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A Small Actor Playing Many Roles
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The calcium-binding protein S100A4 promotes metas-
tasis in several experimental animal models, and
S100A4 protein expression is associated with patient
outcome in a number of tumor types. S100A4 is local-
ized in the nucleus, cytoplasm, and extracellular
space and possesses a wide range of biological func-
tions, such as regulation of angiogenesis, cell sur-
vival, motility, and invasion. In this review, we sum-
marize the evidence connecting S100A4 and cancer
metastasis and discuss the mechanisms by which
S100A4 promotes tumor progression. (Am J Pathol
2010, 176:528-535; DOI: 10.2353/ajpath.2010.090526)

S100A4, also known as mts1, p9Ka, FSP1, CAPL, calvas-
culin, pEL98, metastasin, 18A2, and 42A, was cloned in
the 1980s and early 1990s from various cell systems."? It
belongs to the S100 protein family, which consists of at
least 21 different members.® S100 proteins are Ca®*-
binding, low molecular mass proteins (10 to 12 kDa) that
generally exist as homo- or heterodimers within cells.*
Multimeric forms have also been reported for certain
family members,* and these functional states appear to
be associated with extracellular activity. S100 proteins
possess Nno enzymatic activity; instead, they exert their
effects by interacting with and modulating the activity of
other proteins.®* Altered expression levels of S100 pro-
teins have been described in several human diseases,
such as cancer, inflammatory disorders, cardiomyopathies,
and neurodegenerative conditions,® and S100A4, in partic-
ular, has gained increasing attention over the last two de-
cades because of its metastasis-promoting properties. In
this review, the evidence implicating S100A4 in the process
of cancer metastasis is summarized. Apart from the follow-
ing introduction, other aspects of S100A4 biology, such as
biochemical characterization, transcriptional regulation,
and studies on nonmalignant diseases, are only addressed
if relevant to the understanding of cancer metastasis.
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Gene Structure and Transcriptional
Regulation

The human S100A4 gene is located in a frequently rear-
ranged gene cluster on chromosome 1g21 and is com-
posed of four exons, of which the first two are noncod-
ing.” The 101-amino acid protein has a molecular mass of
approximately 11.5 kDa and is characterized by the pres-
ence of two Ca®*-binding EF-hands. Upon Ca®" binding,
S100A4 undergoes a conformational change, forming a
hydrophobic pocket essential for the recognition of target
proteins.®

The transcriptional regulation of S100A4 has been
most extensively studied using murine cell lines. In
mouse adenocarcinoma cells, an enhancer region lo-
cated within the first intron controls S100A4 transcrip-
tion,” whereas in other cell systems upstream regula-
tory elements have also been identified.” In human
cells, methylation status, B-catenin, and extracellular
factors have been reported to affect the expression of
S100A4."28

Subcellular Localization and Tissue
Distribution

S100A4 is localized in the nucleus, cytoplasm, and the
extracellular space. Cytoplasmic expression is evident in
the vast majority of S100A4-expressing cells, and intra-
cellular concentrations may be as high as 10 umol/L in
certain cells.® Nuclear localization was first demonstrated
by Flatmark et al® in a panel of primary tumor samples
from patients with colorectal cancer using immunohisto-
chemistry and subcellular fractionation experiments, and
this finding has later been corroborated by a number of
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reports demonstrating expression of S100A4 in the nuclei
of both normal and neoplastic cells.’®'® Growing evi-
dence indicates that S100 family members are secreted
to the extracellular space, but the mechanism of secre-
tion is still obscure.' In recent years, release of S100A4
from tumor cells, macrophages, and fibroblasts in culture
has been demonstrated.’* '8 Secretion of S100A4 in
vivo is supported by its presence in tumor interstitial fluid
(ie, patient tumor samples incubated in saline in vitro) and
increasing S100A4 levels in the serum of aging S100A4
transgenic mice. 16

To our knowledge, no comprehensive investigation of
S100A4 protein expression in normal human tissue has
been undertaken. Nevertheless, several investigations have
reported the expression of ST00A4 in various normal human
cell types, including fibroblasts,'®'® monocytes'® macro-
phages,® T lymphocytes, '® neutrophilic granulocytes,'® and
endothelial cells. ' Furthermore, several immunohistochem-
ical analyses have demonstrated the expression of S100A4
in lymphocytes, macrophages, endothelium, and smooth
muscle cells of vessel walls adjacent to tumor tissue in
various organs.®?'-23

During the last decade, S100A4 has been widely ac-
cepted as a fibroblast-specific marker and hence used in
a number of different investigations in humans and ro-
dents. However, as summarized above, the existing liter-
ature contains several reports demonstrating expression
of S100A4 in a wide range of normal cell types. Investi-
gations of S100A4 protein expression should be carefully
considered owing to possible nonspecific binding of anti-
S100A4 antibodies. Because S100 proteins are relatively
homologous, it is reasonable to assume that antibodies
directed against specific family members show some
cross-reactivity. However, the data presented have been
confirmed using several different antibodies, both monoclo-
nal and polyclonal, and for certain cell types, including
monocytes, macrophages, and T lymphocytes, protein ex-
pression data are substantiated by abundant expression of
S100A4 mRNA 2924 The assumption that S100A4 expres-
sion is restricted to fibroblasts is clearly misleading, and the
conclusions drawn on this basis should be questioned.

Binding Partners

S100A4 has no enzymatic activity and exerts its functions
mainly through interaction with other proteins. Intracellu-
larly, S100A4 exists predominantly as a symmetric ho-
modimer, facilitating the simultaneous binding and func-
tional cross-linking of two homologous or heterologous
target proteins.?® Similar to other S100 proteins, a num-
ber of binding partners for S100A4 have been identified,
including actin, nonmuscle myosin IIA and IIB, tropomy-
osin, p53, liprin B1, methionine aminopeptidase 2, CCN3,
S100A1, p37, and septin 2, 6, and 7 (Figure 1A).2526
Spatial and temporal colocalization of S100A4 and its
proposed target proteins is confirmed in only a few
cases, and the functional correlates of S100A4-target
protein interactions are described infrequently. Conse-
quently, not all interactions demonstrated in vitro are nec-
essarily biologically relevant. Because the molecular in-
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teractions between S100A4 and its intracellular target
proteins have been thoroughly reviewed recently,?52°
a complete discussion on this subject will not be pre-
sented here.

In the extracellular space, S100A4 has been re-
ported to interact with the cell surface receptors recep-
tor for advanced glycation end products (RAGE) and
annexin Il, as well as heparan sulfate proteoglycans (Fig-
ure 1B)."%27:28 |n general, the biological activity of extra-
cellular S100A4 is associated with multimeric forms of the
protein, 272 although extracellular activity has been
reported also for dimeric S100A4.28

S100A4 and Metastasis: Experimental
Evidence

Metastasis is generally defined as the spread of malig-
nant cells from the primary tumor through the circulation
to establish secondary growth in a distant organ. Some of
the experimental animal models used to causally impli-
cate S100A4 in the metastatic process are based on
intravenous or intracardial injection of cells with manipu-
lated levels of ST00A4. Such models only encompass the
postinvasion steps in the metastatic cascade, whereas
other assays that have been used depict the entire met-
astatic process through injection of tumor cells to form
primary tumors, either into orthotopic or nonorthotopic
sites (eg, subcutaneous injection). For simplicity, all mod-
els are herein referred to as experimental metastasis
assays, but the reader should keep in mind the limitations
discussed above.

Since the cloning of S100A4 from highly metastatic
murine mammary carcinoma cells,®° its importance in the
process of cancer metastasis has been corroborated by
several experimental approaches, and in the following
text, the experimental evidence implicating S100A4 in the
progression of malignant cells to a metastatic phenotype
is summarized.

Overexpression of S1T00A4 in a benign rat mammary
epithelial cell line was shown to promote subcutaneous
tumor growth and metastasis to the lungs and lymph
nodes,®" and, correspondingly, the nonmetastatic human
breast cancer cell line MCF-7 acquired a metastatic phe-
notype upon S100A4 transfection.®® Furthermore, de-
creased expression of ST00A4 in highly metastatic human
osteosarcoma cells produced a significant suppression
of experimental metastasis formation after intracardial
injection in rats,®*® and S100A4 antisense-transfected
Lewis lung carcinoma cells displayed reduced meta-
static capacity upon tail vein injection in syngeneic
mice.®* In an orthotopic model of bladder cancer,
S100A4 overexpression induced lymph node and lung
metastasis,®® and increased metastatic growth was also
observed after intrasplenal and intracardial injection of
colon cancer cells with high levels of ST00A4 induced by
transfection of mutant B-catenin.®

Further evidence emphasizing the central role of
S100A4 in tumor progression and metastasis comes from
genetically engineered mice. In two transgenic mouse
models, animals overexpressing S100A4 were phenotyp-
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Figure 1. Mechanisms involved in S100A4-mediated metastatic progression. A: Molecular mechanisms associated with intracellular functions of S100A4. S100A4 is able
to interact with cytoskeletal proteins, particularly nonmuscle myosin heavy chain (NMMHC) IIA, resulting in increased cell migration. In vitro studies have identified
several other binding partners for S100A4 (upper right). However, the majority of these interactions have not been confirmed i vivo, and whether the interacting
proteins are involved in S100A4-induced metastasis is thus mostly not known. Intracellular SI00A4 expression is also associated with transcriptional regulation of certain
genes, such as MMPs and E-cadherin, through so far unidentified mechanisms. Whether this could be attributed to cytoplasmic or nuclear S100A4 (or both) is also not
known. Apart from the suggested functions mentioned above, the biological role of nuclear S100A4 still remains uncharacterized (question mark). B: Molecular
mechanisms associated with extracellular S100A4. S100A4 is released from both tumor cells and stromal cells. Through interaction with annexin II (AID and tissue
plasminogen activator (tPA) on the surface of endothelial cells, S100A4 stimulates the conversion of plasminogen to plasmin, thus promoting angiogenesis. SI00A4 also
interacts with other cell surface receptors on both tumor cells and stromal cells (exemplified by a tumor cell in the figure), such as RAGE, to activate intracellular signal
transduction cascades, including mitogen-activated protein kinases, increased intracellular [Ca**], and nuclear factor-«B (see text for further details). S100A4-activated
signaling pathways may, in turn, result in regulation of several target genes probably involved in stimulation of metastasis. The schematic illustrations provided in A and
B are not comprehensive overviews of the molecular mechanisms of S100A4 but are illustrations of certain mechanisms associated with S100A4-induced stimulation of
metastasis. C: Biological processes associated with S100A4. S100A4 stimulates cell motility, invasion, and angiogenesis and participates in the regulation of cell death.
Invasion and motility is probably promoted through induction of EMT. Cell motility, invasion, and angiogenesis all contribute to stimulation of metastasis, whereas the
role of S100A4-mediated regulation of cell death in cancer metastasis is so far uncertain (dashed arrow).

ically normal and exhibited no increased frequency of
neoplastic transformation in any organ.®¢3” When these
transgenic mice were crossed into a tumorigenic back-
ground, the offspring displayed a markedly increased
frequency of lung metastasis, even though they devel-
oped primary tumors with incidence and tumor size
comparable to their nontransgenic littermates. Further-
more, mice carrying null alleles for ST00A4 demonstrated
a significant attenuation of metastasis formation when
crossed with PyV-mT mice that spontaneously develop mul-
tifocal mammary carcinomas and lung metastases.® Using
PyV-mT mice crossed with mice expressing green flu-
orescent protein (GFP) under control of the S100A4 pro-
moter, the authors further showed that tumor cells leaving
the primary tumor to invade neighboring structures turned
GFP-positive (ie, activated the S100A4 promoter), and in-
jection of disaggregated GFP-positive tumor cells from
the primary tumors generated more metastases in the

lungs and liver than injection of GFP-negative cells. In line
with these observations, conditional apoptosis of cells in
which the S1T00A4 promoter was active resulted in signif-
icant attenuation of lung metastases.

Altogether, the above-mentioned studies provide com-
pelling evidence that S100A4 is directly involved in the
formation of metastasis from several different tumor
types. Common to most of these model systems is the
fact that ST00A4 does not affect the initiation and growth
of the primary tumors,3335-37 illustrating that S100A4
probably regulates steps in the metastatic cascade that
do not impinge on tumor growth and proliferation.

Prognostic Significance of S100A4

Metastasis is the main cause of death in patients with
cancer, and if the presence of ST00A4 in tumor cells were



as important in humans as in rodents, expression of
S100A4 in primary tumors should robustly predict patient
outcome. In line with this reasoning, numerous studies
have investigated the potential use of S100A4 as a prog-
nostic marker. In a panel of 349 patients with breast
cancer, Rudland et al®® identified S100A4 protein expres-
sion as the most significant predictor of patient survival,
even when compared with well-established markers of
disease progression. Of patients with S100A4-negative
tumors, 80% were alive after 19 years of follow-up,
whereas only 11% of those with S100A4-positive tumors
were still alive. These results were recently confirmed in
two separate cohorts of patients, although the survival
advantages in the S100A4-negative groups in these re-
ports were less pronounced.'®3° Conflicting results have
also been published,?’ but these discrepancies could be
explained by fewer patients, a shorter observation pe-
riod, and differences in stage distribution and fixation
methods. S100A4 is also overexpressed in colorectal
cancer,®2® and both mRNA and protein expression are
correlated with patient outcome.®4° Furthermore, an as-
sociation between S100A4 protein expression and pa-
tient survival has been shown in several other tumor
types, such as ovarian carcinoma, pancreatic cancer,
malignant melanoma, bladder cancer, non-small cell
lung cancer, gallbladder cancer, esophageal squamous
cell carcinoma, and gastric cancer.>'

Importantly, all investigations examining the prognos-
tic significance of S100A4 expression have so far been
retrospectively conducted studies. Preliminary analyses
of the follow-up data from our panel of prospectively
collected tumor samples from patients with colorectal
cancer indicate that nuclear expression of S100A4 is
an independent predictor of patient survival (K. Boye
and K. Flatmark, manuscript in preparation), but to
resolve the issue of whether immunohistochemical stain-
ing for ST00A4 could be an adjunct to clinicopathological
staging in routine clinical practice, further prospectively
designed investigations on large patient cohorts are cer-
tainly warranted.

Mechanisms of S100A4-Induced Metastatic
Progression

As illustrated in the previous sections, S100A4 is a well
established marker and mediator of metastatic disease,
but the exact mechanisms responsible for the metastasis-
promoting effects are less well defined. In the following,
some of the functions of S100A4 are summarized, with an
emphasis on the mechanisms connecting S100A4 and can-
cer metastasis (Figure 1, A-C).

Motility and Invasion

Transfection studies using several different cell systems
have convincingly shown that S100A4 is involved in stim-
ulation of cell motility.® 123441 |n support of this finding,
S100A4 expression in normal cell types is almost exclu-
sively restricted to cells with a motile phenotype, such as
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leukocytes and fibroblasts. The interaction with non-
muscle myosin IlA is essential for S100A4-induced mi-
gration, and several groups have shown that addition of
S100A4 inhibits assembly of myosin filaments and even
promotes disassembly of preformed filaments.?® Re-
cently, ST00A4 was also shown to colocalize with myosin
IIA at the leading edge of migrating cells*® and to pro-
mote directional motility through a direct interaction with
myosin 11A.*3 Furthermore, mutations in the C-terminal
region of S100A4 resulted in decreased binding to myo-
sin IIA, and cells expressing these mutants were less
motile and invasive in vitro and less metastatic in vivo.**
Taken together, these studies suggest that ST00A4 en-
hances the turnover of myosin IIA filaments at the leading
edge of migrating cells, resulting in increased motility,
which could contribute to an increased metastatic capac-
ity of cancer cells.

The ability to migrate is a prerequisite for a cancer cell
to escape the primary tumor and enter the circulation.
However, to travel through the surrounding stroma,
these locally invading cells must be able to proteolyti-
cally degrade extracellular matrix components. Matrix
metalloproteinases (MMPs) play an essential role in
this process, and several experimental strategies have
established an intimate connection between S100A4
and certain members of the MMP family. Down-regu-
lation of S100A4 expression in osteosarcoma cells led
to reduced expression of MMP-2 and MT1-MMP, with a
subsequent reduction in MMP-2 activity and a reduced
ability to migrate through Matrigel-coated filters.*’ The
invasive capability of human prostate cancer cells is
also stimulated by S100A4, at least partly through tran-
scriptional activation of MMP-9.4% Moreover, induction
of S100A4 expression by gain-of-function B-catenin
mutations conferred invasive capabilities to human
colorectal cancer cell lines in vitro and in vivo,® but the
impact of ST00A4 expression on MMP activation was
not investigated in this study.

The mechanisms by which S100A4 participates in
the regulation of MMPs are mostly unknown, but recent
studies suggest that extracellular activities are in-
volved.'#18:28:46 Adqdition of recombinant S100A4 to the
culture medium of tumor cells, endothelial cells, chondro-
cytes, and synovial fibroblasts produced a significant
increase in MMP-13 levels and also altered the expres-
sion levels of certain other MMPs. In the previously men-
tioned investigations on tumor cells, whether intracellular
levels and/or autocrine actions of extracellular S1T00A4
contributed to the observed MMP regulation was not
examined. However, we were unable to detect any induc-
tion of MMP-2 or other MMPs in osteosarcoma cell lines
upon treatment with extracellular S100A4,*” suggesting
that intracellular functions of S100A4 are involved, at
least in certain cell systems.

Still, even though an intimate connection between
S100A4 and various members of the MMP family seems
to exist, no conclusive evidence has so far been provided
to implicate MMPs in any of the experimental models of
S100A4-induced metastasis.
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Angiogenesis

Based on observations in transgenic mice, S100A4 has
been identified as a potent stimulator of angiogenesis.
Aging S100A4 transgenic mice developed hemangiomas
in the liver with a significantly increased incidence com-
pared with nontransgenic animals, and micropellets con-
taining S100A4 induced neovascularization when im-
planted in the corneas of mice.' Importantly, S100A4
expression is associated with angiogenesis in neoplastic
lesions also, as mammary tumors from S100A4 trans-
genic mice displayed higher vessel density compared
with nontransgenic animals,’® and vessel density and
S100A4 expression were positively correlated in primary
tumors from patients with breast cancer.” The mecha-
nisms that participate in this process are only starting to
become unraveled. Augmented MMP-13 expression in
endothelial cells was associated with S100A4-mediated
stimulation of capillary-like growth in three-dimensional
Matrigel cultures in vitro,*® and through interaction with
annexin |, extracellular S100A4 accelerated tissue plas-
minogen activator-mediated conversion of plasminogen
to plasmin, resulting in capillary-like tube formation of
human cerebromicrovascular endothelial cells.™ Inter-
estingly, S100A4-stimulated plasmin activation may also
contribute to the observed activation of MMP-2 and MMP-
13. However, it seems unlikely that annexin Il binding or
plasminogen conversion would result in increased tran-
scription of several MMPs.

Role of the Tumor Stroma

Even though extracellular S100A4 is increasingly recog-
nized as a key player in tumor progression and metasta-
sis, two key questions remain largely unanswered: which
cell types are the key producers of extracellular S100A4
and which receptor(s) and signal transduction mecha-
nisms mediate the prometastatic actions of this multifac-
eted protein? Both tumor cells and nonmalignant cells
present in the tumor stroma secrete S100A4 (see Sub-
cellular Localization and Tissue Distribution), and tumor
cells have also been shown to stimulate the release of
S100A4 from stromal cells.’® Seemingly, S100A4 pro-
motes metastatic progression by influencing both stro-
mal cells and tumor cells, and the essential prerequi-
site might be the mere presence of S100A4 in the
tumor microenvironment rather than its specific release
from certain cell types. S100A4 exists in several func-
tional states, of which dimeric and oligomeric forms are
most common, and the latter seem to be associated
with extracellular activity.'®2® Whether different cells
produce dissimilar functional forms of S100A4 is cur-
rently not known; however, both tumor cell-derived and
stroma-derived S100A4 possess metastasis-promoting
properties. The essential role of the S100A4-expressing
stroma was recently demonstrated using two separate
experimental models: i) ST00A4-negative tumor cells co-
injected with recombinant S100A4 protein showed an
increased metastatic capacity compared with tumor cells
co-injected with a recombinant fragment of myosin heavy

chain or tumor cells alone'®; and i) S100A4 knockout
mice injected with highly metastatic breast cancer cells
did not develop any metastases, whereas all wild-type
control animals showed signs of metastatic disease.*®
Co-injection of S100A4-positive fibroblasts partly res-
cued the attenuated metastasis formation, substantiating
the metastasis-promoting effects of S100A4-positive cells
in the tumor microenvironment.

Cell Surface Receptors and Intracellular Signal
Transduction

Most likely, the biological effects of extracellular S1T00A4
are mediated through a cell surface receptor,' and as
for other S100 proteins, RAGE has been suggested as a
putative receptor. Indeed, RAGE-mediated translocation
of intracellular S100A4 in response to the extracellular
protein has been demonstrated,'" and S100A4-mediated
signaling in human chondrocytes is RAGE-dependent.?®
However, RAGE-negative cell lines are responsive to
both S100A4-induced stimulation of cell motility*® and
capillary-like growth,® and S100A4-mediated neurite
outgrowth was recently shown to be RAGE-indepen-
dent.?” As for ST00A8 and S100A9, binding of S100A4 to
heparan sulfate moieties on the cell surface has been
reported,?” possibly acting as a scaffold to bring S100
proteins in close vicinity to their specific, signal-transduc-
ing receptors. Interestingly, other S100 proteins also dis-
play both RAGE-dependent and -independent actions,
which might imply that different functional states of the
S100 proteins (eg, dimeric and oligomeric forms) could
be recognized by different receptors. As mentioned
above, S100A4 also interacts with annexin Il on the sur-
face of endothelial cells.™ In this setting, annexin Il acts
as a coreceptor governing the assembly of S100A4, plas-
minogen and its activators, but it is not known to be
responsible for the propagation of intracellular signal
transduction cascades. Altogether, these data demon-
strate that RAGE and annexin Il mediate some of the
extracellular functions of S100A4; however, S100A4 in-
teracts with and exerts several of its effects through an as
yet unidentified cell surface receptor.

The signal transduction pathways involved after receptor
ligation are also incompletely characterized, perhaps with
the exception of signaling events leading to neurite out-
growth. In this case, S100A4 activates a cascade involving
heterotrimeric G proteins, phospholipase C, protein kinase
C, elevation of intracellular [Ca®*] and extracellular signal-
regulated kinases 1 and 2.272° In other cell systems,
including cells present in the tumor microenvironment,
extracellular S100A4 has been shown to activate the
transcription factor nuclear factor-kB,'" 172846 indicat-
ing that nuclear factor-«kB activation and subsequent
regulation of target genes might be involved in S100A4-
mediated metastatic progression.*” Furthermore, prelim-
inary data from our laboratory indicate that extracellular
S100A4 is internalized by several cancer cell lines (K.
Andersen and G. M. Malandsmo, unpublished observa-
tions), and similar results have been obtained using car-
diac myocytes.® These observations provide evidence of



yet another means by which S100A4 may exert its effects
on target cells.

Regulation of Cell Death

Finally, both extracellular and intracellular S100A4 partic-
ipates in the regulation of cell death. Prosurvival functions
have been described both in malignant®® and nonmalig-
nant cell systems,® whereas osteosarcoma cells were
sensitized to apoptosis on treatment with extracellular
S100A4."” Furthermore, we and others have observed
increased apoptosis in cells transfected with S100A4,°"
and on this basis Grigorian et al®' performed a search for
binding partners mediating this increased cell death. A
series of in vitro experiments revealed that S100A4 binds
the C-terminal end of p53 and modulates transcription of
p53-responsive genes, such as mdm2, Bax, p21 and
thrombospondin-1. Whether S100A4 interacts with p53in
the cytoplasm and/or in the nucleus is still not known,
and, similarly, the function of nuclear S100A4 in both
normal and malignant cells remains completely enig-
matic. Recently, it was demonstrated using S100A4
knockout mice that ST00A4 might cooperate with p53 to
induce apoptosis also in vivo.®? S100A4~/~ mice are vi-
able and phenotypically normal in the postnatal period,
but ~10% of the animals develop tumors at age 10 to 14
months. The authors speculated that this could be ex-
plained by loss of p53 tumor suppressor activity due to
impaired interaction with S100A4. Thus, S100A4 may
act both as a tumor suppressor and a metastasis pro-
moter, similar to the epithelial-mesenchymal transition
(EMT)-inducing cytokine transforming growth factor-g,
which plays an important role in early tumor suppres-
sion, but stimulates tumor progression once the tumor
is established.

S100A4 and Epithelial-Mesenchymal
Transition

Metastasizing cells must alter their phenotype to facilitate
movement and local invasion, a process similar to the
EMT observed in embryonic development. On these
grounds, it has been hypothesized that carcinoma cells
undergo EMT to facilitate metastasis, and convincing
experimental evidence, at least from in vitro studies, has
recently been provided.®® However, observations of EMT
in vivo are scarce, and the role of EMT in cancer metas-
tasis is thus highly debated.®* In recent years, it has been
hypothesized that some of the prometastatic actions of
S100A4 could be explained by its role in epithelial-mes-
enchymal transition.

The evidence connecting S100A4 and EMT comes
from studies on renal fibrosis, in which S100A4 was
identified as a fibroblast-specific protein and renamed
FSP1."° Transfection of S100A4 into murine proximal
tubular epithelial cells induced EMT,'® and when S100A4
expression was blocked by antisense molecules, the re-
nal epithelial cells were not able to accomplish cytokine-
induced EMT.®
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In the study by Xue et al®® mentioned previously, it was
elegantly and convincingly shown that S100A4 is func-
tionally involved in the development of lung metastasis in
PyV-mT mice. Based on the experimental data provided,
it seems plausible that S100A4 facilitates EMT to promote
metastatic dissemination in this animal model; however,
this hypothesis is not substantiated by the concomitant
expression of molecular markers of EMT in the metasta-
sizing tumor cells, such as reduced levels of epithelial
markers or gain of mesenchymal markers. To our knowl-
edge, no conclusive proof exists to causally implicate
S100A4 in EMT in models of cancer progression. Never-
theless, the circumstantial evidence and the indications
presented in numerous studies over more than a decade
are overwhelming.

First, S100A4 and E-cadherin are inversely regulated in
several cell systems, and overexpression of S100A4 gen-
erally inhibits E-cadherin expression and vice versa.>® Sec-
ond, accumulation of nuclear B-catenin has been ob-
served at the invasive fronts and in tumor cells migrating
into the surrounding stroma,®® implying that B-catenin-
driven S100A4-dependent induction of tumor cell motility
and invasiveness may reflect initiation of EMT.2 Third, the
key transcriptional EMT-regulator Snail was reported to
induce S100A4 expression in tumors undergoing EMT.®”
Fourth, as summarized above, S100A4 directly promotes
the expression of several MMPs, a hallmark of epithelial
cells undergoing a mesenchymal transition. Fifth, S100A4
activates nuclear factor-kB, which is involved in the EMT
transcriptional program by up-regulating essential tran-
scription factors, such as Twist and Snail, as well as mes-
enchymal markers, including vimentin and proteases. Last
and most importantly, given the assumption that EMT is
a common mechanism for promotion of cell migration
and invasiveness, the convincing evidence connecting
S100A4 to a motile and invasive phenotype in numer-
ous cell systems highly suggests S100A4 as a key
player in EMT induction.

Conclusions

The evidence implicating S100A4 in cancer metastasis is
compelling, and S100A4 plays an important role in the
metastatic journey of tumor cells by influencing several
steps in the metastatic cascade, including migration,
invasiveness, and angiogenesis. The molecular mecha-
nisms by which S100A4 exerts these functions remain
unclear, and considerable functional diversity is created
by the fact that extracellular, intracellular, tumor-derived,
and stroma-derived S100A4 all contribute to metastatic
dissemination. Intriguingly, S100A4-mediated induction
of EMT may explain several of the prometastatic actions
of S100A4, and S100A4 seems to promote disease pro-
gression through similar biological mechanisms also in
other, nonmalignant conditions.®

Obviously, a more comprehensive understanding of
the molecular mechanisms by which S100A4 promotes
metastasis is needed, and this must be a central focus of
future research efforts. Another priority area in S100A4
research should be the discovery of novel treatment strat-
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egies targeting S100A4, as well as the further develop-
ment of suggested inhibitors, which hopefully will bring
anti-S100A4 compounds into clinical trials in the not-so-
distant future.
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