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ABBREVIATIONS

VEGF  vascular endothelial growth factor

EGF epidermal growth factor

HGF hepatocyte growth factor

TNF tumor necrosis factor

TGF transforming growth factor

LLC Lewis lung carcinoma

MIP macrophage inflammatory protein

SDF stromal cell derived factor

RANKL  receptor activator of NFkB ligand

RAGE  receptor for advanced glycation
end products

MCP monocyte chemoattractant protein
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ABSTRACT

Organ specific metastasis might be based on the specific interactions between
chemokines expressed in premetastatic sites and their receptors on tumor cells. The
ligand/receptor system in host defense mechanism pertinent to immune cells like
macrophages is supposed to be hijacked by tumor cells. Ectopic expression of receptors
in tumor cells enables bidirectional signaling between primary tumors and distant
metastatic organs. VEGF and TNFo. secreted from primary tumors signal through
circulatory system to stimulate lung endothelial cells and macrophages to enhance
production of STOOA8 and A9 as well as MIP-1a, which in turn stimulate primary tumor
cells as well as macrophages in bone marrow to migrate over to the lungs presumably
via local chemokine gradient. Although it is beyond discussion to determine which came
first, tumor cells or macrophages, the bidirectional signals could amplify the migration of
both cells to accomplish metastasis.

Metastasis has a multifactorial nature involving physical factors such as circulatory
pathways and factors derived from biological properties of both tumor cells and host
cells. It consists of at least four steps: (1) loss of adhesion in primary tumors and invasion
to surrounding normal tissues, (2) intravasation, (3) extravasation into metastatic sites,
and (4) regrowth. Growth factor receptors for EGE HGE and TGFf and VEGF induce
epithelial mesenchymal transition promoting the steps 1 and 2. Selective pressure from
the tumor microenvironment such as hypoxia or contacts with extracellular matrix is
supposed to promote dominance of metastatic subclones with activated signaling through
those receptors.!

Historically, much attention has been paid to metastasis gene(s) in tumor cells.
For example, differences in expression levels revealed NDP kinase Nm23, RhoC and
chemokine receptors. Given the complicated biological process in metastasis, experimental
dissections would provide better understanding of each step. One idea is to utilize

subclones of tumor cells with differential biological abilities®3

as represented by the
discovery of the transcription factor Twist.” Another idea is a procedure-based dissection
that focuses on host cells instead of tumor cells.* We subcutaneously transplant non-
metastasizing tumor cells LLC or B16 in mice, which grow up as primary tumors in two
weeks. Then, by skipping the above-mentioned steps 1 and 2, the tumor cells are directly
injected via tail veins into circulation to promote lung metastasis. We could monitor
transcriptional changes in premetastatic lungs and eventually found that S100A8 and
S100A9 are upregulated at metastatic sites.*

Injection into tail veins forces tumor cells to encounter lungs as the first organ. However,
injection into the portal vein failed to enhance metastasis in liver although S100A8 and
A9 are transcriptionally activated. (Hiratsuka S, Maru Y, unpublished results). Given
that subcutaneously transplanted LLC and 3LL, a highly metastatic subclone of LLC,
spontaneously metastasize to lungs in a long and short period of time, respectively, it can
safely be said that LLC has organ specificity in metastasis. Then what determines tumor
and metastatic site pairing? The most understandable idea is paired expression of growth
factor in metastatic sites and its receptor in tumor cells, as evidenced in CXCR4-expressing
breast cancer cells vs. high CXCL12 (SDF-1) in lungs.’ The chemokines promote lympho-
cyte homing to specific sites in the body. In our metastasis assays, LLC and 3LL but not
benign tumor cells induced mRNA upregulation of chemokines ST00A8, A9, and MIP-1a
but not SDF-1 or MCP-1. However, anti-chemokine antibody therapy gave roughly 20%
reduction in metastasis against MIP-1at vs. 80% against S1I00A8 in five hours. In some
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Figure 1. Both tumor cells and macrophages express receptors for
chemokines produced in premetastatic organs. Migration could be amplified
by bidirectional signaling between the two. Macrophages could be soil-
carrying seeds.

diabetic conditions, upregulated SI00A8 causes enhanced adhesion
of macrophages to fibronectin.® This is consistent with what Kaplan
et al. proposed in the initiation of premetastatic niche.” Another
example of strict pairing is observed in RANK-expressing melanoma
vs. RANKL production in osteoblasts.® RANK is physiologically
expressed in osteoclast progenitor cells and RANKL is an osteoclast
differentiation factor essential in bone physiology. Given the high
specificity of those ligand/receptor interations, metastatic preference
to certain organs is not a matter of chance but tumor cells might be
destined to be recruited to metastatic sites if they pass through the
steps 1 and 2.

To overcome the steps 3 and 4, tumor cells homing to metastatic
sites need to invade and restart growing without angiogenesis at the
beginning. CXCL12 can activate Pyk2 and MAP kinase to induce cell
proliferation.” ST00A8 and A9 belong to the divalent cation-binding
EF-hand family of proteins and appear to function both intracel-
lularly and extracellularly as proinflammatory chemokines.!® One
major activity inside the cells would be superoxide production as
a regulator of Nox2.!! Once released outside the cells, they bind
endothelial cells via glycans,12 induce activation of NFxB, p38, and
MAP kinases in some tumor cells,!3 or could be mitogenic in some
fibroblasts, 4 although no specific receptor has been found so far.

We repeatedly observed that both S100A8 and A9 induce
migration of macrophages as well as tumor cells by signaling
through p38 kinase. Whatever their receptors are, noteworthy
is the activation of macrophages, which is highly augmented in
S100A8- or A9-incubated conditioned medium of organ culture of
lung slices. SI00A8 appears to induce other chemokine(s) in lungs
more potent to confer invasive and migrating abilities on tumor cells.
This suggests that both SI00A8 and A9 could potentially amplify
macrophage-migrating activity within the premetastatic pulmonary
microenvironment. Since anti-VEGF neutralizing antibody could
partially block ST00A8 and A9 induction in lungs, at least VEGF
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produced in primary tumors could induce their expression. ST00A8
and A9 might then induce another potent chemokine(s) in lungs,
mobilizing macrophages from bone marrow. Since VEGF but not
chemokines appears to play an essential role in endothelial progenitor
cell migration from bone marrow!> and increment in the number
of macrophages but not endothelial cells in lungs is evident in our
assays, it is likely that at least the steps 3 and 4 in metastasis are
dictated by chemokines and the late step 4 by VEGE

Based on the “seed and soil” hypothesis in metastasis, our finding
suggests that lungs are cultivated by tumor challenges to express
seed-guiding and -rearing chemokines S100A8 and S100A9 in
endothelial cells and macrophages. This raises a fundamental question
of whether or not primary tumors really make a remote operation for
metastasis. Given that macrophages are mobilized from bone marrow
to pulmonary microenvironment by the insult of development of
primary tumors, one idea could be that host defense mechanisms
are hijacked by tumor cells. Macrophages are supposed to express
receptors, if any, for ST00A8, S100A9, or other unknown chemokines
secreted in a paracrine fashion in lungs. If tumor cells express the
same receptor(s), tumor cells and defending macrophages should
be simultaneously recruited to the chemokine-producing microen-
vironment. Lungs may be the most sensitive organ for attacks from
exogenous pathogens that might be inhaled on each respiration or
endogenous tumor cells as it is the first organ for circulating tumor
cells to encounter in the body. This could partly explain the high
expression levels of ST00AS8 in lungs but not in liver or kidney where
metastasis failed to take place. The trigger of lung metastasis might
be a very small number of tumor cells that migrate to lungs. That
could be beyond detection by any experimental ways but induce
chemokine production in that microenvironment for macrophage
mobilization from bone marrow. Recruited macrophages in lungs also
secrete chemokines and an amplification mechanism begins (Fig. 1).
Alternatively, defending macrophages are recruited to lungs before
arrival of any single tumor cell, similar to the question of which
came first, the chicken or the egg. For prevention of metastasis, it is
important to elucidate circulating chemokines and their receptors on
tumor cells in each cancer.
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