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CXCR4/SDF-1o-mediated Chemotaxis in an In Vivo
Model of Metastatic Esophageal Carcinoma
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Abstract. Background/Aim: The chemokine receptor CXCR4
and its ligand (stromal cell-derived factor-1alpha; SDF-1a.)
play an important role in tumor cell chemotaxis and
metastatic homing of esophageal carcinoma. Several methods
are available to examine tumor cell migration in vitro.
However, in vivo chemotaxis is subject to complex tumor-host
interactions. The aim of this study was to establish an in vivo
model of chemotaxis for esophageal carcinoma that allows
the examination of tumor cell migration and metastatic
homing in the complex microenvironment. Materials and
Methods: CXCR4 expression of OE19 adenocarcinoma cells
was determined by immunostaining in an orthotopic
esophageal model. SDF-1a-mediated migration of cells was
examined in vitro. An in vivo model of chemotaxis and
metastasis was established by subcutaneous injection of
OEI9 cells into NMRI/nu mice and by daily stimulation with
SDF-1a. Results: CXCR4 is expressed in the primary tumor
and in the metastatic tissue. CXCR4-positive OEI19 cells are
susceptible to SDF-1a-mediated migration. The novel in vivo
model leads to developement of metastases in liver, lung,
peritoneum and retroperitoneum after stimulation with SDF-
la but not with PBS, and revealed an SDF-l1a dose-
dependent migratory effect. Conclusion: As metastasis is still
the leading cause of tumor-related death, it is essential to
investigate the complex tumor-host interactions involved in
metastatic homing. We established an in vivo model of
chemotaxis and metastasis for esophageal carcinoma, which
allows investigation and inhibition of CXCR4/SDF-la-
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mediated cell survival and proliferation, chemotaxis and
homing, adhesion, and tumor angiogenesis.

Interactions between CXC chemokine receptor 4 (CXCR4) and
stromal cell-derived factor-lalpha (SDF-10,) have been shown
to play key roles in cancer cell survival, proliferation,
chemotaxis, homing, adhesion, tumor angiogenesis, and
resistance to conventional and targeted therapies (1). Given its
extensive involvement in cancer progression, the CXCR4-
SDF-1a axis has been considered to be a therapeutic target.
Several inhibitors that block this signalling cascade are
undergoing clinical trials (1). CXCR4, the G-protein-coupled
receptor of CXCL12/SDF-1a, mediates a wide range of
physiological and pathological processes, including the targeted
metastasis of cancer cells. Chemokines such as SDF-1o. are
released in high amounts by certain organs such as lung, bone
and liver (Figure 1A). The attraction of SDF-1a and CXCR4
causes breast cancer cells to migrate into other organs, where
cancer cells proliferate and form metastastic tumors.

CXCR4 has also been suggested to play an essential role
in tumor cell homing of esophageal carcinoma to lymph
nodes and bone marrow (2), as well as of other tumor entities
(3, 4). Expression of CXCR4 correlates significantly with
overall and tumor-specific survival in esophageal carcinoma
and is associated with a poor prognosis (2). Esophageal
cancer is a highly aggressive neoplasm with a poor prognosis
and a strong tendency for invasion and metastasis (5), and is
one of the leading causes of cancer-related deaths world-
wide (6, 7). In spite of multimodal therapy (surgery/
combined radio/chemotherapy), curative treatment is rare,
especially in advanced stages with lymph node or distant
organ metastasis, where surgical resection is not an option
(8). The key to developing novel treatment strategies is to
understand the pathways of metastasis. Although the exact
biological functions of CXCR4 in tumor dissemination of
esophageal carcinoma are still poorly understood, inhibition
of esophageal cancer metastasis by CXCR4 antagonists is an
interesting therapeutic option.
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Several in vitro assays and animal models have been
established to facilitate examination of metastatic processes
such as tumor cell migration and homing. We previously
established an orthotopic esophageal carcinoma model (9-
11). The orthotopic model exhibits the patterns of clinical
local and metastatic behavior occurring in human esophageal
carcinoma. There is also a model for investigating peritoneal
carcinomatosis of esophageal carcinoma in vivo (12).

Several in vitro assays exist to investigate migration in vitro.
Most popular are net migration assays of large cell populations,
such as the filter assays (Figure 1B). They are useful for
identifying chemoattractant molecules, but give no direct
information about how these molecules influence the speed and
direction of cell movement (13). There are also visual assays
including measurements of orientation in gradients and time-
lapse filming and polarization assays. Assays that simulate the
situation in living tissues are becoming more popular and
include migration through collagen, and fibrin gels or through
monolayers of vascular endothelium (13). However, the in vivo
environment is far more complex in comparison to
conventional cell assay chambers (14).

The aim of this study was to establish an in vivo
chemotaxis model for esophageal carcinoma that allows the
examination of metastatic tumor cell migration and homing
in the complex in vivo microenvironment.

Materials and Methods

In vitro chemotaxis assay. The human cell line OE19 (European
Collection of Cell Cultures (ECACC), Health Protection Agency,
Wiltshire, UK) was cultured in RPMI 1560 medium (Biochrome
KG, Berlin, Germany) as previously described (9, 12). Tumor cell
migration through a microporous membrane was assessed based on
the Boyden chamber principle. Cells were incubated with culture
medium as the control for 90 min, and then plated onto the top
chamber. Culture medium containing 100, 500 and 1000 ng/ml of
recombinant human SDF-la (R&D Systems, Minneapolis, MN,
USA) was added to the lower chamber. The plate was incubated at
37°C, with 5% CO, for 18 h. The migrated cells were then stained
using 4’,6-Diamidino-2-phenylindole dihydrochloride (DAPI;
Sigma-Aldrich, Munich, Germany) and were counted under a
fluorescence microscope (Carl Zeiss, Jena, Germany).

In vivo chemotaxis model and evaluation of metastases. An orthotopic
implantation model was established using the OE19 cell line, as
previously described (9, 12, 15). All animal procedures were
performed in accordance with a protocol approved by the Behorde fiir
Wissenschaft und Gesundheit (Freie und Hansestadt Hamburg,
Germany). NMRI/nu (U.S. Naval Medical Research Institute) mice
were obtained from Charles River Deutschland (Sulzfeld, Germany)
at 10 weeks of age. Eighteen NMRI/nu mice were injected
subcutaneously 7x10° with OE19 cells in 200 ul PBS suspension.
Starting the following day mice received a daily intraperitoneal
injection of either Dulbecco’s phosphate-buffered saline (DPBS;
Gibco/ Invitrogen, Paisley, UK) (group 1), 100 ng SDF-1a. (group 2)
or 500 ng SDF-1a. (group 3) for four weeks. At the end of this course
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Figure 1. A: In vivo migration of tumor cells. Tumor cell chemotaxis
and metastatic homing of CXC chemokine receptor 4 (CXCR4)-positive
tumor cells is mediated by stromal-cell derived factor-1alpha (SDF-1a)
expression in destination organs e.g. bone marrow, liver and lung. B: In
vitro chemotaxis: Boyden chamber principle. A cell suspension is placed
in the upper chamber, while the medium containing the chemoattractant
is placed in the lower chamber. Migratory cells that are attracted by the
specific chemoattractant pass through the filter membrane.

Filter membrane

Lower chamber

mice were sacrificed and liver, lung, peritoneum and retroperitoneum
were sampled. Total RNA was isolated from the samples by an RNA
isolation kit (Qiagen, Hilden, Germany) and were reverse transcripted
by the high capacity cDNA reverse transcritpion kit (Applied
Biosystems, Darmstadt, Germany). Metastatic spread to the organs
was detected by mRNA expression of the human polymerase (RNA)
II polypeptide 2 POL2 by real-time polymerase chain reaction (PCR)
analysis. Results were normalised using 18S RNA expression of the
tissue samples. PCR primers (TagMan Gene Expression Assay-POL2
(made to order)), TagMan Gene Expression Assay 18S
Hs99999901_s1) and TagMan Universal PCR Mastermix were
ordered from Applied Biosystems. Expression in micrometastases is
presented as cycle threshhold (ct) values.
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Figure 2. Metastatic potential and CXCR4 expression of OE19 cells. Representative images of hematoxylin eosin (H.E.) and CXC chemokine receptor
4 (CXCR4) immunostaining of primary tumor (PT), liver, lung and lymph node (LN) tissue from an animal with orthotopically implanted esophageal
tumor (magnification x100). CXCR4 expression is observed in all tumor-bearing tissues.

Immunostaining of metastases in an orthotopic model of esophageal
carcinoma. The CXCR4 staining was performed using the primary
anti-human CXCR4 monoclonal antibody [immunoglobulin G
subclass 2a (IgG2a), clone 12G5; R&D Systems] at a dilution of
1:100, overnight at 4°C. An irrelevant murine IgG1 monoclonal
antibody (MOPC21; Sigma, Deisenhofen, Germany) was used as a
negative control. The antibody reaction was developed with the Cell
and Tissue Staining Kit, using the HRP-AEC-System, from R&D
Systems (Minneapolis, MN, USA). Sections were counterstained
with Mayer’s hematoxylin solution (Merck, Darmstadt, Germany).
Tumor tissue was identified by hematoxylin eosin (HE) staining.

Results

CXCR4 expression in primary tumor and metastases, SDF-
la-dependent migration. The OE19 cell line has been
previously used in an orthotopic implantation model of
esophageal carcinoma (9). High metastatic rates of up to
100% to liver, lung and lymph nodes were found in this
model. As CXCR4 expression has been shown to affect
metastatic homing of esophageal carcinoma cells to the
lymph node and bone marrow (2), we now evaluated CXCR4
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Figure 3. Tumor cell migration in Boyden Chamber. A: Microscopic evaluation of the Boyden chamber-based migration assay shows a dose-
dependent effect of stromal-cell derived factor-1alpha (SDF-1a.)-stimulated chemotaxis on OE19 cells. B: A relevant migratory effect of SDF-1a-
mediated migration on CXCR4-positive cells is observed at 250 ng/ml compared to unstimulated cells.

expression in the primary tumor, lung, liver and lymph node
metastases of this model by immunostaining. The cell line,
the primary tumors and the metastases in lung, liver and
lymph nodes exhibited overexpression of CXCR4 (Figure 2).

In order to achieve cell migration, CXCR4-positive cells
need to respond to the stimulus of their ligand and
chemoattractant SDF-1a. To verify whether the migration of
OE19 cells is dependent on SDF-1aq, firstly, in vitro studies
were conducted. The migration assay based on the Boyden
chamber principle showed a SDF-1a. dose-dependent effect
on cell migration of OE19 cells (Figure 3A). Relevant
chemotaxis of OE19 cells was, thus, induced by SDF-1a
(Figure 3B).

SDF-la-mediated in vivo chemotaxis and model of
esophageal carcinoma metastasis. In vitro migration assays
are highly experimental and controlled assays without the
effects of the surrounding host environment. To further
investigate the migratory behaviour of metastatic cells in vivo
a novel model was established, that provides the influences
of tumor-host interaction on migration (Figure 4A). OE19
cells were injected into the flanks of NMRI/nu mice that
were then randomized into three groups and treated for the
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course of four weeks with DPBS and SDF-1a injections of
100 ng/ml and 500 ng/ml, respectively.

At the termination of this in vivo experiment, relevant
tissues (lung, liver, peritoneum, and retroperitoneum) were
sampled and examined for metastatic spread by mRNA
expression of POL2, by real-time PCR analysis which was
normalized by I8S expression. For each analysis,
intraperitoneal tumor tissue was induced by intraperitoneal
injection into a control mouse and was used as positive
control. Cycle threshhold (ct) values were used for graphic
depiction of results. Figure 4B shows relevant dose-dependent
effects of SDF-la injection. Especially in lung and the
peritoneum, higher levels of human, thus metastatic, cells were
found after daily injection of 500 ng/ml SDF-1o compared to
mice injected with DPBS, and tumor tissue controls.

With  this model, using the subcutaneous
compartment as origin and the internal organs as destination
compartments, we were able to show the SDF-1a-mediated
migratory effect of CXCR4-positive OE19 cells. Moreover,
we specifically stimulated metastatic homing to liver, lung,

novel

peritoneum and retroperitoneal tissue, thus for the first time
establishing an in vivo model of chemotaxis as well as a
model of SDF-10-based metastasis for esophageal carcinoma.
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Figure 4. Cell migration in vivo. A: Compartment-mimicking principle of an in vivo model of chemotaxis. Tumor cells are injected into the flank of
the animal (I, compartment or origin). Metastases are monitored in the abdominal and thoracic tissues (Il, destination compartments: lung, liver,
peritoneum, retroperitoneum) after intraperitoneal stimulation. B: Metastatic spread to liver, lung, peritoneum and retroperitoneal tissue is analyzed
by real-time polymerase chain reaction (PCR), according to the level of human polymerase (RNA) II polypeptide 2 (POL2). Means of cycle threshhold
(ct) values were used for graphic depiction of results. There is a relevant effect of stromal-cell derived factor-1alpha (SDF-1a) stimulation (100
and 500 ng) on all organs compared to the sham-treated group (DPBS). Detection of human, and thus metastatic, cells was even greater in lung and
peritoneum in the group treated with 500 ng SDF-1a, compared to the positive tumor control, indicating a strong metastatic effect.
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Discussion

Treatment of esophageal carcinoma is still limited due to the
disease stage at initial diagnosis and surgical resectability.
Surgical resectability of esophageal carcinoma is most often
limited not only by a local tumor spread, but also by distant
metastasis to parenchymatous organs, or peritoneal spread
(12). Metastasis is still the leading cause of tumor-related
death and morbidity. Therefore, it is essential to understand
the complex pathophysiological pathways and processes
leading to metastatic spread (12). These pathways of
malignant tumor disease are complex and still poorly
understood (16-20). At present there is no effective
radio/chemotherapeutic or biological treatment for metastatic
esophageal cancer.

It has been shown that the chemokine receptor CXCR4 is
implicated in metastatic homing of esophageal carcinoma to
lymph nodes and bone marrow (2). In the present study, we
showed that CXCR4 is expressed in metastatic tissues of
primary CXCR4-positive tumor cells in the orthotopic
esophageal model. This indicates the importance of this
receptor also in the metastatic homing to lung, liver and
lymph nodes in esophageal carcinoma. CXCR4-mediated
metastatic spread is dependent on its ligand, the chemokine
SDF-1a. Here we show that the esophageal adenocarcinoma
OE19 cells are susceptible to dose-dependent SDF-la-
mediated migration in vitro. Although the in vitro assay
results show that SDF-1a is a strong chemoattractant for
CXCR4-positive cells, these assays give a limited view of cell
migration. In vivo tumor cell migration is dependent on
several factors influencing the complex  tumor-host
interaction. Elucidation of these mechanisms is important for
further understanding of metastatic homing. In this study, we
developed a model of in vivo chemotaxis for esophageal
carcinoma that allows the examination of metastatic tumor
cell migration and homing in the complex in vivo
microenvironment.
CXCR4 and SDF-1a play key roles in cancer cell survival,
proliferation, chemotaxis, homing to specific metastatic sites,
adhesion, tumor angiogenesis and resistance to conventional
and targeted therapies (1, 21, 22). There is experimental
evidence that the higher-order multimerization of CXCR4
enables it to effectively sense, with increased avidity, the
chemotaxis-inducing ligand in the microenvironment (23).
An involvement of the CXCR4/SDF-1a-mediated migration
has been shown for several physiological and pathological
processes, including brain injury/tumor (24), spinal cord
neural development (25), colorectal cancer (26), lung
metastasis in breast cancer (22, 27), lung cancer (28-30),
prostate cancer metastasis (31), ovarian cancer (27), cervical
cancer (27), non-Hodgkins lymphoma (32), and acute
myelogenous leukemia (33).

In esophageal carcinoma, CXCR4 has been shown to play
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an essential role in tumor cell homing to lymph nodes and bone
marrow (2). Expression of CXCR4 significantly correlates with
overall and tumor-specific survival in esophageal
adenocarcinoma and squamous cell carcinoma, and is
associated with a poor prognosis (2). Thus, the expression of
CXCR4 is of major relevance for both histological entities,
squamous cell carcinoma and adenocarcinoma of the
esophagus (34). There are several studies on squamous cell
carcinoma to support this claime (35-38).

Given its extensive involvement in cancer progression, the
CXCR4-SDF-1a axis has been considered to be a therapeutic
target. Several inhibitors blocking its signaling cascade are
in clinical trials (1). Preclinical and clinical anti-CXCR4
agents (e.g. AMD3100, NOX-A12, CCX2066, CTCE9908)
are currently available therapeutic options, targeting the
CXCR4-SDF-1a and CXCR7-SDF-1a pathways (39).

Activation of the CXCR4-SDF1-a pathway leads to the
following complementary actions: i) direct promotion of
cancer cell survival, invasion, and the cancer stem and/or
tumor-initiating cell phenotype; ii) recruiting of distal stroma
(i.e. bone marrow-derived cells) to indirectly facilitate tumor
recurrence and metastasis; and iii) promotion of angiogenesis
directly or in a paracrine manner (33, 39).

To investigate tumor cell migration in vitro, several
methods exist. In vitro migration assays, implicating either
gradients or cell surface-bound forms of SDF-1a, are easy
to perform and provide vital information regarding cell
motility (40). Net migration, such as the filter assay is the
most popular and is useful for identifying chemoattractant
molecules, but give no direct information about how these
molecules influence the speed and direction of cell
movement (13). Visual assays, including measurements of
orientation in gradients and time-lapse filming give detailed
information about cell paths, and the polarization assay is
useful for visual screening. Assays that are closer to
simulating the situation in living tissues include migration
through collagen or fibrin gels or through monolayers of
vascular endothelium (13). Sharp growth factor gradients can
be used for local activation of cell surface receptors and are
suitable for rapid biological assays such as those of Ca(2+)
transients (41). Novel chemotaxis techniques include
microfluidic platforms, computer controlled flow devices and
cell tracking software (14). Assays under fluid flow which
using biochips have provided data that highlight the
importance of shear stress on cell attachment and migration
towards a chemokine gradient.

However, the in vivo environment is far more complex in
comparison to conventional cell assay chambers (14). For
example, there is evidence that the dependence of breast
cancer cells on growth factor signaling, points to the
importance of autocrine and paracrine factors in determining
the migratory response of the cells using a microfluidic
chemotaxis chamber (42). There is also evidence that stromal
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fibroblasts present in invasive human breast carcinomas
promote tumor growth and angiogenesis through elevated
SDF-1a secretion (43). This was determined by using a co-
implantation tumor xenograft model that demonstrated that
carcinoma-associated fibroblasts extracted from human
breast carcinomas promote, in large part through the
secretion of SDF-1a, the growth of breast carcinoma cells
significantly more than normal mammary fibroblasts derived
from the same patients (43).

Therefore, it is essential to have methods that allow the
investigation of the complex tumor/host interaction that leads
to metastatic homing. In this study we developed a novel in
vivo model, which represents an experimental model of
metastasis based on SDF-la-mediated chemotaxis for
esophageal carcinoma. This in vivo model allows for the
investigation of CXCR4-SDF-la-mediated cancer cell
survival, proliferation, chemotaxis, homing, adhesion, and
tumor angiogenesis, as well as exploration of novel
biological and targeted therapeutics.
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