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ABSTRACT Aberrant expression of CXCR4 in human breast cancer correlates with metastasis
to tissues secreting CXCL12. To understand the mechanism by which CXCR4 mediates breast
cancer metastasis, MCF-7 breast carcinoma cells were transduced to express wild-type CXCR4
(CXCR4WT) or constitutively active CXCR4 (CXCR4ACTD) and analyzed in two-dimensional
(2D) cultures, three-dimensional reconstituted basement membrane (3D rBM) cultures, and
mice using intravital imaging. Two-dimensional cultures of MCF-7 CXCR4ACTD cells, but not
CXCRA4WT, exhibited an epithelial-to-mesenchymal transition (EMT) characterized by up-reg-
ulation of zinc finger E box-binding homeobox 1, loss of E-cadherin, up-regulation of cad-
herin 11, p120 isoform switching, activation of extracellular signal-regulated kinase 1/2, and
matrix metalloproteinase-2. In contrast to the 2D environment, MCF-7 CXCR4WT cells cul-
tured in 3D rBM exhibited an EMT phenotype, accompanied by expression of CXCR2, CXCR7,
CXCL1, CXCL8, CCL2, interleukin-6, and granulocyte-macrophage colony stimulating factor.
Dual inhibition of CXCR2 with CXCR4, or inhibition of either receptor with inhibitors of mito-
gen-activated protein kinase 1 or phosphatidylinositol 3-kinase, reversed the aggressive phe-
notype of MCF-7 CXCR4-expressing or MDA-MB-231 cells in 3D rBM. Intravital imaging of
CXCR4-expressing MCF-7 cells revealed that tumor cells migrate toward blood vessels and
metastasize to lymph nodes. Thus CXCR4 can drive EMT along with an up-regulation of
chemokine receptors and cytokines important in cell migration, lymphatic invasion, and tu-
mor metastasis.
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Chemokines provide directional cues for leukocytes during migra-
tion and tissue colonization and also contribute to tumor cell me-
tastasis. CXC chemokine receptor 4 (CXCR4), a G protein—coupled
receptor that selectively binds CXC ligand 12 (CXCL12, also known
as SDF-1 o), has been widely studied in breast cancer metastasis.
Studies show that aberrant expression of CXCR4 by breast cancer
cells facilitates metastasis to organs that secrete CXCL12, including
the lung, liver, bone marrow (Muller et al., 2001; Zlotnik et al., 2011),
and axillary lymph nodes (Kato et al., 2003; Kang et al., 2005b; Su
etal., 2006; Klevesath et al., 2013). Although a role for CXCR4 in the
growth of a primary breast carcinoma lesion is not clear, enhanced
expression of CXCR4 in the early stages of breast cancer suggests a
role for CXCR4 and its signaling axis in the progression to metasta-
sis. Moreover, inhibition of CXCR4 signaling in metastatic, triple-
negative MDA-MB-231 breast cancer cells reduced breast cancer
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metastases to the lung and lymph nodes in vivo (Liang et al., 2004,
2005). Multiple kinases contribute to CXCL12-CXCR4-induced cell
migration, such as mitogen-activated protein kinase (MAPK), phos-
phatidylinositol 3-kinase (PI3K), and focal adhesion kinase (Fernan-
dis et al., 2004; Zhao et al., 2008).

Of importance, expression of CXCR4 is up-regulated in human
atypical ductal hyperplasia and human ductal carcinoma in situ,
correlating with poor prognosis (Schmid et al., 2004; Kang et al.,
2005a; Rhodes et al, 2011b). Tumors frequently overexpress
chemokines and their receptors, and this has been correlated with
shortened relapse-free survival (Bieche et al., 2007; Rhodes et al.,
2011a,b). High levels of CXCR4 expression in both estrogen recep-
tor (ER)-negative and ER-positive patients predicted poorer sur-
vival (Rhodes et al., 2011b), and the CXCL12-CXCR4 axis was
highly effective in enhancing cell growth and tumorigenesis (Muller
etal., 2001; Ali et al., 2007; Raman et al., 2007; Zlotnik et al., 2011).
Relapse of ER-negative breast cancers is associated with a Src-
responsive signature (Zhang et al., 2009), which increases the sur-
vival of indolent tumor cells in the bone marrow, and this survival
was mediated by CXCL12 activation of the AKT/PKB survival path-
way, thus increasing resistance to TRAIL death signals (Zhang et al.,
2009).

CXCR4-activating mutations involving the carboxyl-terminus
have been described in warts, hypogammaglobulinemia, recurrent
bacterial infection, and myelokathexis (WHIM) syndrome (Gulino,
2003; Hernandez et al., 2003; Diaz, 2005), which results in enhanced
neutrophil chemotaxis (Gulino et al., 2004; Kawai et al., 2005) and a
lack of desensitization after ligand stimulation (Gulino et al., 2004;
Balabanian et al., 2005b). Overexpression or mutation of chemokine
receptors can yield oncogene-like functions. In human cancers,
CXCR4 point mutations have been identified in clinical cases of
medulloblastoma (Schuller et al., 2005), as well as in colon cancer
and melanoma (lerano et al., 2009). Carboxyl-terminal truncation of
CXCR4 results in an inability to desensitize the receptor after ligand
stimulation, producing a constitutively active receptor (Gulino et al.,
2004, Balabanian et al., 2005b; Kawai et al., 2005; Liu et al., 2012).
Expression of CXCR4 with truncation of the last 35 carboxyl-terminal
residues of CXCR4 amino acids (CXCR4ACTD) in breast cancer cells
results in impaired receptor desensitization, enhanced motility, epi-
thelial-to-mesenchymal transition (EMT), enhanced estrogen-inde-
pendent growth, and metastasis in vivo (Ueda et al., 2006; Rhodes
etal., 2011b).

Although correlations between CXCR4 expression and metasta-
sis were established (Rhodes et al., 2011b; Zlotnik et al., 2011), the
mechanism by which CXCR4 signaling effects both morphological
and behavioral changes that are fundamental to breast cancer inva-
sion and metastasis has not been characterized. It has been shown
that recruitment of inflammatory cells to tumor sites by interaction
of chemokines with chemokine receptors favors metastasis
(Yang et al., 2008).

Here we show that CXCRAWT (wild type) or CXCR4ACTD in
poorly metastatic MCF-7 cells results in 1) up-regulation of genes
and signaling pathways important in EMT; 2) up-regulation of factors
involved in cell migration, including CXCR2 and its ligands, as well
as CXCR7; and 3) secretion of cytokines interleukin-6 (IL-6), CCL2,
and granulocyte-macrophage colony stimulating factor (GM-CSF),
which are important in tumor metastasis. In addition, using in vivo
intravital imaging, we demonstrate that MCF-7 CXCRAWT cells mi-
grate in single-cell streams toward blood vessels, whereas MCF-7
CXCR4ACTD cells migrate as single cells toward blood vessels in
the mammary gland, which correlates with increased metastasis to
lymph nodes and lungs in athymic nude mice.
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RESULTS

Expression of CXCR4ACTD in MCF-7 cells results in a switch
from E-cadherin to cadherin 11, p120 isoform switching,
and up-regulation of zinc finger E box-binding homeobox 1
To determine how activation of CXCR4 affected cell-cell adhesions
in breast cancer cells with differing invasive properties, we expressed
wild-type CXCR4 (CXCR4AWT) or constitutively active CXCR4
(CXCR4ACTD) in MCF-7 breast cancer cells. MCF-7 vector and
MCF-7 CXCRAWT cells displayed abundant cell-cell contacts and
cobblestone morphology characterized by E-cadherin expression
and localization to cell borders (Supplemental Figure S1, a—c). In
contrast, MCF-7 CXCR4ACTD cells exhibited mesenchymal mor-
phology with loss of cell contacts associated with loss of E-cadherin
(Supplemental Figure S1, a—c). In contrast to E-cadherin, the mesen-
chymal cadherins N-cadherin and cadherin 11 were not detected in
MCEF-7 vector or MCF-7 CXCRAWT cells (Supplemental Figure S1b
and Figure 1a). However, cadherin 11, but not N-cadherin, was ex-
pressed in MCF-7 CXCRAACTD cells (Figure 1a and Supplemental
Figure S1b). We used the CXCR4*, cadherin 11*, metastatic breast
cancer cell line MDA-MB-231 as a control for monitoring the EMT
phenotype in our assays. Consistent with these cadherin expression
patterns, we found that the cadherin-associated signaling protein
B-catenin was membrane localized in MCF-7 vector and MCF-7
CXCRAWT cells but was largely cytoplasmic in MCF-7 CXCR4ACTD
cells (Supplemental Figure S1c). Western blot analysis detected two
distinct B-catenin bands consistent with phosphorylated (upper
band) and unphosphorylated B-catenin (Supplemental Figure S1b).
Furthermore, the cadherin-associated protein p120 was primarily
cytoplasmic in MCF-7 CXCR4ACTD cells, as compared with mem-
brane localization of p120 in MCF-7 vector and MCF-7 CXCR4 WT
cells (Supplemental Figure S1c). Analysis of p120 isoforms by West-
ern blot revealed that the motility-associated p120 isoform 1
(Yanagisawa and Anastasiadis, 2006) was expressed in MCF-7
CXCRA4ACTD cells, whereas the noninvasive p120 isoform 2 was ex-
pressed in MCF-7 vector and MCF-7 CXCR4WT cells (Supplemental
Figure S1d). Immunofluorescence analysis of cadherin 11 in MCF-7
CXCR4ACTD cells showed localization at sites of cell-cell contact
(white arrows, Figure 1b) and it colocalized with p120 and B-catenin
at sites of cell-cell contact in MCF-7 CXCR4ACTD and MDA-MB-231
cells (Figure 1c). Expression of vimentin, an intermediate filament
frequently expressed in mesenchymal cells, was up-regulated in
both MCF-7 CXCRAWT and MCF-7 CXCR4ACTD cells compared
with vector control (Supplemental Figure S1, e and ).

Decreased expression of E-cadherin is frequently seen in EMT
due to altered expression of transcription factors zinc finger E box—
binding homeobox 1 (ZEB-1), ZEB-2, snail, twist, and slug (Yang and
Weinberg, 2008). We failed to detect ZEB-2, snail, twist, and slug by
quantitative real-time PCR (qRT-PCR), as their expression was below
detection limits. However the protein expression of ZEB-1, a tran-
scriptional repressor of E-cadherin, was up-regulated in MCF-7
CXCR4ACTD cells compared with MCF-7 vector cells (Figure 1d).
Immunofluorescence showed increased nuclear localization of
ZEB-1 in MCF-7 CXCR4ACTD cells (Figure 1e; MDA-MB-231 is a
control cell line for ZEB-1). This is consistent with the idea that con-
stitutive CXCR4 signaling maintains breast tumor cells in a more
mesenchymal, single-cell, motile state through increased ZEB-1
expression.

CXCR4 signaling confers an invasive phenotype to MCF-7
cells in vitro and ex vivo

We previously showed that expression of CXCRAACTD in MCF-7 cells
was associated with constitutive CXCR4 activity, increased motility,
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Expression of CXCR4ACTD in MCF-7 breast carcinoma cells results in up-regulation of cadherin 11 and
ZEB-1. (a) Western blot of cadherin 11 and tubulin. Densitometric scans from triplicate assays were quantitated and
normalized to the loading control (tubulin). (b) Immunofluorescence staining of cadherin 11. Arrows indicate cadherin
11 localization at cell—cell contacts. Bars, 150 pm. (c) Immunofluorescence staining for colocalization of cadherin 11 and
p120 and cadherin 11 and B-catenin in MCF-7 CXCR4ACTD and MDA-MB-231 cells. Cells were stained with mouse
monoclonal anti-cadherin 11, rabbit polyclonal anti-p120, and rabbit polyclonal B-catenin antibodies and incubated with
species-specific Cy3- and Cy5-conjugated secondary antibodies. Overlay images are pseudocolored; red is cadherin
11, and blue is p120 or B-catenin. Image represents a single z-section of 0.28 pm. Insets, enlarged 2x from original
images. (d) Western blot of ZEB-1. Densitometric scans from triplicate assays were quantitated and normalized to the
loading control (tubulin). (€) Immunofluorescence staining of ZEB-1. Bars, 150 um.
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and chemotaxis in the absence of CXCL12 in wound closure and
chemokinesis assays (Ueda et al., 2006) and increased metastasis in
vivo (Rhodes et al., 2011b). We used a Matrigel invasion assay to de-
termine whether the CXCR4-specific inhibitor AMD3100 would im-
pede the invasive behavior in vitro. To show that CXCR4-expressing
cells respond to CXCL12 stimulation, we examined the invasiveness
of cells in the presence of CXCL12 (100 ng/ml) using the Transwell
(Matrigel) invasion assay with MDA-MB-231 cells as a positive control.
MCF-7 CXCRAWT cells (overexpressing CXCR4) were highly invasive
in response to CXCL12 (average of 150 cells/field of view, p = 0.007)
compared with MCF-7 vector control (average of two cells/field of
view), whereas MCF-7 CXCR4ACTD cells were also invasive com-
pared with vector control (six cells/field of view, p = 0.004; Supple-
mental Figure S2a). Treatment with AMD3100 (20 uM for 24 h) signifi-
cantly impaired invasion of MCF-7 CXCRAWT cells (31 cells/field of
view, p = 0.0009) and MDA-MB-231 cells (21 cells/field of view), but
did not inhibit invasiveness of MCF-7 CXCR4 ACTD cells (110 cells/
field of view, p = 0.004; Supplemental Figure S2b). This result was
expected due to the constitutive activity of CXCR4 in MCF-7 CXCR4
ACTD cells, which renders it ligand independent. Furthermore,
AMD3100 treatment in presence of CXCL12 significantly decreased
invasiveness of MCF-7 CXCR4 WT cells (27.6 cells/field of view, p =
0.0004) and MDA-MB-231 cells (49.4 cells/field of view) to CXCL12
but did not inhibit invasiveness of MCF-7 CXCR4ACTD cells to
CXCL12 (100 cells/field of view, p=0.001; Supplemental Figure S2c).
AMD3100 treatment decreased invasiveness of MCF-7 CXCRAWT
cells and MDA-MB-231 cells in presence of ligand stimulation, sug-
gesting that CXCL12/CXCR4 signaling pathways are involved in inva-
sion. However, due to constitutive activity of CXCR4ACTD, MCF-7
CXCRAACTD cells were largely unresponsive to AMD3100 and exhib-
ited high motility and invasion regardless of CXCR4 inhibition.

Targeting MAPK and PI3K pathways alters the mesenchymal
properties of MCF-7 CXCR4-expressing cells and
MDA-MB-231 cells in three-dimensional reconstituted
basement membrane cultures
To understand how CXCR4 signaling may contribute to invasion by
tumor cells, we cultured MCF-7 vector, MCF-7 CXCR4WT, and
MCF-7 CXCR4ACTD cells in a three-dimensional reconstituted
basement membrane matrix (3D rBM; Barcellos-Hoff et al., 1989).
After 8 d in culture, MCF-7 vector cells formed rounded, regular
colonies similar to what was seen using the immortalized untrans-
formed human mammary epithelial cell line MCF10A (Figure 2a). In
contrast, by day 12, overexpression of CXCR4 in MCF-7 CXCRAWT
cells resulted in formation of irregular projections, whereas MCF-7
CXCR4ACTD cells and MDA-MB-231 cells formed stellate projec-
tions, with an abundance of single-cell scattering throughout the
matrix. As observed in two-dimensional (2D) culture, Western blot
analysis from 3D rBM culture of MCF-7 CXCRAACTD cells and MDA-
MB-231 cells revealed elevated expression of cadherin 11 and
ZEB-1 and p120 isoform switching compared with vector (Figure 2,
b and ¢, and Supplemental Figure S3a). Surprisingly, by day 8 in 3D
rBM culture, MCF-7 CXCRAWT cells exhibited activation of pAKT473
(Figure 2e), and by day 12, loss of E-cadherin (Figure 2d), gain of
cadherin 11 and ZEB-1, and p120 isoform switching (Figure 2b and
Supplemental Figure S3a). gRT-PCR analysis demonstrated that
cadherin 11 was significantly up-regulated in both MCF-7 CXCR4AWT
cells (60-fold) and MCF-7 CXCR4ACTD cells (120-fold) at day 12
compared with vector control cells (Figure 2c).

Previous studies demonstrated that MAPK signaling through the
effector extracellular signal-regulated kinase 1/2 (ERK1/2) was
robustly activated in response to CXCR4 signaling in breast cancer
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cells (Ueda et al., 2006), which we confirmed in cells grown in a
monolayer in 2D culture (Supplemental Figure S3b). Treatment of
MCEF-7 vector and MCF-7 CXCR4WT cells with the CXCR4 ligand
CXCL12 (100 ng/ml) resulted in a time-dependent increase in
ERK1/2 phosphorylation (Supplemental Figure S3b), more robustly
in MCF-7 CXCR4AWT cells than in vector control. However, ERK1/2
phosphorylation was detected in untreated MCF-7 CXCR4ACTD
cells at the 0-min time point (Supplemental Figure S3b). To further
evaluate the biological significance of CXCR4-mediated signaling,
we used the 3D rBM assay. To determine whether CXCR4-express-
ing cells could be induced to revert to a normal acinar phenotype in
3D rBM cultures by inhibition of CXCR4 or its signaling through the
MAPK or PI3K pathways, we investigated the effects of inhibitors of
CXCR4 (AMD31000), mitogen-activated protein kinase 1 (MEKT;
PD98059), MEK1/2 (U0126), and PI3K (LY294002) on the morphol-
ogy of cells grown in 3D rBM. To examine how treatment influenced
the global composition of colonies in the population, we counted
the cells of each morphology (stellate, round clusters with or without
branching, grape-like clusters, or round, single cells) after treatment.
Inhibition of MAPK and PI3K signaling using PD98059 (MEK1),
U0126 (MEK1/2), or Ly294002 (PI3K) reduced the number of stellate
cells and resulted in round, single cells or grape-like clusters by 10 d
in MCF-7 CXCR4 and MDA-MB-231 cells (Figure 3a and Supple-
mental Figure S4, a—c, p < 0.005). These data suggest that MAPK
and PI3K pathways, invoked in response to CXCR4 signaling, are
required for morphological changes in response to CXCR4 signal-
ing. However, inhibition with AMD3100 was not sufficient to normal-
ize MCF-7 CXCR4 or MDA-MB-231 cells into a cohesive round col-
ony structure, as cells formed predominately a mixture of round,
single cells and stellate cells (Figure 3a and Supplemental Figure S4,
a—c, p>0.005).

In conclusion, inhibition of CXCR4 was not sufficient to revert the
CXCR4-expressing cell lines to a less aggressive phenotype in 3D
rBM cultures. However, treatment with inhibitors against MEK1/2,
MEK1, or PI3K did significantly reduce the stellate phenotype to
rounded, single cells or grape-like structures in MCF-7 CXCRAWT
cells and round clusters with branching or grape-like structures in
MCF-7 CXCR4ACTD cells. In addition, treatment of MDA-MB-231
cells with inhibitors MEK1 and MEK1/2, but not CXCR4 or PI3K,
significantly reduced the stellate phenotype to round clusters with
branching or grape-like structures. We found that treatment with
U0126 (MEK1/2) and PD98059 (MEK1) inhibited MAPK activation,
whereas AMD3100 (CXCR4) had no effect on MAPK activation
(Supplemental Figure S3c). We infer from this result that in addition
to CXCR4 signaling, MEK and PI3K pathways are engaged in the
aggressive phenotype of the tumor cells. To test this theory, we
treated cells with dual inhibitors of CXCR4 and MEK1 (Figure 3b);
CXCR4 and MEK1/2 (Figure 3b); combination of inhibitors against
PI3K and MEK1 (Figure 3c); PI3K and MEK1/2 (Figure 3c); and PI3K
and CXCR4 (Figure 3c). In MCF-7 CXCR4AWT cells, combination of
PD98059 (MEK1) and AMD3100 (CXCR4; p = 0.0001), and U0126
(MEK1/2) with AMD3100 (CXCR4; p = 0.0001), induced reversion of
the stellate phenotype to rounded, single cells and grape-like clus-
ters (Figure 3b and Supplemental Figure S5a). In both MCF-7
CXCR4ACTD cells and MDA-MB-231 cells, combination of PD98059
(MEK1) with AMD3100 (CXCR4; MCF-7 CXCR4ACTD, p = 0.0009;
MDA-MB-231, p = 0.000009) induced reversion of the stellate phe-
notype to rounded, single cells and grape-like clusters, whereas
combination of U0126 (MEK1/2) with AMD3100 (CXCR4; MCF-7
CXCR4ACTD, p = 0.031; MDA-MB-231, p = 0.018) resulted in sig-
nificantly fewer stellate cells compared with dimethyl sulfoxide
(DMSO) control (Figure 3b and Supplemental Figure S5, b and ¢).
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FIGURE 2: MCF-7 CXCR4ACTD cells exhibit a stellate phenotype and MCF-7 CXCRAWT cells form predominantly
stellate structures after day 8 in 3D rBM culture. (a) Colony formation in 3D rBM culture. MCF-10A, MDA-MB-231, and
MCF-7 cell lines were incubated for 8 or 12 d in 3D rBM overlay cultures. Phase contrast images. Bars, 150 ym.

(b) Western blot of ZEB-1, cadherin 11, and tubulin from cells grown in 3D rBM cultures at days 8 and 12. Densitometric
scans from duplicate assays were quantitated and normalized to the loading control (tubulin). (c) qRT-PCR of cadherin

11 in cells from 2D or 3D rBM cultures at day 12. gRT-PCR analysis of mRNA for cadherin 11 in MCF-7 vector control,
MCF-7 CXCR4AWT, and MCF-7 CXCR4ACTD cells from 3D rBM cultures. Data are shown as the fold change in expression
of MCF-7 CXCR4AWT and MCF-7 CXCR4ACTD cells compared with vector control cells, with each gene normalized to
B-actin. The difference in expression of cadherin 11 between MCF-7 CXCRAWT and MCF-7 CXCR4ACTD cells is
statistically significant, based upon a 95% confidence interval. (d) Western blot of E-cadherin and tubulin from cells
grown in 3D rBM cultures at days 8 and 12. Densitometric scans from duplicate assays were quantitated and normalized
to the loading control (tubulin). (e) Western blot of pAKT473, total AKT, active MAPK, ERK2, and tubulin from cells
grown in 3D rBM cultures at days 8 and 12. Densitometric scans from duplicate assays were quantitated, and pAKT473
was normalized to AKT, whereas active MAPK was normalized to ERK2.
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Culturing MCF-7 CXCR4 WT cells with dual inhibition of Ly294002
(PI3K) with PD98059 (MEK1; p = 0.0001), LY294002 (PI3K) with
U0126 (MEK1/2; p = 0.0001), and LY294002 (PI3K) with AMD3100
(CXCR4; p=0.0001) resulted in a loss of stellate cells (compared to
DMSO control), as cells formed predominately grape-like clusters
(Figure 3c and Supplemental Figure Séa). Treatment of MCF-7
CXCR4ACTD cells and MDA-MB-231 cells with Ly294002 (PI3K) and
PD98059 (MEK1; MCF-7 CXCR4ACTD, p=0.0009; MDA-MB-231, p
= 0.001), and LY294002 (PI3K) with U0126 (MEK1/2; MCF-7
CXCR4ACTD, p = 0.0001; MDA-MB-231, p = 0.0001), resulted in a
loss of stellate cells (compared to DMSO control), as cells formed
predominately grape-like clusters. In contrast, treatment with
LY294002 (PI3K) with AMD3100 (CXCR4; MCF-7 CXCR4ACTD, p =
0.258; MDA-MB-231, p = 0.017) did not revert the stellate pheno-
type in MCF-7 CXCRAACTD cells and MDA-MB-231 cells (Figure 3c
and Supplemental Figure Sé, b and ¢).

In summary, the stellate phenotype was normalized to a less ag-
gressive phenotype in MCF-7 CXCRAWT cells with the following
combinations of inhibitors: MEK1 + CXCR4, MEK1/2 + CXCR4,
MEK1 + PI3K, MEK1/2 + PI3K, and PI3K + CXCR4. In contrast, the
stellate phenotype was normalized to a less aggressive phenotype
in MCF-7 CXCR4ACTD cells and MDA-MB-231 cells with the com-
binations of MEK1 + CXCR4, MEK1 + PI3K, and MEK1/2 + PI3K,
whereas inhibitors to MEK1/2 + CXCR4 and PI3K + CXCR4 were
less successful in reverting the stellate phenotype. We suspect that
signaling through the MAPK pathway (i.e., MEK1/2 to ERK1/2) in
response to CXCR4 signaling drives the invasive phenotype of
breast tumor cells and can be sustained in a manner that, once initi-
ated, is independent of CXCR4 activation.

CXCR4 signaling in MCF-7 CXCR4-expressing cells results in
activation of CXCR2, and targeting CXCR2 in combination
with CXCR4 or MEK1 results in less aggressive structures

in 3D rBM

We examined the expression of other CXC receptors based on the
cross-talk between ligands and receptors in this family. Using gRT-
PCR analysis of RNA harvested from cells cultured in 3D rBM, we
found that CXCR7 mRNA was up-regulated 8- to 10-fold in each cell
type in 3D rBM compared with vector control (Figure 4a) but was not
detected in 2D cultures. In addition, CXCR2 mRNA was up-regu-
lated in MCF-7 CXCRAWT (11-fold) and MCF-7 CXCR4ACTD cells
(13-fold) compared with vector controls (Figure 4b), whereas the
mRNA was not detected in 2D culture. In addition, CXCR2 protein
(Figure 4c) was not detected in MCF-7 CXCRAWT and MCF-7
CXCR4ACTD cells in 2D cultures. In 3D rBM cultures, CXCR2 protein
was detected at day 8 in MCF-7 CXCR4WT and MCF-7 CXCR4
ACTD cells and day 12 in MDA-MB-231 cells. Using a cytokine pro-
tein array (Supplemental Table S1) with cells cultured in 3D rBM re-
vealed that MCF-7 CXCR4WT and MCF-7 CXCR4ACTD cells pro-
duced greater amounts of CXCR2 ligands GRO (CXCL1/CXCL2/
CXCL3), GROa. (CXCL1), and interleukin-8 (CXCLS; Figure 4d). Al-
though CXCR?7 ligands CXCL11/ITAQ and CXCL12 (SDF-10) were
not detected, these results do not rule out the possibility that CXCR7
heterodimerized with CXCR4 to modulate its activity (Levoye et al.,
2009; Luker et al., 2010; Decaillot et al., 2011). CXCR7 controls
CXCL12 gradients required for migration (Dambly-Chaudiere et al.,
2007; Valentin et al., 2007; Boldajipour et al., 2008), and it is possible
that CXCRY is playing a role in sequestration of CXCL12 and CXCL11
in 3D rBM cultures. The cytokine array also detected up-regulation
of cytokines important in recruitment of myeloid cells to the tumor
microenvironment. Interleukin-6 (IL-6), CC chemokine CCL2 (mono-
cyte chemoattractant protein-1), and GM-CSF were detected at
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high levels in MCF-7 CXCR4WT, MCF-7 CXCR4ACTD, and MDA-
MB-231 cells as compared with MCF-7 vector (Figure 4d).

Given the up-regulation of CXCR2 and its ligands and CXCR7 in
CXCR4-expressing cells in 3D rBM cultures, we investigated the role
of CXCR2 and CXCRY in the aggressive phenotype associated with
these cells. We assessed the response of MCF-7 CXCR4WT, MCF-7
CXCR4ACTD, and MDA-MB-231 cells to CXCR2 inhibitor (SB265610)
alone and in combination with CXCR4, PI3K, or MEK inhibitors in 3D
rBM cultures. Because CXCR2 is up-regulated by day 8 in MCF-7
CXCRAWT and MCF-7 CXCR4ACTD cells and by day 12 in MDA-
MB-231 cells, CXCR2 inhibition with SB265610 was extended to
day 11 in 3D rBM culture. Treatment of MCF-7 CXCRAWT cells with
CXCR2 inhibitor (SB265610, p = 0.0005) alone or in combination
with inhibitors of CXCR4 (AMD3100, p = 0.0004), PI3K (Ly294002,
p = 0.002), or MEK1 (PD98059, p = 0.001) significantly reduced the
number of stellate cells and resulted in grape-like clusters, whereas
treatment with SB265610 combined with U1026 (MEK1/2, p=0.001)
reduced the number of stellate cells but did not revert the stellate
phenotype by 11 d (Figure 5a and Supplemental Figure S7a). Treat-
ment of MCF-7 CXCR4ACTD cells with the CXCR2 inhibitor
(SB265610, p=0.0000003) alone or in combination with inhibitor of
PI3K (Ly294002, p = 0.0000003) resulted in round, single cells,
whereas CXCR2 inhibitor (SB265610) in combination with MEK1 in-
hibitor (PD98059, p = 0.0000003) resulted in predominately grape-
like clusters. Combination of SB265610 with MEK1/2 inhibitor
(U0126, p = 0.0004) reduced the number of stellate cells but did
revert the stellate phenotype by 11 d (Figure 5a and Supplemental
Figure S7b). Treatment of MDA-MB-231 cells with CXCR2 inhibitor
(SB265610, p = 0.000005) in combination with inhibitors of CXCR4
(AMD3100, p = 0.00000002), PI3K (Ly294002, p = 0.000000002),
and MEK1 (PD98059, p = 0.00003) or MEK1/2 (U0126, p = 0.0003))
significantly reduced the number of stellate cells. Moreover, CXCR2
inhibition (SB265610) in combination with MEK1 (PD98059,
p=0.00003) resulted in predominately grape-like clusters (Figure 5a
and Supplemental Figure S7c). We infer from these results that
CXCR4 signaling drives activation of CXCR2, and these receptors
cooperate to drive EMT and invasion of breast tumor cells.

Treatment of MCF-7 CXCRAWT cells with CXCR7 inhibitor
(CCX771, p = 0.048) alone or in combination with inhibitors of
MEK1/2 (U0126, p = 0.060), CXCR4 (AMD3100, p = 636), or PI3K
(Ly294002, p = 0.027) did not significantly reduce the number of
stellate cells compared with DMSO treatment for 9 d (Figure 5b and
Supplemental Figure S8a). However, CCX771 in combination with
MEK1 (PD98059, p = 0.001) significantly reduced the number of
stellate cells and resulted in round clusters with branches or grape-
like clusters by 9 d (Figure 5b and Supplemental Figure S8a). Treat-
ment of MCF-7 CXCR4ACTD cells with CXCR7 inhibitor (CCX771,
p = 0.230) or combination of CCX771 and MEK1 (PD98059, p =
0.009), CCX771 and CXCR4 (AMD3100, p = 0.102), or CCX771 and
PI3K (Ly294002, p = 0.230) did not significantly reduce the number
of stellate cells compared with DMSO treatment (Figure 5b and
Supplemental Figure S8b). However, CXCR7 inhibition (CCX771) in
combination with MEK1/2 inhibitor (U0126, p = 0.0002) resulted in
significantly fewer stellate cells and round clusters with branching
(Figure 5a and Supplemental Figure S8b). Treatment of MDA-
MB-231 cells with CXCR7 inhibitor (CCX771, p = 0.230) alone did
not significantly reduce the number of stellate cells compared with
DMSO treatment (Figure 5b and Supplemental Figure S8c). How-
ever, the combination of CCX771 with MEK1/2 (U0126, p=0.00005),
MEK1 (PD98059, p = 0.003), CXCR4 (AMD3100, p = 0.001), or
PI3K (Ly294002, p = 0.00005) reduced the number of stellate
cells compared with DMSO treatment but did not result in less
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FIGURE 4: CXCR7 and CXCR2 are up-regulated in MCF-7 cells expressing CXCRAWT or CXCR4ACTD in 3D rBM
cultures. qRT-PCR of CXCR7 (a) and CXCR2 (b) from cells grown in 2D or 3D rBM cultures at day 12. gRT-PCR analysis of
mRNA for CXCR7 or CXCR2 in MCF-7 vector control, MCF-7 CXCRAWT, and MCF-7 CXCR4ACTD cells grown in 2D
cultures compared with 3D rBM cultures at day 12. Data are shown as the fold change in expression of MCF-7
CXCRAWT cells and MCF-7 CXCR4ACTD cells compared with vector control cells for each gene normalized to the
endogenous control B-actin. The difference in expression of CXCR7 and CXCR2 between MCF-7 CXCR4AWT and MCF-7
CXCRA4ACTD cells is statistically significant, based upon a 95% confidence interval. (c) Western blot of CXCR2 and
tubulin in cells grown in 2D cultures compared with 3D rBM cultures at days 8 and 12. Cells in 2D culture were
stimulated with interleukin-8 (IL8; 100 ng/ml) for 5 min. Densitometric scans from triplicate assays in 2D culture were
quantitated and normalized to the loading control (tubulin). Cells in 3D rBM culture were not stimulated with IL8.
Densitometric scans from duplicate assays in 3D rBM culture were quantitated and normalized to the loading control
(tubulin). (d) Cytokine array analysis of factors identified in conditioned media from 3D rBM cultures at day 8. Antibodies
are immobilized on the array in duplicate, and the table lists antibody locations, including positive and negative controls.
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FIGURE 5: Effects of CXCR2 or CXCR?7 inhibition with the combined inhibition of CXCR4, PI3K, or MAPK on the growth
of MCF-7 and MDA-MB-231 cells in 3D rBM cultures. (a) MCF-7 CXCR4WT, MCF-7 CXCR4ACTD, and MDA-MB-231 cells
were incubated for 11 d in 3D rBM cultures in the presence of control (DMSO), CXCR2 inhibitor SB265610 (1 uM) and
MEK1 inhibitor PD98059 (10 uM), SB265610 (1 pM) and MEK1/2 inhibitor U0126 (10 uM), SB265610 (1 pM) and CXCR4
inhibitor AMD3100 (20 pM), SB265610 (1 pM) and PI3K inhibitor Ly294002 (2 uM), or SB265610 (1 pM) alone. Cell lines
were treated with inhibitors on day 2, and inhibitors were then added to the medium on alternate days. Phase contrast
images. Bars, 150 pm. (b) MCF-7 CXCRAWT, MCF-7 CXCR4ACTD, and MDA-MB-231 cells were incubated for 9 d in 3D
rBM cultures in the presence of control (DMSO), CXCR7 inhibitor CCX771 (1 pM) and PD98059 (10 uM), CCX771 (1 pM)
and U0126 (10 pM), CCX771 (1 pM) and AMD3100 (20 uM), or CCX771 (1 pM) and Ly294002 (2 pM). Cell lines were
treated with inhibitors on day 2, and inhibitors were then added to the medium on alternate days. Phase contrast
images. Bars, 150 um. Schematic overviews of the pathways inhibited are shown below a and b.
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aggressive phenotypic structures by 9 d (Figure 5b and Supplemen-
tal Figure S8c).

MCF-7 CXCR4ACTD cells express matrix
metalloproteinase-2 and metastasize to the lymph nodes
We previously demonstrated that CXCR4ACTD promoted metasta-
sis of MCF-7 breast cancer cells to the lungs of tumor-bearing mice
(Rhodes et al., 2011b). It has been shown that the CXCL12-CXCR4
axis is an important mediator in activation of matrix metalloprotei-
nases (MMPs), which can facilitate metastasis by proteolyzing the
extracellular matrix, thus promoting the migration of tumor cells
through the basement membrane and into the lymphovascular sys-
tem. CXCL12-CXCR4 signaling has been shown to induce MMP-2,
MMP-9, and MMP-13 gene expression and secretion to promote the
invasion of cancer cells (Fernandis et al., 2004; Samara et al., 2004;
Brand et al., 2005; Tang et al., 2008; Yu et al., 2011). Using zymogra-
phy to test for active MMP-2 and MMP-9, we observed that MMP-2
is up-regulated in 2D cultures of MCF-7 CXCR4ACTD cells compared
with MCF-7 parental cells (HT1080 is a control cell line; Figure 6a).

To assess the role of CXCR4 signaling in tumor metastasis in greater
detail, we injected green fluorescent protein (GFP)-expressing MCF-7
vector, MCF-7 CXCRAWT, and MCF-7 CXCR4ACTD cells orthotopi-
cally in athymic mice in the absence of estrogen supplementation.
Tumor development was not detected in MCF-7 vector cells, whereas
MCF-7 CXCRAWT and MCF-7 CXCR4ACTD cells formed tumors
(Figure 6b), as expected from our prior data showing that expression
of CXCRAWT or CXCRAACTD in MCF-7 cells enables them to grow in
an estrogen-independent manner (Rhodes et al., 2011b). GFP* tumor
cells were detected as early as 3 wk after inoculation (Figure 6b). At
the end of week 5, the inguinal lymph node (fourth mammary gland),
axillary lymph node (third mammary gland), and lungs were examined
for GFP* cells. Lungs and inguinal draining lymph nodes were exam-
ined for the presence of GFP-labeled tumor cells by epifluorescence
microscopy. Although GFP* cells were not detected in the lungs and
livers of tumor-bearing mice 5 wk after tumor cell inoculation, GFP*
tumor cells were detected as single cells in draining lymph nodes of
MCF-7 CXCRWT and MCF-7 CXCR4ACTD tumors (Figure 6, c and d).
These data are consistent with the idea that CXCR4 signaling pro-
motes metastasis of breast tumor cells.

MCF-7 CXCR4AWT cells migrate in single-cell streams toward
the vasculature, whereas MCF-7 CXCR4ACTD cells migrate
as single-cell entities toward the vasculature in vivo

The tumor microenvironment in murine and human cancers is com-
posed of variable numbers of tumor-infiltrating leukocytes that
contribute to the metastatic properties of tumors (de Visser et al.,
2006). Mammary tumor cells secrete chemokines and other factors
that facilitate recruitment of leukocytes to the tumor to modify tu-
mor growth and invasiveness (Bierie et al., 2009; Lazennec and
Richmond, 2010). To examine tumor cell migration from the primary
tumor to the lymph nodes in vivo with intravital imaging, we ortho-
topically implanted GFP-expressing MCF-7 vector, MCF-7 CX-
CRAWT, and MCF-7 CXCR4ACTD cells in the absence of exogenous
estrogen in the fourth mammary fat pad of athymic nude mice 2 wk
before imaging. GFP-MCF-7 vector tumors were not detected with
intravital imaging in the GFP channel in absence of exogenous es-
trogen (GFP and Texas red channels are shown; Figure 7a). To ana-
lyze the behavior of myeloid cells, rhodamine dextran was intrave-
nously injected to mark the myeloid population. Intravenous
injection of rhodamine dextran leaks out of blood vessels over time
and is taken up by myeloid cells (Wyckoff et al., 2007). The images
in Figure 7a are from two mice and demonstrate that myeloid cells
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(red) that ingested the rhodamine dextran were nonmigratory. We
computed trajectories of individual myeloid cells (myeloid cell tracks
presented in yellow) to determine average displacement over time.
The trajectories (yellow) of myeloid cells (red) tracked for 20 min with
Bitplane Imaris are shown and are nonmigratory (Supplemental
Movies S1 and S2). GFP-MCF-7 CXCR4WT tumors were detected in
the GFP channel, allowing us to image and analyze migration of tu-
mor cells (green) and myeloid cells (red) over time. Analysis was
done in two different mice in several different areas of the tumor
microenvironment. Analysis in Figure 7b demonstrates GFP-MCF-7
CXCRAWT cell tracks (yellow, i, GFP channel is off) and myeloid cell
tracks (yellow, i, GFP channel is off) in a tumor with a well-vascular-
ized capillary bed and tumor-infiltrating myeloid cells (red). Figure
7¢c demonstrates GFP-MCF-7 CXCRAWT cell tracks (yellow, i, GFP
channel is off) in a tumor with a well-vascularized capillary bed but
lacking tumor-infiltrating myeloid cells. We observed the GFP-
MCF-7 CXCR4AWT cells migrated in single cell streams toward blood
vessels with an average speed of 1.98 pm/s in the tumor in the
presence of tumor-infiltrating myeloid cells (Figure 7b), compared
with the average speed of 0.98 pm/s in the absence of tumor-infil-
trating myeloid cells (Figure 7¢). In addition, the dextran-ingesting
myeloid cells were migratory in the tumor periphery, with an aver-
age speed of 0.5 pm/s (Figure 7b). The most-displaced trajectories
(yellow) of single GFP-MCF-7 CXCRAWT cells (green; Figure 7, b
and ¢) and myeloid cells (red; Figure 7b) in the tumor tracked for
20 min are shown (Supplemental Movies S3 and S4). In contrast,
GFP- MCF-7 CXCR4AWT cells were nonmigratory in tumors in areas
remote from the vasculature (Figure 7d), whereas GFP-MCF-7
CXCR4ACTD cells displayed random migration with a computed
displacement of 0.78 um/s. The most-displaced trajectories (yellow)
of single GFP-MCF-7 CXCRAWT cells (green) and GFP-MCF-7
CXCRA4ACTD cells (green) in the tumor tracked for 20 min are shown
(Figure 7d and Supplemental Movies S5 and Sé).

Because the production of CXCL1 and CXCL8 by CXCR4-ex-
pressing MCF-7 cells (as shown in 3D rBM; Figure 4d) can attract
myeloid cells, especially neutrophils, into the tumor, we used intravi-
tal imaging to examine the interaction between leukocytes and
GFP-expressing MCF-7 CXCR4ACTD cells. Promyelocytic HL60 cells
differentiated along the neutrophil lineage (dHL60; Newburger
et al, 1979) were labeled with DilC;g(5)-DS Cy5 (pseudocolored
blue) and injected in the femoral vein before imaging. Time-lapse
imaging revealed migration of GFP-MCF-7 CXCR4ACTD cells to-
ward rhodamine-labeled vessels, with an active leading edge
(Figure 8, a and b; an asterisk marks the area of reference, to act as
a landmark to identify the direction of cell movement in Figure 8a;
arrows point to dHL60 cells) and the presence of GFP-labeled tumor
cells in draining lymph nodes (but not contralateral lymph nodes;
Figure 8d). GFP-MCF-7 CXCR4ACTD cells migrated with an aver-
age speed of 6.63 pm/s (Figure 8b). The dHL&0 cells (pseudocol-
ored blue, average of two cells in the vasculature adjacent to the
tumor) trafficked through the vasculature (red) and intravasated into
the tumor microenvironment (Figure 8a). After time the dHL60 cells
(average of two cells migrated in the tissue toward the tumor cells)
were identified in front of the leading edge of migrating tumor cells
(Figure 8c and Supplemental Movie S7). These results demonstrate
that CXCR4 signaling drives invasion and motility of breast cancer
cells, which may lead to heightened metastasis.

DISCUSSION

The up-regulation of CXCR4 in the early stages of breast cancer
supports a role for CXCR4 in tumor progression to metastasis. We
demonstrate here that CXCR4 signaling within luminal mammary
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FIGURE 6: MCF-7 CXCR4ACTD cells express MMP-2 and both MCF-7 CXCR4ACTD cells and MCF-7 CXCRAWT cells
exhibit lymphatic metastasis. (a) Zymographic analysis of MMP-2 and MMP-9. MCF-7 and MCF-7 CXCR4ACTD cells were
analyzed for MMP-2 and MMP-9 expression using polyacrylamide gels embedded with 0.1 mg/ml gelatin. HT1080 cells
are a positive control for MMP-2 and MMP-9 activity. (b) Optical in vivo imaging of nude mice with GFP-expressing MCF-7
vector control, GFP-MCF-7 CXCR4 WT, or GFP-MCF-7 CXCR4ACTD tumors at 3, 4, and 5 wk after orthotopic implantation
of cells into either the third or the fourth mammary gland. Encircled areas represent regions of interest for assessment of
tumor growth. (c) Representative images of primary tumors and lymph node metastases of GFP-MCF-7 CXCRAWT
tumors. Fluorescence microscopy of metastases from a tumor bearing GFP-MCF-7 CXCRAWT cells at the inguinal lymph
node near the tumor from mouse 1 (xenograft in the fourth mammary gland) and the axillary lymph nodes near the tumor
from mice 3-5 (xenograft in the third mammary gland). Tissues from tumor and lymph nodes were dissected and
examined using fluorescence microscopy. Bars, 150 um. (d) Representative images of primary tumors and lymph node
metastases of GFP-MCF-7 CXCR4ACTD tumors. Fluorescence microscopy of metastases from a tumor bearing GFP-
MCF-7 CXCR4ACTD cells at the inguinal lymph node near the tumor from mice 1 and 2 (xenograft in the fourth mammary
gland) and the axillary lymph nodes near the tumor from mice 3 and 4 (xenograft in the third mammary gland).

576 | T. Sobolik et al. Molecular Biology of the Cell



b. MCF-7,cXCRawT C. MCF-7,CXCRAWT
a. MCF-7, Vector Capillary bed, myeloid cells in tumor Capillary bed, no myeloid cells in tumor

500um

70.0 um

200 uym

Myeloid Cell Tracks

70.0 um

GFP+ Tumor Cell Tracks
GFP+ Tumor Cell Tracks

Myeloid Cell Tracks

d. MCF-7,CXCR4WT MCF-7,CXCR4ACTD
No capillary bed, no myeloid cells in tumor

v
&k"sr,f 5 q
:'Etit\‘?h 4

{4

o e

GFP+ Tumor Cell Tracks
GFP+ Tumor Cell Tracks

Behavior of GFP- MCF-7 CXCRAWT and GFP- MCF-7 CXCR4ACTD cells in vivo. (a-d) Intravital images from
a time series of GFP-MCF-7 vector, GFP-MCF-7CXCR4WT, and GFP-MCF-7 CXCR4ACTD cells orthotopically implanted
in the absence of exogenous estrogen in the fourth mammary fat pad of athymic nude mice 2 wk before imaging. Host
vasculature was labeled with 30 pl of 20 mg/ml rhodamine dextran (70 kDa), a skin flap was made to expose the
mammary fat pad, and images were acquired with an LSM 510 META inverted confocal microscope with a 20x/0.75 Plan
Apochromat objective. (a) GFP-MCF-7 vector tumors were not detected in mice in absence of exogenous estrogen. The
GFP and Texas red channels are shown. The trajectories (yellow) of myeloid cells (red) tracked for 20 min with Bitplane
Imaris are shown (Supplemental Movies $1 and S2). (b, c) MCF-7 CXCRAWT cells migrate toward blood vessels in
single-cell streams. The most-displaced trajectories (yellow) of single GFP-MCF-7 CXCR4AWT cells (green) and myeloid
cells (red) in the tumor tracked for 20 min are shown (Supplemental Movies S3 and S4). (d) GFP-MCF-7 CXCRAWT are
nonmigratory, and GFP-MCF-7 CXCR4ACTD cells display random migration in tumors without a vasculature. The
most-displaced trajectories (yellow) of single GFP-MCF-7 CXCR4WT cells (green) and GFP-MCF-7 CXCR4ACTD cells
(green) in the tumor tracked for 20 min are shown (Supplemental Movies S5 and Sé).
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MCF-7 CXCR4AACTD cells migrate toward blood vessels and metastasize to the lymph nodes. (a) Intravital
images from a time series of GFP-MCF-7 CXCR4ACTD cells orthotopically implanted in the fourth mammary fat pad of
athymic nude mice 2 wk before imaging. Differentiated HL60 cells were labeled with Dil Cy5 (blue) and injected into the
vasculature via a catheter in the femoral vein. Host vasculature was labeled with 30 pl of 20 mg/ml rhodamine dextran
(70 kDa), a skin flap was made to expose the mammary fat pad, and images were acquired 2 h after injection of labeled
HL60 cells with an LSM 510 META inverted confocal microscope with a 40x/1.3 Plan Apochromat objective. An asterisk
is placed over the area of reference to act as a landmark to identify the direction of cell movement. Differentiated HL60
cells (average of two cells in the vasculature adjacent to the tumor) labeled with Dil Cy5 (blue) are indicated by arrows.
(b) The 12 most-displaced trajectories of single GFP-MCF-7 CXCR4ACTD cells (pink spheres) in the migrating leading
edge were tracked over time with Bitplane Imaris. The arrows represent displacement of tracked cells, and colored
lines are dragon tails that represent displaced trajectory of the cells tracked over time (Supplemental Movie S7).

(c) Differentiated HL60 cells (average of two cells migrated in the tissue toward the tumor cells) labeled with Dil Cy5
(blue) are indicated by arrows. The dHL60 cells migrated toward the leading edge of the migrating GFP-MCF-7
CXCR4ACTD tumor cells over the indicated time periods. (d) GFP-MCF-7 CXCR4ACTD cell localization in lymph node
metastasis. GFP* tumor cells were detected in draining lymph nodes (i) but not contralateral lymph nodes (i) of the
tumor-bearing mouse. Bars, 150 pm.
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carcinoma cells in 3D rBM culture results in up-regulation of cytok-
ines, chemokines, and chemokine receptors important for tumor
migration and metastasis. Therefore it is imperative to determine
whether therapies that inhibit chemokines will be useful for inhibit-
ing breast cancer metastasis. MCF-7 cells that express CXCRAWT
have epithelial morphology in 2D culture characteristic of luminal
MCF-7 cells but in 3D rBM culture undergo transition to a mesen-
chymal morphology. In contrast, MCF-7 cells that express a consti-
tutively active CXCR4 have a mesenchymal morphology characteris-
tic of a basal-like phenotype in both 2D and 3D rBM cultures.
Basal-like tumors preferentially metastasize to distant organs, such
as the lung and brain (Rodriguez-Pinilla et al., 2006), so it is not
surprising that MCF-7 CXCR4ACTD cells metastasize to the lungs
(Rhodes et al., 2011b).

In this study, continuous signaling through CXCR4ACTD switches
MCEF-7 cells from an epithelial to a mesenchymal phenotype. Simi-
larly, MCF-7 CXCR4WT cells cultured in 3D rBM exhibit an EMT
phenotype characterized by up-regulation of ZEB-1, an E-cadherin
repressor in breast carcinoma cells (Eger et al., 2005), loss of E-
cadherin, and gain of cadherin 11. This phenotype correlates with
a p120 isoform switch from isoform 2 to the invasive isoform 1,
which is analogous to features in metastatic breast cancer cells. In
agreement with prior reports, forced expression of E-cadherin in
MCF-7 CXCR4ACTD cells in 2D or 3D rBM cultures did not convert
the cells to an epithelial phenotype (Supplementary Figures S9 and
S10; Wang et al., 2002). The observed differences between MCF-7
CXCRAWT cells in 2D and 3D rBM cultures demonstrate the impor-
tance of the 3D matrix in the integration of signals mediated by
both cell-to-cell and cell-to-matrix interactions. Using 3D rBM cul-
tures, Wang et al. (2002) demonstrated that reversion of metastatic
human breast cancer cell lines to a nonmalignant phenotype re-
quires specific pairs of inhibitors applied together, as single inhibi-
tors induce a partial phenotypic reversion, indicating that signaling
pathways require intervention at multiple sites to elicit reversion. In
a 3D rBM environment, we show that combined inhibition of CXCR4
and MEK1, PI3K and MEK1, or PI3K and MEK1/2, but not com-
bined inhibition of CXCR4 and PI3K, induced reversion of the ag-
gressive phenotype associated with MCF-7 CXCR4ACTD and
MDA-MB-231 cells. These data imply that CXCR4-independent ac-
tivation of MEK1 or MEK1/2 works in concert with CXCR4 to drive
EMT in MCF-7 cells.

The demonstration that CXCR7, a receptor for CXCL12 and
CXCL11, may be involved in breast cancer (Burns et al., 2006) is
intriguing, since this receptor has been postulated to be a decoy
receptor (Balabanian et al., 2005a; Burns et al., 2006; Boldajipour
et al., 2008). CXCR7 has a scavenging function in breast cancer
cells (Luker et al., 2010) and increases their survival and adhesion
but does not increase their growth (Burns et al., 2006). However,
the CXCR7 antagonist CCX754 reduces tumor growth (Burns
et al., 2006), and CXCR7 knockdown in breast cancer cells re-
duces both tumor growth and lung metastasis (Miao et al., 2007).
In contrast, Hernandez et al. (2011) demonstrated that CXCR7
overexpression decreased in vivo invasion, intravasation, and me-
tastasis of mammary adenocarcinoma cells, though it enhanced
primary tumor growth and angiogenesis. Our 3D rBM studies
demonstrate that, although CXCR4 expression in breast cancer
cells induces expression of CXCR7, inhibition of CXCR7 with
CCX771 in combination with inhibition of PI3K, MAPK, or CXCR4
did not result in less aggressive phenotype structures. The ligands
for CXCR7 were not available in the 3D rBM cultures but would be
in vivo, so expression of CXCR7 may affect breast cancer growth
and metastasis.
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Here we demonstrate that CXCR4 expression induced expres-
sion of CXCR2 and ligands for CXCR2 in 3D rBM cultures. Inhibition
of CXCR2 in combination with inhibition of CXCR4 induced rever-
sion of the stellate phenotype to a less aggressive phenotype of
CXCR4-expressing cells in 3D rBM cultures. Combined inhibition of
CXCR2 with MEK1/2, MEKT1, or PI3K reduced the number of stellate
cells, whereas CXCR2 + MEK1 resulted in grape-like structures. It is
possible that CXCR2 continues to activate MEK when PI3K or CXCR4
is inhibited. Thus inhibition of MEK and CXCR4, CXCR2 and CXCR4,
CXCR2 and MEK, or PI3K and MEK reversed the aggressive pheno-
type. Our studies show that inhibition of PI3K in combination with
CXCR2 or PI3K in combination with MEK1/2 reversed the stellate
phenotype of CXCR4-expressing MCF-7 cells in 3D rBM cultures.

In addition, we demonstrate that CXCR4 expression induced IL-
6, CCL2, and GM-CSF expression in 3D rBM cultures. These cytok-
ines are involved in recruitment of myeloid cells to the tumor mi-
croenvironment, tumor growth and metastasis, and disease outcome
(Tamm et al., 1989; Yamashita et al., 1994; Asgeirsson et al., 1998;
Arihiro et al., 2000; Qian et al., 2011; Dethlefsen et al., 2013). Stable
expression of IL-6 in MCF-7 cells bestows the ability to form tumors
that display loss of epithelial markers (Asgeirsson et al., 1998) and
have advanced tumor grade (Asgeirsson et al., 1998; Sullivan et al.,
2009). Thus, by up-regulating other cytokines and chemokines and/
or their receptors, CXCR4 is able to amplify its ability to enhance
invasion and metastasis of breast tumor cells.

The cause of death in cancer patients is associated with metastatic
dissemination rather than growth of the primary tumor. Therefore
better understanding of the chemokines and chemokine receptors
involved, not only in overall metastasis, but also in site-specific me-
tastasis, is essential. In mammary cancer, metastasizing cancer cells
enter lymphatic vessels that drain the mammary gland and dissemi-
nate to other organs. In human breast cancer, CXCR4 is associated
with axillary lymph node metastasis (Kato et al., 2003; Kang et al.,
2005b; Su et al., 2006; Klevesath et al., 2013). Our experiments re-
vealed that GFP* CXCR4-expressing cells migrated to the lymph
nodes as single-cell entities. Intravital imaging demonstrated that
GFP-MCF-7 CXCRAWT cells migrate in single cell streams toward the
vasculature and are nonmigratory in areas of the tumor that lack a
blood supply. Whereas GFP-MCF-7 CXCR4ACTD cells migrate as
single cells toward the vasculature in the tumor, they display random
migration in areas of the tumor that lack a blood supply. Furthermore,
CXCR4-expressing cells were highly invasive in Matrigel invasion as-
says. Inhibition of CXCR4 with AMD3100 significantly decreased in-
vasion of MCF-7 CXCRAWT cells but not MCF-7 CXCR4ACTD cells,
suggesting that signaling through constitutively active CXCR4 is li-
gand independent. In 3D rBM culture, CXCR4-expressing cells
formed irregular stellate projections, with single-cell scattering
throughout the matrix. Thus continuous activation of CXCR4 main-
tains MCF-7 cells in a mesenchymal state for single-cell migration and
metastasis to lymph nodes and lungs. The EMT phenotype is ampli-
fied by up-regulation of CXCR2, which works in concert with CXCR4,
PI3K, and MAPK activation in 3D rBM cultures to facilitate EMT.

On the basis of observations here, we give a schematic diagram
to illustrate the mechanistic pathways associated with the EMT phe-
notype in CXCR4-expressing cell lines (Supplemental Figure S11).
Our data indicate that inhibition of CXCR2 and CXCR4 together or
inhibition of either receptor combined with inhibitors of MEK and/or
PI3K may be useful in inhibiting the metastasis of CXCR4- and CXCR2-
expressing breast cancers. PI3K inhibitors are in clinical development,
with early trials ongoing for breast cancer (Miller et al., 2011), and a
phase | trial with the CXCR4 inhibitor POL6326 in combination with
eribulin in patients with metastatic breast cancer was to be completed
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in December 2013 (www.clinicaltrialsfeeds.org). Other CXCR4
antagonists are in clinical trials for cancer (Debnath et al., 2013;
Domanska et al., 2013). Our data predict that combining CXCR4 an-
tagonists with MEK inhibitors, PI3K inhibitors, or CXCR2 inhibitors
may offer therapeutic advantages for CXCR4-positive breast cancer.

MATERIALS AND METHODS

Cell culture

MCF-7, HT1080, Hs578T, MDA-MB-231, HEK293, MCF10A, HL60,
and Phoenix cells were obtained from the American Type Culture
Collection (Manassas, VA) Collection and maintained according
to the supplier’s protocols. Generation of stable MCF-7 cell lines
with pBMN-IRES-EGFP (vector), pBMN-CXCRAWT-IRES-EGFP, and
PBMN-CXCR4ACTD-IRES-EGFP was previously described (Ueda
et al., 2006). PCR products encoding CXCRAWT (1071 base pairs)
and CXCR4AACTD (967 base pairs) were subcloned into the pBMN-
IRES-EGFP vector, which contains a long terminal repeat (LTR) and
the Psi (‘*¥) consensus sequence for viral packaging. E-cadherin-ex-
pressing MCF-7 CXCR4ACTD cells were infected with retrovirus us-
ing conditioned media from Phoenix E-cadherin-pBMN-IRES-EGFP
cells as described previously (Ireton et al., 2002). The mesenchymal
phenotype of MCF-7 CXCR4ACTD cells was confirmed by phase
contrast microscopy (Supplemental Figure S1, a and b). The triple-
negative, CXCR4* metastatic breast cancer cell line MDA-MB-231
served as control for monitoring the EMT phenotype. CXCR2-ex-
pressing HEK293 cells were generated as described previously (Yang
etal., 1997).

Quantitative real-time PCR

RNA was isolated using TRIzol (Invitrogen, Grand Island, NY). cDNAs
were synthesized using the iScript cDNA Synthesis RT-PCR kit
(1708890; Bio-Rad, Hercules, CA), according to the user manual.
cDNA was amplified by qRT-PCR using 1Q Real Time Sybr Green
PCR supermix (Bio-Rad). All experiments were performed in tripli-
cate. For B-actin, E-cadherin, cadherin 11, ZEB-1, ZEB-2, TWIST-1,
TWIST-2, slug, snail, vimentin, CXCR4, CXCR2, and CXCR7, primers
were purchased from SA Biosciences (Frederick, MD). Data are
shown as fold changes (-AAC,) with 95% confidence limits com-
pared with vector control. Each gene was normalized to B-actin con-
trol. Data were analyzed using analysis of variance (ANOVA) on
—-AC,, with individual mean comparisons of vector control, and ac-
tive intervention groups were estimated using linear contrasts from
the ANOVA. We consider an individual comparison statistically sig-
nificant if p < 0.017 to control the experimentwise error rate at 5%.

3D morphogenesis assays

Cultures were dissociated with Accutase (Innovative Cell Technolo-
gies, San Diego, CA) and seeded on top of a thin layer of Matrigel
(BD Biosciences, Bedford, MA). MCF10A cells were seeded on
growth factor-reduced Matrigel, and MCF-7 vector, MCF-7 CX-
CRAWT, MCF-7 CXCR4ACTD, MDA-MB-231, and MCF-7
CXCR4ACTD E-cadherin cells were seeded on Matrigel. All cells
were seeded at a density of 2000 cells/cm? and overlaid with the
appropriate 2% Matrigel diluted in culture medium, as described
previously (Debnath et al., 2003). Cultures were monitored over time
with phase contrast microscopy. Tumor cells that formed clusters
from single cells are referred to as colonies. Morphology of colonies
was assessed as cohesive round colonies with no branching; round
colonies with chains or branching extensions of cells; single, round
cells; grape-like; or stellate. The presence of five or more cellular
extensions per colony was considered positive. Each cell line was
plated in triplicate, and each experiment was repeated three times.
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Statistical significance among groups was compared using the two-
sample t test. p < 0.017 was considered statistically significant
following the Bonferroni correction to control the experimentwise
error rate <5%.

Cytokine array from 3D rBM cultures

Cells were seeded on top of a thin layer of Matrigel as described
and then serum starved overnight on day 7. Conditioned media
were collected on day 8, and cell debris was removed by centrifuga-
tion. Cytokine arrays were performed according to the manufactur-
er's instructions (RayBiotech, Norcross, GA).

Animal studies

Balb/C nu/Foxn1 athymic nude mice at 3 wk of age were purchased
from Harlan Sprague Dawley (Indianapolis, IN). The studies were
approved by the Institutional Animal Care and Use Committee
(IACUC) at Vanderbilt University Medical Center, and all protocols
were IACUC approved. To establish orthotopic implants of mam-
mary tumor cells in female athymic nude mice, GFP-expressing
MCF-7 vector, MCF-7 CXCR4WT, or MCF-7 CXCR4ACTD cells were
dissociated with cell-dissociation buffer (Invitrogen) and resus-
pended in 30 pl of sterile saline solution, and 5 x 10° cells were in-
jected subcutaneously in the fourth mammary gland of mice. For
optical in vivo imaging of mammary tumors, mice were anesthetized
with 2.5% isoflurane for fluorescence imaging in the VIS 200 imag-
ing system (Xenogen Corp., Alameda, CA) with GFP filter at 1.5-cm
depth and 1-s exposure.

For confocal intravital imaging of nude mice with mammary im-
plants 2 wk after implantation of GFP-MCF-7 vector, GFP-MCF-7
CXCR4AWT, and MCF-7 CXCR4ACTD cells, mice were anesthetized
with 2.5% isofluorane, and a skin flap was made to expose the mam-
mary fat pad. Host vasculature was labeled with 30 pl of 20 mg/ml
rhodamine dextran (70 kDa; Molecular Probes, Eugene, OR) via tail
vein injection. Images were acquired with an LSM 510 META in-
verted confocal microscope with a 10x/0.30 Plan Neofluar objective
or 20x/0.75 Plan Apochromat objective. Time-lapse images were
taken every 10 s for 20 min. In another experiment, 2 wk after MCF-7
CXCR4ACTD cells were implanted in nude mice, HL60 cells differ-
entiated along a neutrophil lineage (dHL60) were labeled with 2 uM
DilC1g(5)-DS Cy5 (Molecular Probes), and 1 x 10° cells were injected
via a catheter in the femoral vein. Host vasculature was labeled with
30 pl of 20 mg/ml rhodamine dextran (70 kDa) via tail vein injection.
After injection of labeled dHL60 cells, images were acquired with an
LSM 510 META inverted confocal microscope with a 40x/1.3 Plan
Apochromat objective. Time-lapse images were taken every 10 s for
20 min. The number of disseminating GFP-expressing CXCR4ACTD
MCF-7 cells was determined after the mice were killed. Inguinal
lymph nodes from the tumor-bearing and contralateral sides of the
mouse were dissected and examined whole with an epifluorescence
microscope to detect GFP-positive cells.

Image analysis and cell tracking of GFP-expressing MCF-7
CXCR4ACTD and MCF-7 CXCR4 WT cells in vivo

The data set was analyzed with Bitplane Imaris and corrected for
respiratory motion artifacts with drift correction and spot detection
at a minimum diameter of 8 pm and tracking algorithm (autoregres-
sive motion) with a maximum radius of 50 ym. The image set was
acquired using a region of interest for which cells from the migrating
leading edge were tracked. This more accurately covers one
microenvironment than the entire image field. Cell displacement
was measured for comparing single-cell migration, since cells rarely
migrate in straight lines.
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The Supplemental Methods describes reagents and established
procedures for Western blot, invasion assays, immunofluorescence,
and zymography.
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