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1. ABSTRACT

The tumor necrosis factor (TNF) superfamily
member TNF-like weak inducer of apoptosis (TWEAK)
was initially described in a 1997 publication co-authored by
investigators from the biotechnology company Biogen
(now Biogen-Idec) and the University of Geneva. Four
years later, researchers at the biotechnology company
Immunex (now part of Amgen) reported the cloning and
characterization of the human TWEAK receptor. A
sequence database search revealed that the predicted
TWEAK receptor amino acid sequence was identical to that
of fibroblast growth factor-inducible 14 (Fnl4), a small
transmembrane protein described one year earlier in a
publication from investigators at the American Red Cross
Holland Laboratory. Recent studies have revealed that the
TWEAK-Fnl4 ligand-receptor pair likely plays an
important role in a variety of cellular processes and in the
pathogenesis of several human diseases, including
atherosclerosis, stroke, rheumatoid arthritis and cancer. In
this paper, we first summarize the general properties of
these two proteins and then review the available data
implicating TWEAK and Fn14 in multiple aspects of tumor
biology.

2761

2. INTRODUCTION

2.1. TWEAK and Fn14 structure

TWEAK (TNFSF12) was identified in 1997 as a
TNF superfamily member with pro-apoptotic activity on
interferon (IFN)-y-treated HT-29 colon carcinoma cells (1).
TWEAK is initially synthesized as a 249-amino acid (aa)
type II transmembrane glycoprotein containing a C-
terminal extracellular domain (206-aa), a transmembrane
domain (25-aa), and an N-terminal intracellular domain
(18-aa). In most cells, full-length TWEAK is
proteolytically processed in the stalk region, and this 156-
aa proteolytic product, which is biologically active, can
function as a soluble cytokine (reviewed in 2, 3). It has
recently been reported that full-length TWEAK, but not
soluble TWEAK, may enter the cell nucleus, but the
functional significance of this observation is currently
unknown (4).

TWEAK activity is mediated via binding to a
type I transmembrane protein named Fnl4 (TNFRSF12A)
(5-7). The Fnl4 cell surface receptor is only 102-aa in
length following signal peptide cleavage, making it the
smallest TNF receptor (TNFR) superfamily member
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identified to date (reviewed in 2). Indeed, the Fnl4
extracellular domain containing the TWEAK-binding site is
only 53-aa in length (8), and the Fnl4 cytoplasmic tail,
essential for signal transduction (9-12), is only 28-aa in
length. TWEAK is the only TNF superfamily member that
binds Fn14, and TWEAK does not bind to any other TNFR
superfamily members (13).

2.2. The TWEAK-Fn14 signaling pathway

TWEAK binding to the Fnl4 receptor promotes
several cellular responses, depending on the cell type
analyzed (see below), but the TWEAK signal transduction
pathway is not well defined. Fnl4, like other TNFR
superfamily members, has no intrinsic protein kinase
activity but instead associates with adaptor molecules that
link cell surface receptor activation to intracellular
signaling pathways. The TNFR-associated factors (TRAFs)
are one group of adaptor molecules involved in TNFR
superfamily signaling (reviewed in 14) and it has been
shown that four TRAFs (TRAF1, 2, 3 and 5) bind to the
Fnl4 cytoplasmic tail (7, 9, 15). The Fnl4 TRAF-binding
site has been identified (9, 15) and mutated receptors
missing this site are unable to signal (9-12). TWEAK
binding to the Fnl14 receptor is predicted to promote TRAF
association, but this has not yet been -confirmed
experimentally.

TWEAK treatment of various Fnl4-positive cell
types has been shown to activate the nuclear factor (NF)-
kB signaling pathway (9, 10, 12, 15-22). TWEAK-induced
NF-kB activation is likely mediated, at least in part, by
TRAF2 and TRAFS5 (12, 15). TWEAK may also activate
other signaling cascades; for example, Donohue et al. (16)
detected TWEAK-stimulated extracellular signal-regulated
kinase (ERK) and c-Jun N-terminal kinase (JNK)
phosphorylation in human endothelial cells (ECs). It should
be mentioned here that these signaling studies, as well as
all of the studies described in Section 2.3 below, were
conducted using recombinant soluble TWEAK protein. It is
presently unknown whether full-length, membrane-
anchored TWEAK is biologically active.

2.3. TWEAK biological activity in vitro and in vivo

TWEAK has been reported to stimulate cell
proliferation (8, 16, 23-27), survival (10, 28), migration
(16, 24, 29) and apoptosis (1, 22, 30-33). TWEAK can also
promote (34) or inhibit (21, 35, 36) cellular differentiation.
Finally, TWEAK treatment of numerous cell types has
been shown to induce the expression of various pro-
inflammatory molecules (1, 17-20, 24, 37-39). This is
consistent with the ability of TWEAK to activate the NF-
kB transcription factor (see above), an important mediator
of the innate immune response (see Section 3.4).

TWEAK also has activity when administered in
vivo. TWEAK can stimulate blood vessel formation
(angiogenesis) (23, 40), and this property will be discussed
in Section 3.5. TWEAK also appears to play a role in the
regulation of neurovascular unit (NVU) permeability. The
brain NVU consists of EC, pericytes, astrocytes and
neurons. Polavarapu et al. (41) found that intracerebral
TWEAK injection in mice induces NF-kB pathway
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activation, matrix metalloprotease (MMP)-9 expression, a
disruption in NVU structure and an increase in blood-brain
barrier permeability. More recently, it was reported that
intravenous TWEAK administration up-regulates monocyte
chemotactic protein (MCP)-1 and IFN-y-induced protein
(IP)-10 gene expression in mouse kidney, demonstrating
for the first time that TWEAK has pro-inflammatory
activity in vivo (20).

2.4. Phenotypic analysis of TWEAK-null and Fn14-null
mice

Both TWEAK-null (knockout) and Fnl4-null
mice are viable, healthy and fertile. However, TWEAK-
null mice have more natural killer (NK) cells in secondary
hematopoietic tissues and are hypersensitive to bacterial
endotoxin-induced death (due to an enhanced innate
inflammatory response) (42). These mice also develop
oversized spleens with expanded memory and T helper 1
(TH1) subtype cells upon aging. Finally, TWEAK-null
mice have stronger innate and adaptive TH1-based
responses against tumor challenge (discussed below in
Section 3.3). Taken together, these results suggest that
TWEAK normally functions in vivo to attenuate the innate
immune response and the transition to adaptive THI
immunity. It has not yet been reported whether Fnl4-null
mice also have immune system abnormalities. However,
two groups have reported that Fnl4-null mice have an
abnormal response to tissue injury. Specifically, these mice
show reduced progenitor cell expansion after liver injury
(27) and they have less brain tissue damage and edema in
response to a focal ischemic insult (43).

3. TWEAK AS A REGULATORY CYTOKINE IN
CANCER

3.1. TWEAK gene
microenvironment

TWEAK gene expression has been detected in
human tumor tissue specimens representing 13 different
tumor types, including kidney (40), breast (40, 44), colon
(40, 45), liver (39) and brain (29) tumors. In some tumor
types, TWEAK mRNA levels are higher in tumor tissue
compared to normal tissue, but this is not always the case
(29, 40). Solid tumors contain many cell types, including
cancer cells, blood and lymphatic vessel cells (EC,
pericytes), stromal fibroblasts, and innate and adaptive
immune system cells such as macrophages, dendritic cells,
NK cells and T cells (reviewed in 46, 47). Most of these
cell types are potential sources for the TWEAK found in
tumor tissue specimens. Indeed, TWEAK mRNA and/or
protein expression has been detected in cancer cells (11, 39,
40, 45), vascular EC (40), monocytes/macrophages (1, 19,
42, 48-51), NK cells (42) and dendritic cells (42).
However, T and B cells do not express significant levels of
TWEAK (or Fnl4) (42).

expression in the tumor

3.2. TWEAK effects on tumor cell lines cultured in vitro

Studies to date have shown that many human
tumor cell lines express the Fnl4 receptor, and that
TWEAK treatment of these cells can result in vastly
different outcomes (reviewed in 11). For example,
TWEAK stimulates Huh7 hepatocellular carcinoma cell
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Figure 1. The TWEAK-Fn14 axis. Most cells express two
TWEAK isoforms, a membrane-bound form (mTWEAK)
and a soluble form (sTWEAK). TWEAK, like other TNF
superfamily members, contains an extracellular TNF
homology domain (yellow rectangle) and associates into
non-covalently linked homotrimers. Trimeric TWEAK
binds to Fnl4 monomers containing a single cysteine-rich
domain (green oval), which promotes receptor trimerization
and signal transduction (purple arrows). In this diagram,
TWEAK produced by one cell is acting on a neighboring
cell via both a paracrine pathway (STWEAK) and a
juxtacrine pathway (mTWEAK), but to date TWEAK
juxtacrine activity has not been confirmed. TWEAK can
likely also function as an autocrine factor (i.e., the TWEAK
produced by a cell binds the Fnl4 receptors on that same
cell), but this third mechanism of action is not illustrated
here. Abbreviations: Cyto, cytoplasmic compartment; PM,
plasma membrane.

proliferation (39) and U118 glioma cell migration (29), but
it promotes HT-29 colon adenocarcinoma, HSC3 oral
squamous cell carcinoma and Kym-1 rhabdomyosarcoma
cell death (1, 30-33, 45). TWEAK-induced HT-29 cell
death requires pretreatment with sensitizing agents or
cytokines (1, 31, 33, 45), while TWEAK-induced Kym-1
cell death is mediated by TNF-a release (30, 33). In
dramatic contrast to these reports indicating that TWEAK
is a death-inducing factor for some tumor cell lines, when
TWEAK is added to T98G or SF767 glioma cells, it does
not cause cell death; instead, it actually suppresses the
apoptotic activity of other cytokines and chemotherapeutic
compounds (i.e., it is a survival factor) (10). This TWEAK
effect is due, at least in part, to activation of the NF-kB
signaling pathway and increased expression of the anti-
apoptotic proteins BCL-X; and BCL-W (10). This is an
important finding, since it implies that the TWEAK
produced in the tumor microenvironment may contribute to
cancer therapy resistance.

It is presently unknown how TWEAK binding to
Fnl4 can promote tumor cell line-specific responses in
vitro  (proliferation, migration, survival, apoptosis).
TWEAK activates the NF-kB signaling pathway in most if
not all Fnl4-positive cell types, and NF-kB activation can
induce cell type- and stimulus-dependent cellular responses
(reviewed in 52), so this is one possible mechanism.
Alternatively,  different = Fnl4-associated  signaling
complexes may form in the different tumor cell lines, and
these complexes may couple to different signaling
pathways that trigger particular cellular responses.
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3.3. TWEAK as a potential regulator of tumor cell
growth in vivo

TWEAK present in the tumor
microenvironment may influence cancer cell growth via
autocrine, paracrine and/or juxtacrine pathways

(reviewed in 11) (Figure 1). Two groups have
investigated whether TWEAK overexpression in tumor
cell lines has an effect on subcutaneous tumor
outgrowth in mice. Ho et al. (40) generated several
stably-transfected human HEK293 cell lines that
secreted similar levels of soluble human TWEAK and
implanted them into immunodeficient Nu/Nu mice.
These lines showed a significantly increased tumor
growth rate compared to vector-transfected cells. More
recently, Kaduka et al. (53) generated stably-transfected
murine P815 and L5178Y cell lines that overexpressed
full-length (membrane-bound) murine TWEAK and
implanted them into syngeneic, immunocompetent
DBA/2 mice. There was no difference in tumor growth
rate between the TWEAK-overexpressing cells and the
control cells. As mentioned earlier in Section 2.2, it is
not known whether full-length TWEAK is biologically
active. Although this group proposed in an earlier
publication that the L5178Y transfectants released
soluble TWEAK into cell culture medium (50), this
conclusion was based on an indirect assay. Therefore,
since it is unclear whether the TWEAK-overexpressing
cells used in the Kakuda et al. (53) study release soluble
TWEAK, their results cannot be directly compared to
those of Ho et al. (40). In any case, more research is
required to confirm and extend these initial reports.

As mentioned above, tumors contain cells
involved in both the innate and adaptive immune
response, including macrophages, NK cells and T cells.
These cells produce an array of molecules that can exert
either pro- or anti-tumorigenic effects (reviewed in 47,
54, 55). Two recent reports indicate that immune cell-
derived TWEAK can have either a positive (42) or
negative (53) effect on tumor outgrowth. In one study,
TWEAK-null mice and wild-type littermate controls
were injected subcutaneously with either moderately
aggressive (B16.F10) or highly aggressive (B16.BL6)
murine B16 melanoma subclones and tumor growth was
monitored (42). TWEAK deficiency completely
inhibited B16.F10 tumor establishment and growth, and
significantly attenuated B16.BL6 tumor growth.
Additional research led the authors to conclude that
TWEAK produced by cells of the innate immune system
may normally act to suppress both innate and adaptive
anti-tumor immunity. In the second study, Fnl4-positive
murine tumor cell lines were implanted subcutaneously
into immunodeficient SCID mice or syngeneic,
immunocompetent DBA/2 mice and then either an anti-
mouse TWEAK monoclonal antibody or control IgG
was administered intraperitoneally (53). TWEAK
neutralization promoted tumor growth, and this effect
could be suppressed if macrophage infiltration into the
tumor site was inhibited using anti-CD11b antibodies.
These authors concluded that TWEAK contributes to the
anti-tumor effect of tumor-infiltrating macrophages.
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Figure 2. TWEAK regulation of IL-8 and TNF-o gene
expression. Human EC were cultured in growth factor-
deprived, reduced serum medium and then either left
untreated (NA, no addition) or treated with recombinant
TWEAK (100 ng/ml) for the indicated lengths of time.
RNA was isolated and Northern blot hybridization analysis
was conducted using the cDNA probes indicated on the left
side.
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3.4. TWEAK and tumor inflammation

Inflammation is a complex, dynamic process that
occurs in tissues following traumatic, infectious, toxic or
autoimmune injury (reviewed in 56). Vascular ECs are
intricately involved in the inflammatory reaction;
specifically, when they are physically damaged or exposed
to bacterial endotoxin, oxidized lipoproteins or pro-
inflammatory agents they become activated and express
numerous cytokines (e.g., TNF-a), chemokines (e.g., IL-8,
MCP-1) and adhesion molecules (e.g., intercellular
adhesion molecule-1 (ICAM-1), vascular cell adhesion
molecule-1, E-selectin) that together orchestrate leukocyte
transendothelial migration, a key feature of the
inflammatory response (reviewed in 57-59). Inflammation
is normally very tightly controlled but when this process is
excessive or prolonged it contributes to the pathogenesis of
numerous human diseases, including cancer (reviewed in
47, 60). Indeed, chronic, localized inflammatory conditions
likely play an important role in tumor initiation and
promotion (reviewed in 46, 54, 60). In addition, innate
immune cells recruited to the tumor microenvironment, in
particular  tumor-associated = macrophages = (TAMs),
contribute to all aspects of tumor progression, including
growth, invasion, angiogenesis and metastasis (reviewed in
47,55, 61, 62).

TWEAK treatment of many cell types activates
the NF-xB signaling pathway (Section 2.2), a critical
pathway linking inflammation and cancer (63, 64), and
induces pro-inflammatory molecule expression (Section
2.3); therefore, it is reasonable to conclude that this
cytokine may play a role in tumor inflammation. The
possibility that TWEAK produced by tumor cells may act
on neighboring EC and induce leukocyte infiltration is
supported by studies demonstrating that TWEAK-
stimulated EC express elevated levels of TNF-a (a key
soluble mediator of inflammatory reactions), IL-8, MCP-1
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(the major chemokine driving TAM recruitment), [CAM-1
and E-selectin (two important leukocyte adhesion
molecules) (23, 24) (Figure 2). Furthermore, once innate
immune system cells are established in the tumor, they are
potential sources for TWEAK (Section 3.1), which could
act on both vascular EC (and thus contribute to
“inflammatory angiogenesis” (61)) and cancer cells.
Finally, TWEAK present in the tumor microenvironment
may act on the tumor-associated innate immune cells
themselves, and this could stimulate additional growth
factor, cytokine, chemokine and angiogenic factor
production in the developing tumor.

3.5. TWEAK and tumor angiogenesis

Angiogenesis is the formation of new capillaries
from the pre-existing vasculature. This is a highly regulated
process that occurs during wound healing, in response to
tissue ischemia, and during the menstrual cycle (reviewed
in 65). Angiogenesis is driven by extracellular polypeptide
factors that act on quiescent EC and induce protease
production, proliferation, migration, and ultimately, vessel
assembly and stabilization (reviewed in 65-68). It is now
well established that angiogenesis is crucial for primary
tumor growth and metastasis (reviewed in 66-68). Since
TWEAK is produced by many of the cell types residing in
the tumor microenvironment (Section 3.1) and it has pro-
angiogenic activity in vivo (Section 2.3), it may function as
a paracrine regulator of tumor angiogenesis. This
possibility is supported by a study demonstrating that
TWEAK-overexpressing HEK293 cells form large, highly-
vascularized tumors when injected subcutaneously in mice
(40). Additional studies; for example, comparing murine
tumor cell growth and angiogenesis in syngeneic Fnl4-null
and wild-type mice, should clarify if TWEAK is an
important tumor angiogenesis factor.

4. FN14 AS A TUMOR-SPECIFIC CELL SURFACE
MARKER

4.1. Esophageal cancer

Cancer of the esophagus is one of the fastest
growing cancers in the Western world, and this is a highly
aggressive tumor, with a 5-year overall survival rate of 14%
(reviewed in 69, 70). It is estimated that 13,770 Americans
will die from esophageal cancer in 2006 (71). A recent
transcriptional profiling study using RNA isolated from
either normal esophageal mucosa (NE), Barrett’s esophagus
(BE), or esophageal adenocarcinoma (EAC) specimens and a
c¢DNA microarray representing 8064 unique genes identified
Fn14 as one of the 12 best candidate progression biomarkers in
esophageal neoplasia (72). Indeed, microarray data analyses
indicated that Fn14 mRNA expression was lower in (i) NE
versus EAC, (ii) BE without concomitant EAC versus BE with
concomitant EAC, and (iii) BE versus EAC tissue specimens.
Quantitative real-time RT-PCR experiments confirmed that the
Fnl4 gene was overexpressed in cancerous esophageal
specimens relative to non-cancerous esophageal specimens.

4.2. Liver cancer

Hepatocellular carcinoma (HCC), the most
common form of liver cancer, is the fifth most common
cancer worldwide (reviewed in 73). It is estimated that



TWEAK/Fnl14 and cancer

liver/bile duct cancer will account for 16,200 deaths in the
USA in 2006 (71). The first report indicating that the Fn14
gene was overexpressed in human HCC was published in
2000 (6). In this study, Fn14 mRNA levels were compared
in HCC tissue versus adjacent non-cancerous liver tissue
using Northern blot hybridization analysis. An elevated
level of Fnl4 gene expression was detected in three of the

four tumor specimens examined. More recently,
Jakubowski et al. (27) compared Fnl4 expression in one
normal liver sample versus one HCC sample by

immunohistochemistry, and found increased anti-Fnl4
antibody staining in the tumor sample.

4.3. Breast cancer

Breast cancer accounts for 25% of all female
cancers, making it by far the most common malignant
disease in Western women (reviewed in 74). It is estimated
that 40,970 women will die from breast cancer in the USA
in 2006 (71). Invasive ductal carcinoma is the most
common type of invasive breast carcinoma, with a 10-year
survival rate of 35-50%. Primary breast cancer cells
frequently travel to distant organs, and the most common
sites for metastatic spread are bone, liver and lung. It has
been reported that Fnl4 gene expression is elevated in
human breast tumors (26). In this study, Fn14 mRNA
expression was detected in 0/10 normal tissue specimens
and 35/60 breast tumor specimens using an in situ
hybridization approach. In a different set of samples, Fn14
protein expression was detected in 1/10 normal tissue
specimens and 10/19 breast tumor specimens by
immunohistochemistry. This group did not indicate
whether elevated Fnl4 levels were correlated with specific
breast tumor characteristics (i.e, histologic grade, ERBB2
status, steroid receptor status), so it will be important to
perform additional studies examining Fnl4 expression
levels in this tumor type.

4.4. Brain cancer

It is estimated that 18,820 Americans will be
diagnosed with brain cancer in 2006, and this cancer will
account for 12,820 deaths (71). Gliomas, primary brain
tumors that derive from glial support cells, are the most
common primary tumor of the adult central nervous system
(reviewed in 75, 76). Adult gliomas of astrocytic origin
(astrocytomas) comprise a spectrum of neoplasms that are
generally classified into low-grade benign tumors (i.e.,
juvenile pilocytic astrocytoma, diffuse astrocytoma) and
high-grade malignant tumors (i.e., anaplastic astrocytoma,
glioblastoma multiforme (GBM)). Malignant glioma cells
are highly invasive and their efficient infiltration into
adjacent normal brain tissue prevents complete surgical
removal or effective destruction by lethal radiation
exposure (reviewed in 77, 78). Indeed, patients diagnosed
with grade IV GBM, the most aggressive malignant glioma,
have a median survival of 9-12 months after the onset of
clinical symptoms (reviewed in 75, 76).

The first data indicating that Fnl4 expression
might be up-regulated in brain tumor cells was reported by
Mariani et al. (79) in 2001. In this paper, the authors
reported the results of cDNA microarray experiments in
which they searched for genes regulated during glioma cell
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migration in vitro. They found that Fnl4 was one of the
ten most highly differentially expressed genes (3- to 4-
fold induction after plating cells on a motility-enhancing
substrate). Subsequent Northern blot and Western blot
experiments confirmed this initial microarray data (29).
Since an earlier study by Feng et al. (6) indicated that
Fn14 mRNA expression was quite low in normal human
brain tissue, this group next compared Fnl4 gene
expression levels in normal brain, pilocytic astrocytoma,
low-grade astrocytoma, oligodendroglioma, anaplastic
astrocytoma and GBM tissue specimens by quantitative
real-time RT-PCR (29). Fn1l4 mRNA levels were very
low in normal brain, as expected, and significantly
higher in 13/16 GBM specimens analyzed. Interestingly,
Fn14 mRNA expression is higher in GBM invasive rim
cells relative to tumor core cells (80).

Recently, Fn14 mRNA expression levels were
examined in a large number of clinically-annotated brain
tumor samples by mining an Affymetrix gene expression
database (80). In agreement with the earlier RT-PCR
study mentioned above (29), Fnl4 expression values
were relatively low in normal brain specimens (n=24),
but significantly higher in GBM samples (n=82).
Principal component analysis was used to investigate the
relationship of Fnl4 expression across tumor samples
and patient outcome. Kaplan-Meier survival curves were
developed for two clusters. The median survival time of
cluster 1 was 952 days (long term) while cluster 2 had a
median survival time of 401 days (short term). Analysis
of the Affymetrix expression value for Fnl4 in the GBM
specimens for each cluster revealed that patients in the
short term survival cluster had higher expression of
Fnl14 than patients in the long term survival cluster. This
is the first direct data indicating that high Fn14 mRNA
expression levels in tumors correlate with poor patient
outcome.

The Fnl4 protein is also overexpressed in
advanced brain tumors. Tran et al. (80) examined Fnl4
expression levels in a panel of normal and cancerous brain
specimens by immunohistochemistry. They found that
while all nine of the control, non-tumorous brain specimens
showed either negative or weak anti-Fnl4 antibody
staining, 23/27 GBM specimens showed either moderate or
strong antibody staining. In GMB tissue, Fnl4
immunoreactivity was observed in both the stationary,
tumor core cells and the invading, tumor rim cells.

4.5. Mechanistic basis for Fnl4 gene activation in
tumors?

It is presently unknown why the Fnl4 gene is
overexpressed in certain solid tumors relative to control
non-tumorous tissue, but there are several possible
mechanisms. First, Fnl4 gene amplification may occur
during the development and progression of these tumors,
and this could result in elevated Fn1l4 mRNA and protein
production. Second, since fibroblast growth factor (FGF)-2,
platelet-derived growth factor (PDGF)-BB, or vascular
endothelial growth factor (VEGF)-A treatment of cells in
culture increases Fnl4 gene expression (5-7, 16) and these
same growth factors are overproduced by tumors in vivo
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Figure 3. Ligand-independent Fnl4 signaling. It has been reported that Fnl4 overexpression in transfected cells can
stimulate NF-kB activation and cellular responses. Therefore, it is possible that if tumor cells express the Fn14 receptor at
a certain threshold level in vivo, the receptor could be activated even if TWEAK levels are low. This, in turn, could
stimulate signaling cascades (purple arrows) and ultimately promote tumor cell proliferation, survival and/or invasive
activity. Abbreviations: Cyto, cytoplasmic compartment; PM, plasma membrane.

(66-68), this could account for the elevated expression
levels. Third, since the NF-kB transcription factor is
constitutively activated in many tumors, including
breast (81) and brain (82) tumors, and Fnl4 is an NF-
kB-inducible gene (80), this may be another potential
mechanism for Fnl4 overexpression in tumor tissue.
Finally, Fn14 may be expressed at relatively high levels
in human cancers as a result of intratumoral hypoxia
(reviewed in 83). Hypoxia, a reduction in the normal
level of tissue oxygen tension, increases hypoxia-
inducible factor-1 (HIF-1) activity, and this transcription
factor binds to hypoxia-responsive elements (HREs)
within the promoters of genes encoding proteins
involved in tumor growth, angiogenesis and metastasis
(reviewed in 84). The human Fnl4 promoter contains
several putative HREs (unpublished data); in addition, it
has been reported that Fnl4 gene expression is
upregulated in response to focal cerebral ischemia (22,
85). Therefore, HIF-1-mediated up-regulation of Fnl4
gene expression may also contribute to Fnl4
overexpression in tumors.

5. FN14 AS A
MOLECULE

TUMOR CELL REGULATORY

It is well established that TWEAK binding to
Fnl4 cell surface receptors activates intracellular
signaling cascades and triggers cellular responses (see
Sections 2.3 and 3.2). Several recent studies have
indicated that a high level of Fnl4 expression in cells is
sufficient by itself to cause these biological effects.
Indeed, when Fnl4 is overexpressed in transiently-
transfected NIH3T3 (9) or HEK293 (15) cells the NF-
kB signaling pathway is activated. Furthermore,
transient Fn14 overexpression in rat smooth muscle cells
stimulates cell migration (15), while transient Fnl4
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overexpression in rat PC12 cells promotes growth cone
lamelipodial formation and neurite outgrowth (86). It
has also been reported that stably-transfected NIH3T3
cell lines expressing high levels of Fnl14 have an altered
morphology and decreased cell adhesion to extracellular
matrix proteins (5).

Could elevated Fnl4 expression in tumor cells
in vivo contribute to the phenotypic properties of these
cells? This possibility is supported by recent studies
using human glioma cell lines (10, 11, 80). In these
studies, cell lines that express relatively low levels of
endogenous Fnl4 were infected with adenoviruses
encoding either the human Fnl4 receptor or a control
protein (LacZ) and several different in vitro assays were
conducted. Forced Fnl4 overexpression in glioma cells
stimulated cell migration (11, 80), invasion (80) and
survival (10). Additional studies revealed that the
migration and survival effects do not occur if a
truncated,  signaling-deficient = Fnl4 mutant is
overexpressed (10, 11, 80), and the invasion effect does
not occur if Racl expression is down-regulated using
siRNA duplexes (80). The likely explanation for ligand-
independent Fnl4 signaling is that when Fnl4 receptors
are overexpressed in cells they spontaneously
oligomerize, and this receptor clustering promotes
TRAF association and signaling cascade activation
(Figure 3).

6. SUMMARY

In this review, we have summarized the
presently available data indicating that TWEAK and
Fnl4 are (i) expressed in the tumor microenvironment
and, (ii) likely to play a role in tumor biology. These
studies indicate that TWEAK binding to Fnl4 receptor-
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Figure 4. TWEAK may play a role in tumor growth, inflammation and angiogenesis. Solid tumors contain multiple cell types,
including cancer cells, vascular EC, stromal fibroblasts and cells involved in innate (e.g., macrophages, granulocytes, NK cells)
and adaptive (e.g., T cells) immunity. Only a subset of these cells are shown here. TWEAK and Fn14 are expressed by many of
the cell types residing in tumors. In this diagram, TWEAK paracrine activity in tumor tissue, but not autocrine or juxtacrine
activity, is illustrated. In the initial stages of tumor progression, cancer cell-derived TWEAK could act on EC and induce both
tumor inflammation and angiogenesis. Subsequently, cancer cell-derived TWEAK could act on tumor-associated macrophages
and other innate immune response cell types, inducing the expression of growth factors, proteolytic enzymes, cytokines,
chemokines and angiogenic factors. Also, immune cell-derived TWEAK could act on EC, stimulating additional leukocyte
recruitment and angiogenesis, and neighboring cancer cells, stimulating proliferation, invasion and metastasis.

positive cells may regulate several of the key events as a targeting molecule for antibody-based or ligand-
associated with tumor initiation and progression, based cytotoxin tumor therapy. Finally, the additional
including inflammation and angiogenesis (Figure 4). observation that Fnl4 overexpression in glioma cells
The availability of TWEAK-null and Fnl4-null mice (Section 5) and breast cancer cells (unpublished data)
(Section 2.4), as well as anti-TWEAK monoclonal increases their invasive capacity indicates that agents
antibodies (27, 36, 87) and Fn14-Fc decoy receptors (43, that inhibit Fnl4 expression (e.g., siRNA duplexes) or
85) that neutralize TWEAK activity in vivo, should now block Fnl4 signaling (e.g., NF-kB inhibitors) should be
allow investigators to directly test whether TWEAK- evaluated for their anti-invasive activity in animal
Fnl4 interactions play a significant role in tumor models. In conclusion, although the TWEAK/Fnl4
growth, angiogenesis, invasion and/or metastasis. If studies conducted to date have revealed the potential
these additional studies indicate that this is in fact the importance of these two proteins in tumor biology,
case, then TWEAK should be considered as a potential much more pre-clinical research is required in order to
target for anti-cancer therapy in humans. determine whether TWEAK or Fnl4 are new molecular

targets for cancer drug development.
The observation that Fnl4 gene expression is
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