,
intravasation, dissemination and metastasis to the lungs. These
data suggest that drugs directed specifically to the inhibition of
Mena™V-dependent increased EGF sensitivity will disrupt the
paracrine interactions with macrophages required for metastasis,
and result in the inhibition of metastasis in mammary tumors.

In this regard, it will be important to understand how the Mena
isoforms differ functionally. The INV exon is inserted just after the
EVHI1 domain, which is primarily responsible for the subcellular
localization of Ena/VASP proteins and interactions with several
signaling proteins such as Lamellipodin (Gertler et al., 1996;
Urbanelli et al., 2006; Pula and Krause, 2008). It is therefore
possible that the INV exon might influence the function of Mena™V
by regulating its EVH1-mediated interactions (Niebuhr et al., 1997;
Boeda et al., 2007). The 11a exon is inserted within the EVH2
domain between the F-actin binding motif and the coiled-coil
tetramerization site. F-actin binding is crucial for almost all known
Ena/VASP functions, including localization to the tips of
lamellipods and the ability to drive filopod and lamellipod
formation and extension (Gertler et al., 1996; Loureiro et al., 2002;
Applewhite et al., 2007). In vitro, F-actin binding is required for
the anti-capping activity of Ena/VASP and is disrupted by
phosphorylation at nearby sites (Barzik et al., 2005), as is F-actin
bundling. Because 11a is inserted in the analogous region of Mena,
it will be interesting to determine whether the barbed end capture
activity is affected. Because the 1la insertion is phosphorylated
(Di Modugno et al., 2006), it is possible that inclusion of the 11a
exon provides a regulatory mechanism for Menalla.

Future studies will be needed to investigate the molecular and
biochemical mechanisms of action of the Mena™¥ and Menalla
isoforms and their potential utility as a prognostic marker for
patient outcome, and as a therapeutic target for breast cancer
metastasis.

Materials and Methods

Cell lines

We used MTLn3 cells derived from metastatic lung lesions from rat mammary
adenocarcinoma  derived  following dietary  administration of  7,12-
dimethylbenz[o]anthracene (tumor line 13762) (Neri et al., 1982). The in vivo
biologic characteristics and metastatic potential of these cells have been determined
in previous studies and show that MTLn3 cells have a high metastatic potential (Neri
etal., 1982; Welch et al., 1983). Western blots, immunofluorescence and fluorescence-
activated cell sorting (FACS) confirm that MTLn3 cells express ErbB2, ErbB3
(Levea et al., 2000; Xue et al., 2006; Kedrin et al., 2009) and ErbB4 (personal
communication Sumanta Goswami, Yeshiva University, and Michele Balsamo, MIT,
Cambridge, MA). Previous studies have also confirmed that EGFRs in MTLn3 cells
are fully active and homogenously distributed on the plasma membrane (Lichtner et
al.,, 1992; Bailly et al., 2000). Dominant coexpression of vimentin and CK14 in
MTLn3 cells suggests that these cells represent a myoepithelial or basal cell that has
partially dedifferentiated (Lichtner et al., 1991). Additionally, MTLn3 cells have
been shown to have increased expression of EGFR as compared with the non-
metastatic MTC clone derived from the same mouse model (Lichtner et al., 1995;
Levea et al., 2000). Taken together, these data indicate that MTLn3 cells have a
phenotype similar to basal-like tumors. MTLn3 cells 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. Additionally, these
cells have been used to study metastasis by several laboratories, and Mena isoforms
in particular (Wyckoft et al., 2000b; Wyckoff et al., 2000a; Sahai, 2005; Philippar et
al., 2008; Le Devedec et al., 2010).

Molecular cloning, infection, FACS and cell culture

EGFP-Mena splice isoforms were subcloned into the retroviral vector packaging
Murine stem cell virus—EGFP using standard techniques. MTLn3 cells were used for
all of the experiments described. MTLn3—Cerulean EGFP-Mena splice isoforms
were created using a lentiviral system pCCLsin.PPT.hPGK.Cerulean.pre (courtesy
of Sanjeev Gupta, Albert Einstein College of Medicine). MTLn3-Dendra2 cells were
created using a Dendra2 cloning vector C1 with G418 selection marker (courtesy of
Vladislav Verkhusha, Albert Einstein College of Medicine). Transfection of Dendra2
into MTLn3-EGFP-Mena™" and MTLn3-EGFP-Menalla cells lines was done
using Lipofectamine 2000 (Invitrogen). Retroviral packaging was performed as
previously described (Bear et al., 2000). MTLn3-EGFP-Mena™" and MTLn3—
EGFP-Menalla cell lines were FACS sorted to a level of fourfold overexpression
of each fusion protein. Sorting of all other cells was done using FACS 72 hours after
transfection. The 10% brightest population of infected cell lines were kept for
culturing, and selection was maintained using 500 pg/ml G418 geneticin (Invitrogen)
when necessary. MTLn3 cells were cultured in o-modified minimum essential
medium (0-MEM) supplemented with 5% fetal bovine serum (FBS) and 0.5%
PenStrep (Invitrogen).

Animal model and assays for metastatic progression

In vivo studies were performed in orthotopic tumors derived from injection of
MTLn3 rat adenocarcinoma cells into SCID mice. MTLn3 cells were engineered to
express either EGFP (for controls) or Mena isoform EGFP-fusion proteins: EGFP—
Mena™V (Mena™Y) and EGFP-Menalla (Menalla) at roughly four times the
normal level, consistent with the level of spontaneous Mena upregulation in invasive
tumor cells in vivo (Philippar et al., 2008; Goswami et al., 2009). SCID mice with
tumors derived from injection of these cells into the mammary gland are referred to
as GFP, Mena™V or Menalla xenografts. Tumor cell blood burden was evaluated
following 4 weeks of tumor growth as previously described (Wyckoff et al., 2000b).
Briefly, blood was drawn from the right ventricle of anesthetized mice and cells were
plated in a-MEM media. Following 7 days of cell culture, tumor cells were counted.
All cells counted were GFP-positive, confirming their identity as tumor cells. To
functionally impair macrophages, mice were treated with 100 pl of PBS (control) or
clodronate (CI2MDP)-containing liposomes per 10 g of weight via tail vein injection
24 hours prior to collection of blood (Hernandez et al., 2009). Liposomes were
prepared as previously described using a clodronate concentration of 2.5 g/10 ml of
PBS (van Rooijen and van Kesteren-Hendrikx, 2003). Clodronate was a gift of
Roche Diagnostics (Mannheim, Germany). Phosphatidylcholine (Lipoid E PC) was
obtained from Lipoid (Ludwigshafen, Germany). Cholesterol was purchased from
Sigma. Mice were treated with CSF1R blocking antibody or IgG antibody 4 hours
prior to collection of blood to block signaling between tumor cells and macrophages
(Wyckoff et al., 2004). Single tumor cell dissemination to the lung was quantified
ex vivo using epifluorescence in ten random high power fields per set of mouse
lungs at 3 weeks after mammary gland injection of each cell line. Spontaneous lung
metastases (>2 mm) were evaluated ex vivo using epifluorescence at 3 and 4 weeks
after mammary gland injection of Mena™V- or Menalla-expressing cells as
previously described (Philippar et al., 2008). Experimental metastases were evaluated
ex vivo 2 weeks after tail vein injection of 5% 10° cells of each cell type as previously
described (Wang et al., 2006). Lungs were examined using a 60X 1.2 NA water
immersion correction lens on an inverted Olympus IX70 (Wyckoff et al., 2000b).
For each experiment described above, 10-15 animals were used per Mena isoform
cell type. All experiments involving animals were approved by the Einstein Institute
for Animal Studies.

In vivo invasion assay and in vitro 3D invasion assay

The in vivo invasion assay was performed in 5-10 mice per condition as previously
described (Wyckoff et al., 2000a). We have previously measured the ranges of EGF
and CSF1 concentrations required to initiate chemotaxis and migration in vivo
(Wyckoff et al., 2004; Patsialou et al., 2009; Raja et al., 2010). The concentrations
shown to be effective and used in our study vary from 50% to 10% of the K of these
ligands for their respective receptors. In addition, these are the concentrations
believed to be present in vivo (Byyny et al., 1974; Bartocci et al., 1986). The
paracrine loop was inhibited using 10 pg of affinity-purified o-mouse CSF1R-
blocking antibody (0-CSFIR; courtesy of Richard Stanley, Yeshiva University,
Bronx, NY) or 6.25 nM Erlotinib (gift from OSI Pharmaceuticals, Melvile, NY),
empirically determined by OSI Pharmaceuticals, dissolved in DMSO in needles
containing 25 nM and 1 nM EGF for GFP- and Mena™"-expressing cells, respectively
(Wyckoff et al., 2004); o-rat IgG or DMSO were used as controls, respectively. Cells
were imaged on an Olympus IX70 inverted microscope with a 10X NA 0.30
objective. For in vivo invasion experiments performed with EGFR (Erlotinib) and
CSFIR inhibitors, we used 1 nM EGF in the needles inserted into Mena™-expressing
tumors and 25 nM EGF in the needles inserted into GFP-expressing tumors to allow
maximal tumor cell collection (350—600 cells collected per needle) (Philippar et al.,
2008). In vitro 3D invasion assays were performed as previously described (Goswami
et al., 2005).

Intravital imaging
Intravital multiphoton imaging was performed as described previously (Wang et al.,
2002; Wyckoff et al., 2010) using a 20X 1.95 NA water immersion objective with
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correction lens. Time-lapse movies were analyzed for frequency of motility and
tracking, and for measuring and quantifying of cell characteristics in 3D and through
time using NIH ImageJ (Sahai et al., 2005) and custom software described elsewhere
(Wyckoff et al., 2010). A cell movement event was defined as a translocation of >1
cell diameter (25 wm) observed within a visual field that is defined in three dimensions
as 100 um by 512X512 pixels per minute. Streaming cells were quantified as the
number of individual carcinoma cells in a field whose vector paths point in the same
direction (Fig. 1A). Random cells movements were quantified as the number of
individual carcinoma cells in a field whose vector paths point in different directions
(Fig. 1A). To confirm the elimination of macrophages in clodronate-treated mice,
multiphoton microscopy of spleens removed from both clodronate- and PBS
liposome-treated animals was performed as previously described (Hernandez et al.,
2009). Mice were given intraperitoneal injection of 10 mg/kg body weight of vehicle
(6% Captisol) or Erlotinib in 6% Captisol, 2 hours prior to IVI, or 2.5 ug of CSFI1R-
blocking anitbody or IgG in PBS 4 hours prior to IVI. Tail vein injection of 200 pl
70 kDa Texas Red dextran was used to label blood vessels, which were immediately
visualized following injection. After 2 hours, macrophages were also labeled with
dextran as previously described (Wyckoff et al., 2007).

Mammary imaging windows were placed over the mammary gland of mice 3
weeks after injection of carcinoma cells (Kedrin et al., 2008). Photoconversion of
the Dendra2 variant from green to red was done using a 405 nm UV laser on a Leica
TCS SP2 AOBS confocal microscope (Mannheim, Germany) equipped with a 20X
glycerol objective (Kedrin et al., 2008). Z-stacks (~100 um deep) of the same fields
were imaged at 0 and 24 hours after photoconversion in imaging sessions using a
multiphoton microscope equipped with a MaiTai 15 W laser tuned to 1045 nm for
red Dendra2 and a Tsunami 15 W laser tuned to 880 nm for green Dendra2 (Kedrin
et al., 2008). Quantification of intravasation was done as previously described
(Kedrin et al., 2008).

Real time PCR

RNA was extracted from all cell lines at steady state, and quantitative real time PCR
was performed as previously described (Goswami et al., 2009). Primers designed
against Rat EGFR and CSF1 were used to determine levels of expression of each.
Primer sequences used for EGFR: rEGFR forward 5'-TCGTTGCCGACGCAGT-
CACC-3',tEGFR reverse 5'-TCCCTGAGGGTCGCATCCCG-3'. Primer sequences
used for CSF1: rCSF-1 forward 5'-GCTCGAGGGCAAGAAAAGTA-3’, rCSF-1
reverse 5'-CCTGTGTCGGTCAAAGGAAT-3'.

Transendothelial migration assay

To prepare the endothelial monolayer, the underside of each transwell was coated
with 50 ul of 2.5 pg/ml Matrigel (Invitrogen). Some 200,000 rat pulmonary
microvascular endothelial cells (RLE) were plated in 50 pl of DMEM + 10% FBS
(medium 1) and incubated at 37°C for 4 hours. Transwells were flipped onto a 24-
well plate containing 1 or 200 pl of medium 1 in the lower or upper chambers,
respectively. BAC1.2F5 macrophages and tumor cells were labeled with cell-tracker
dyes. Then, 15,000 macrophages and 37,500 tumor cells were added to the upper
chamber in 200 pl of 0-MEM + 0.5% FBS (medium 2), and 200 pl of o-MEM +
10% FBS + 3000 units CSF1 were added to the lower chamber. Following 18 hours
of transmigration, medium was removed from the top of the transwell and migrated
cells were scraped from the bottom of the plate. Cells were fixed in 0.1%
formaldehyde and analyzed using a Guava flow cytometer. Monolayers were tested
for permeability both before and after cell migration via quantification of fluorescence
(Molecular Devices SpectraMax M5 plate reader) of 70 kDa rhodamine-dextran in
the media from both upper and lower transwell chambers added 24 hours prior.

Immunohistochemistry

Primary tumors were fixed in 10% buffered formalin, and paraffin embedded.
Sections of 10 um were cut and placed on slides for further staining.
Immunohistochemistry was carried out using a-GFP at 1:200 to identify tumor cells
containing GFP-fusion proteins, and rat o-F4/80 (courtesy of Jeffrey Pollard, Albert
Einstein College of Medicine) was used at 1:25 to identify macrophages. All staining
was done using standard protocols, and eosin was used as a nuclear counterstain.
Slides were analyzed and imaged using Zeiss AxioObserver.Z1 5X DIC1, EC Plan-
Neofluar 10X/0.3 Phl, EC Plan-Neofluar 20X/0.5 Ph2 M27, EC Plan-Neofluar
40%/0.75 Ph2 M27, EC Plan-neofluar 63X/1.4 Oil and an AxioCamHR3.

Statistical analysis

For all experiments, statistical significances were determined using unpaired, two-
tailed Student’s ¢-tests assuming equal variances and an alpha level of 0.05 unless
otherwise specified. Differences were considered significant for P<0.05. For
assessment of lung metastasis and circulating tumor cells, the non-parametric Mann
Whitney Wilcoxon rank sum test was used.
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