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Abstract

The TNF receptor superfamily member Fn14 (TNFRSF12A) is the sole signaling receptor for the
pro-inflammatory cytokine TWEAK (TNFSF12). TWEAK:Fn14 engagement stimulates multiple
signal transduction pathways, including the NF-xB pathway, and this triggers important cellular
processes (e.g., growth, differentiation, migration, invasion). The TWEAK/Fn14 axis is thought to
be a major physiological mediator of tissue repair after acute injury. Various studies have revealed
that Fn14 is highly expressed in many solid tumor types and that Fn14 signaling may play a role in
tumor growth and metastasis. Previously it was shown that Fn14 levels are frequently elevated in
non-small cell lung cancer (NSCLC) tumors and cell lines that exhibit constitutive EGFR
phosphorylation (activation). Furthermore, elevated Fn14 levels increased NSCLC cell invasion in
vitro and lung metastatic tumor colonization in vivo. The present study reveals that EGFR-mutant
NSCLC cells that express high levels of Fnl14 exhibit constitutive activation of the cytoplasmic
tyrosine kinase Src and that treatment with the Src family kinase (SFK) inhibitor dasatinib
decreases Fnl4 gene expression at both the mRNA and protein levels. Importantly, SiRNA-
mediated depletion of the SFK member Src in NSCLC cells also decreases Fnl14 expression.
Finally, expression of the constitutively active v-Src oncoprotein in NIH 3T3 cells induces Fn14
gene expression and NIH 3T3/v-Src cells require Fn14 expression for full invasive capacity.
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Introduction

Lung cancer is the most commonly diagnosed cancer and the leading cause of cancer-related
deaths worldwide; in the USA, it is predicted that ~224,000 people will be diagnosed with
lung cancer and ~159,000 patients will die from this disease in 2014 (1). Despite extensive
basic and clinical research efforts, the 5-year survival rate for all lung cancer patients is
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~17% (1). NSCLC is the most common lung cancer histological subtype (~85% of all lung
cancers), and these tumors can be further divided into adenocarcinoma (AC; 50% of all
NSCLCs), squamous cell carcinoma (SCC) or large-cell carcinoma (LCC) (2). Treatment
options for NSCLC patients depend on disease stage and include surgery for localized
tumors and radiation and/or platinum-based chemotherapy for advanced or recurrent
metastatic disease (3). Our therapeutic options for certain NSCLC patients have recently
expanded due to the discovery that some NSCLC tumors harbor specific gene mutations that
drive cancer cell growth and survival (4). The two most frequently mutated genes in NSCLC
patients are KRAS (~25% of lung ACs (5)) and epidermal growth factor receptor (EGFR)
(~20% of lung ACs (6-8)). Although targeted therapeutic agents have been developed for
the EGFR-mutant patient subgroup (e.g., the tyrosine kinase inhibitor (TKI) erlotinib), drug
resistance is a major clinical problem (6-8). There are no FDA-approved targeted drugs for
the great majority of NSCLC patients; therefore, studies focused on the identification of new
molecules that regulate NSCLC cell biology and the development of new therapeutics
targeting these molecules are of critical importance.

Tumor necrosis factor (TNF)-like weak inducer of apoptosis (TWEAK; TNFSF12), a
member of the TNF superfamily of cytokines, acts on cells via binding to a single TNF
receptor superfamily member named fibroblast growth factor-inducible 14 (Fn14;
TNFRSF12A) (9, 10). TWEAK:Fn14 engagement activates a number of intracellular signal
transduction cascades, and this can result in either increased cell proliferation, survival,
migration, differentiation or death, depending on the cellular context (9, 10). Studies using
TWEAK-deficient mice, Fnl4-deficient mice, and/or TWEAK-neutralizing biologics have
revealed that TWEAK/Fn14 signaling after acute tissue injury is critical for efficient wound
repair and that chronic, dysregulated Fnl14 signaling may play an important role in the
pathophysiology of several prominent human diseases, including cancer (9, 10). Both
TWEAK and Fnl14 expression have been detected in primary tumors and tumor metastases
and Fn14 gene expression in particular is frequently elevated in primary tumor tissue
compared to matched adjacent normal tissue or normal tissues from non-diseased donors
(10-19). Additionally, there are reports indicating that the TWEAK/Fn14 axis may play an
important role in regulating various aspects of tumor growth and metastasis, including
cancer cell proliferation (15, 16), chemotherapeutic drug sensitivity (20), and migratory/
invasive capacity (11, 12, 14, 15, 17, 21-23). In consideration of these findings, a number of
TWEAK- or Fnl4-targeted agents are presently in pre-clinical development or in clinical
trials for cancer therapy (10).

Previously, we showed that Fn14 was overexpressed in NSCLC tumors (17) and that high
Fn14 levels were most frequently found in those tumors that exhibited strong p-EGFR
(YY-1068) antibody immunostaining, an indicator of constitutive EGFR activation (17). We
also reported that the HCC827 NSCLC cell line that harbors an EGFR activating mutation
(AE746-A750) has relatively high levels of Fnl14 protein expression, and that erlotinib
treatment of these cells significantly reduced Fn14 levels, indicating that EGFR signaling
was in fact inducing Fn14 expression in these cells.

In this study, we investigated which EGFR-triggered downstream intracellular signaling
pathways were driving Fnl14 expression in HCC827 cells. We found that although EGFR
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activation of multiple signaling pathways contributes to the overall level of Fnl14 expression,
the activation of Src, a non-receptor tyrosine kinase that is functionally integrated into
various signaling cascades and causally linked to tumor growth and metastasis (24, 25), was
a particularly critical signaling event. The importance of the Src signaling node for EGFR-
driven Fn14 expression was initially discovered using the Src family kinase (SFK) inhibitor
dasatinib and then confirmed using an RNA interference approach. Additionally, we show
here that Fn14 expression is significantly higher in an NIH 3T3 cell line engineered to
express the constitutively active v-Src oncoprotein in comparison to control NIH 3T3 cells,
and that the NIH 3T3/v-Src cells require Fn14 expression for full invasive capacity.

Materials and Methods

Cell culture and treatments

Human NSCLC cell lines A549, H1975, and HCC2279 (American Type Culture Collection
(ATCC)) were maintained in RPMI 1640 (Sigma-Aldrich) supplemented with 10% FBS
(HyClone), 2 mM L-glutamine and 1% penicillin-streptomycin (both from CellGro).
HCC827 cells (ATCC) were maintained in RPMI 1640 supplemented with 5% FBS, 2 mM
L-glutamine and 1% penicillin-streptomycin. The four cell lines listed above were validated
by short-tandem repeat (STR) DNA fingerprinting using the Promega PowerPlex 16HS
System at the University of Arizona Genetics Core Facility in October 2014. NIH 3T3 cells
(ATCC) were maintained in DMEM (Cellgro) supplemented with 10% FBS, 2 mM L-
glutamine, 0.15% sodium bicarbonate (CellGro) and 1% penicillin-streptomycin. The NIH
3T3/v-Src cell line was provided by Dr. Steven Zhan (University of Maryland School of
Medicine, Baltimore, MD, USA) and maintained in DMEM supplemented with 10% FBS, 2
mM L-glutamine, 0.15% sodium bicarbonate and 1% penicillin-streptomycin. All cells were
maintained at 37°C in 5% CO,.

Cells were serum-starved overnight in media containing 0.5% FBS unless otherwise
indicated and then treated with either DMSO vehicle (Sigma-Aldrich) or the indicated
concentrations of erlotinib (BioVision), MK-2206 (BioVision), EGF (R & D Systems),
dasatinib (Cell Signaling Technology), U0126 (Cell Signaling Technology), BAY 11-7082
(EMD Millipore), or STAT3 inhibitor VIII (5,15-DPP; Santa Cruz Biotechnology).

Western blot analysis

Cells were harvested by scraping and lysed in 20 mM HEPES, 150 mM NacCl, 1.5 mM
MgCl,, 10% glycerol, and 1% Triton X-100 supplemented with a protease inhibitor cocktail
(Sigma-Aldrich) and two phosphatase inhibitor cocktails (Calbiochem). The protein
concentration of each lysate was determined by BCA protein assay (Pierce Protein Biology).
Equal amounts of protein were subjected to SDS-PAGE (Life Technologies) and
electrotransferred to PVDF membranes (Millipore). Membranes were blocked in either 5%
bovine serum albumin (BSA) in Tris-Buffered Saline with 0.05% Tween (TBST) or 5%
non-fat dry milk (NFDM) in TBST buffer and then sequentially incubated with the
appropriate primary antibody and horseradish peroxidase (HRP)-conjugated secondary
antibody (Cell Signaling Technology). The membranes were washed in TBST and then
immunoreactive proteins were detected using the Amersham Enhanced Chemiluminescence
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Plus kit (GE Healthcare) according to the manufacturer’s instructions. The following
primary antibodies were used: Fn14, p-EGFR (Y-1068), p-EGFR (Y-845), EGFR, pan p-Src
(Y-416), Src, Lyn, Lck, GAPDH, p-ERK (T-202/Y-204), ERK, p-JNK (T-183/Y-185), JNK,
p-Akt (S-473), Akt, p-STAT3 (Y-705), STATS3, p100/p52 (all from Cell Signaling
Technology), and tubulin (Sigma-Aldrich). Densitometric analysis was conducted using
Image J software and all Fn14 or Src expression values were normalized to GAPDH or
tubulin values.

RNA isolation and quantitative real-time RT-PCR assays

Total cellular RNA was extracted using the RNeasy kit (Qiagen) according to the
manufacturer’s instructions and 1 ug of RNA was converted to cDNA using the ProtoScript
AMV LongAmp Tag RT-PCR kit (New England Biolabs). Fn14, GAPDH and ribosomal
protein L13a mRNA levels were quantified as previously described (21).

Small interfering RNA transfections

Cells were plated and allowed to attach for 5 hours and then transfected with transfection
reagent alone (no siRNA), luciferase siRNA, Src siRNAs #7 or #10 targeted to the human
Src transcript, or Fn14 siRNAs #1 and #4 targeted to the murine Fn14 transcript at a final
concentration of 20 nM using RNAiMax transfection reagent (Life Technologies) according
to the manufacturer’s instructions. All siRNAs were purchased from Qiagen. Cells were
harvested at 48 (Fn14 siRNA) or 72 (Src siRNA) hours post-transfection, lysed and Western
blot analysis conducted as described above.

Cell invasion assays

Statistics

Cells were harvested, resuspended in media containing 0.5% serum and plated in triplicate
in Boyden chambers precoated with growth factor-reduced Matrigel (BD Biosciences). The
chambers were then placed in 24-well plates (Corning) with growth media containing 10%
FBS as a chemoattractant. Cells were allowed to invade for 20 hours and then fixed and
stained as previously described (17). Cells from five randomly chosen fields were counted at
20X magnification under a light microscope and summed to calculate total number of cells
invaded.

Real-time RT-PCR and cell invasion assay results are presented as mean + SEM and the
two-sample Student’s t-test was used to determine statistical significance. P-values <0.05
were considered significant.

Results and Discussion

Dasatinib is a potent inhibitor of EGFR-driven Fn14 expression in HCC827 cells

We previously showed that HCC827 cells, which contain an EGFR activating mutation,
express relatively high levels of Fnl4 (17). Treatment of these cells with the EGFR TKI
erlotinib resulted in complete Fn14 down-regulation (17). EGFR activation triggers the
stimulation of various interrelated signaling cascades, including the Ras/RaffMEK/ERK and
P13K/Akt pathways, which are generally associated with cell proliferation and survival (7,
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8). EGFR activation also stimulates the STAT (8, 26) and NF-xB (27) pathways, which
trigger the activation of latent, cytoplasmic transcriptional regulators that modulate gene
expression. Additionally, both ligand-activated, wild-type EGFR (28) and the gain-of-
function EGFR mutants that are expressed in a subset of NSCLC tumors (29) can physically
associate with c-Src, leading to Y-416 autophosphorylation, kinase activation, and
downstream cellular responses (28-31). We investigated whether one or more of these
signaling pathways were critical for EGFR-driven Fnl4 expression by treating HCC827
cells with either erlotinib (EGFR inhibitor; a positive control for complete Fnl14 down-
regulation (17)), U0126 (MEK inhibitor), MK-2206 (Akt inhibitor), BAY-11-7082 (IKK
inhibitor), dasatinib (Src inhibitor), or 5,15-DPP (STAT3 inhibitor) for 8 hours. Cell lysates
were prepared and Western blot analysis was performed. All of the downstream pathway
pharmacological inhibitors decreased Fn14 levels, but dasatinib had the most potent
inhibitory effect under our experimental conditions (i.e., drug doses and treatment time)
(Fig. 1A).

Although dasatinib is largely selective for BCR-ABL and SFK members at low doses, it can
inhibit many other tyrosine kinases (32-34), including EGFR (35), at higher doses. We
chose our dasatinib concentration (30 nM) in consideration of a prior report using HCC827
cells indicating that this dosage should effectively inhibit Src signaling but not EGFR
signaling (35). To confirm that this was indeed the case, HCC827 cells were treated with
erlotinib or dasatinib for 8 hours, cell lysates were prepared, and Western blot analysis was
conducted. Src activation was assessed using a pan p-Src antibody that was raised against a
synthetic phosphopeptide corresponding to residues surrounding Y-416 of human Src. This
antibody may cross-react with other SFK members when phosphorylated at an equivalent
site. EGFR activation was assessed using an antibody that detects phosphorylation at
Y-1068, one of the major EGFR autophosphorylation sites. We also examined the
phosphorylation status of EGFR residue Y-845. Phosphorylation on this tyrosine can be
mediated by Src (28, 29, 36), Brk/PTK6 (37), and in some cases, by EGFR itself (38).
Constitutive EGFR and Src phosphorylation was noted in HCC827 cells, consistent with
previous reports (17, 30, 31, 35, 39) (Fig. 1B). Cells treated with erlotinib for 8 hours had
reduced p-EGFR levels (Y-1068, Y-845) but not reduced p-Src levels, consistent with a
prior report (40). However, when cells were treated with erlotinib for 24 hours, p-Src levels
were reduced, indicating a linkage between EGFR kinase activity and Src phosphorylation
(Supplementary Fig. S1). Cells treated with dasatinib had significantly reduced p-Src levels,
but p-EGFR (Y-1068, Y-845) levels were unaffected (Fig. 1B). Taken together, these results
indicate that at the drug dosages and time point used for this experiment, (i) EGFR tyrosine
kinase activity is responsible for both Y-1068 and Y-845 phosphorylation in HCC827 cells,
and (ii) the dasatinib-mediated reduction in Fn14 expression in HCC827 cells is not due to
inhibition of EGFR tyrosine kinase activity.

Dasatinib treatment of HCC827 cells decreases both Fn14 protein and mRNA expression

levels

We next examined the effect of dasatinib on Fnl4 protein expression in more detail by
conducting dose-response and time-course experiments. First, HCC827 cells were treated
with varying concentrations of dasatinib for 8 hours, cell lysates were prepared, and Western

Mol Cancer Res. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cheng et al.

Page 6

blot analysis was performed. Fn14 levels decreased in a dose-dependent manner, with the
greatest effect detected using 100 nM dasatinib (Fig. 2A). Next, we treated HCC827 cells
with 30 nM dasatinib for increasing amounts of time. Dasatinib also inhibited Fn14 levels in
a time-dependent manner, with the greatest effect seen at 12 hours post-drug addition (Fig.
2B).

We then determined whether dasatinib treatment of HCC827 cells reduced Fn14 mRNA
levels. For this analysis, cells were treated with 30 nM dasatinib for 2, 4, or 8 hours, cells
were harvested, RNA was isolated, and Fn14 and GAPDH mRNA levels were quantitated
by real-time RT-PCR. We found that Fn14 mRNA levels decreased within 2 hours of
dasatinib treatment, with maximal reduction noted at 8 hours, the last time point examined
(Fig. 2C). This finding indicates that the dasatinib-mediated reduction in Fn14 protein levels
in HCC827 cells is likely due, at least in part, to a decrease in Fn14 mRNA levels.

Dasatinib treatment of EGFR-mutant HCC2279 cells, EGFR-mutant H1975 cells, and EGF-
stimulated, EGFR wild-type A549 cells also decreases Fnl4 protein levels

To assess whether the inhibitory effect of dasatinib on Fnl4 gene expression occurred in
other NSCLC cell lines that harbor an activating EGFR mutation, we treated HCC2279 and
H1975 cells, which are known to express constitutively active EGFR (17) and Src (30, 35),
with 30 nM dasatinib for 8 hours. We found that dasatinib was also a potent inhibitor of Src
activation and Fn14 protein expression in these two cell lines (Fig. 3A).

We reported previously that EGF stimulation of serum-starved A549 NSCLC cells
transiently increases Fn14 protein levels (17). These cells do not contain an EGFR activating
mutation and do not exhibit constitutive Src signaling (17, 35). Therefore, we selected these
cells for testing whether EGF-driven Fnl14 expression could also be mediated by Src
activity. Cells were either left untreated or treated with EGF in the absence or presence of
vehicle (DMSO) or dasatinib for 4 or 12 hours. Cell lysates were prepared and Western blot
analysis was conducted. We found that EGF treatment of A549 cells stimulated Fn14
expression by ~2.5-fold and ~1.4-fold at the 4 and 12 hour time-points, respectively (Fig.
3B). EGF also increased p-Src and p-EGFR (Y-1068, Y-845) levels. EGF exposure reduced
total EGFR levels, consistent with previous studies showing that EGF:EGFR engagement
promotes EGFR internalization, ubiquitination, and degradation via the lysosomal pathway
(41, 42). The EGF-mediated p-Src and p-EGFR ('Y-845) increase, but not the p-EGFR
(YY-1068) increase, was inhibited by dasatinib co-treatment. Dasatinib treatment had no
significant effect on EGF-stimulated Fn14 expression at the 4 hour time-point, but
completely inhibited Fn14 expression at the 12 hour time-point, indicating that Src
activation following EGF:EGFR engagement also contributes to Fnl14 gene regulation.

Fnl14 protein levels are decreased in Src-depleted HCC827 cells

As mentioned above, dasatinib likely inhibits all SFK members at the dosage we have
employed here and could potentially reduce the activity of other structurally similar tyrosine
kinases as well (32, 34). A prior study examining global tyrosine kinase activation in cancer
cell lines found that HCC827 cells express tyrosine phosphorylated Src, Lyn and Lck but not
BIK, Fgr, Fyn, nor Hck (39). We hypothesized that Src may be the main SFK member
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contributing to EGFR-driven Fnl14 expression in HCC827 cells because it has been
previously demonstrated to both be physically associated with EGFR in NSCLC cells with
activating EGFR mutations (29) and constitutively active in these cells (39). To test this
hypothesis, cells were either left untransfected or transfected with luciferase (Luc) siRNA or
two different Src siRNAs. Cells were harvested 72 hours later and Western blot analysis was
conducted. Src expression was increased slightly in the Luc siRNA-transfected cells (by
~2%) but it was reduced by ~48% and ~65% in the Src SiRNA #7- or Src siRNA #10-
transfected cells, respectively (as compared to the untransfected cells) (Fig. 4). The amount
of intracellular p-Src protein was also reduced following Src siRNA addition. Neither Luc
siRNA nor Src siRNA treatment had an effect on expression of the related SFKs Lyn or Lck.
We found that Luc siRNA treatment increased Fnl14 protein levels (by ~24%) whereas Src
SIRNA #7 or Src siRNA #10 treatment reduced Fn14 protein levels by ~72% and ~93%,
respectively, as compared to the untransfected cells, indicating that full Src function is
required for EGFR-driven Fnl4 expression.

Constitutive Src activity in engineered NIH 3T3 cells increases both Fn14 expression and
invasive activity

In order to test whether constitutive Src signaling could upregulate Fn14 expression in other
cell lines besides EGFR-activated NSCLC cells, we compared Fn14 levels in control and v-
Sc-transformed NIH 3T3 cells by Western blot analysis. The NIH 3T3/v-Src cells exhibited
constitutive Src phosphorylation (Fig. 5A), as expected, and numerous other signaling
pathways were also activated in these cells, including the ERK, JNK, Akt, and STAT3
pathways (Supplementary Fig. S2), consistent with previous reports (43, 44). Furthermore,
v-Src expression in NIH 3T3 cells stimulated NF-xB2 (p100/p52) processing, which is
indicative of alternative NF-xB pathway activation (Supplementary Fig. S2). We found that
the NIH 3T3/v-Src cells expressed significantly more Fnl4 protein than the control NIH 3T3
cells (~4.5-fold increase) (Fig. 5A), which supports our NSCLC cell data indicating that
Fnl4 is a Src-inducible gene. We should note here that in some cell lines, including these
NIH 3T3/v-Src cells, two Fnl4 isoforms are detected by Western blot analysis. The higher
molecular weight form is full-length Fn14, while the lower molecular weight form is
believed to be a either an Fn14 mRNA splice variant product or a proteolytically-cleaved
isoform of full-length Fn14 missing most of the extracellular domain (45). To determine
whether v-Src expression also increased Fn14 mRNA levels, control and v-Src expressing
NIH 3T3 cells were harvested, RNA was isolated, and Fn14 and ribosomal protein L13a
mRNA levels were quantitated by real-time RT-PCR. We found that Fn14 mRNA levels
were increased in the NIH 3T3/v-Src cells (Fig. 5B).

Src family kinases, via their effects on gene expression, cytoskeletal reorganization and
cellular adhesion, are major intracellular mediators of tumor cell migration and invasion (24,
25, 46, 47). Therefore, we next compared the basal invasive activity of control NIH 3T3
cells and the NIH 3T3/v-Src cells using modified Boyden chambers coated with basement
membrane extract (Matrigel). We found that the NIH 3T3/v-Src cells invaded ~3.5-fold
more than the control NIH 3T3 cells (Fig. 5C), consistent with an earlier report (43).
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NIH 3T3/v-Src cell invasive activity is decreased by Fn14 depletion

Several studies have demonstrated that experimental manipulation of Fn14 levels in cancer
cells using either an RNA interference or ectopic Fnl4 overexpression strategy can
modulate the basal invasive activity of these cells (11, 12, 14, 15, 17, 21). However, there
are no reports indicating that Fn14 can act as a downstream effector of Src-driven
invasiveness. To test if this was the case, we used the Fnl14-positive, highly invasive NIH
3T3/v-Src cells described above and an RNA interference approach to investigate if Fn14
expression was important for Src-driven cell invasion. Cells were either left untransfected or
transfected with Luc siRNA or two different Fn14 siRNAs, harvested 48 hours later, and
Western blot analysis was conducted. Fn14 expression was increased in the Luc siRNA-
transfected cells by ~10%, but reduced in the Fn14 siRNA #1- or #4-transfected cells by
~88% and ~57%, respectively (as compared to the untransfected cells) (Fig. 6A). Neither
Luc siRNA nor Fn14 siRNA treatment had an effect on p-Src or Src expression levels. A
portion of the same cells harvested for Western blot analysis was plated into Matrigel
invasion chambers to determine the effect of Fn14 depletion on NIH 3T3/v-Src cell invasive
activity. There was no statistically significant difference in the invasive capacity of the
untransfected cells as compared with the Luc siRNA-transfected cells (Fig. 6B). However,
Fn14 depletion using siRNA #1 or #4 reduced the invasive capacities of the NIH 3T3/v-Src
cells by ~40% and ~27%, respectively (as compared to the untransfected cells),
demonstrating that Fn14 expression is required for maximal Src-mediated cellular
invasiveness.

In summary, we report here that EGFR-driven Fn14 expression in NSCLC cells, resulting
from either ligand (EGF) engagement or the presence of an EGFR activating mutation, is
mediated in part by activation of the Src tyrosine kinase. The ability of Src to induce Fn14
gene expression was also observed in v-Src-transformed NIH 3T3 fibroblasts, so this effect
may occur in most cell lines that exhibit either transient Src activation in response to growth
factor exposure or persistent Src activation as a consequence of activating mutations in
upstream Src regulators (e.g., receptor tyrosine kinases). It appears from our quantitative
RT-PCR data that Src activation may be increasing Fn14 protein levels, at least in part, by
regulating Fn14 gene transcription, but the molecular basis for this effect is currently
unknown. Src targets multiple substrates (24, 25, 46—48) and many of these play key roles in
intracellular signaling pathways that influence transcription factor activity (24, 25, 46).
Since (i) both HCC827 and NIH 3T3/v-Src cells exhibit constitutive STAT3 Y-705
phosphorylation (44, 49) (Supplementary Fig. S2), (ii) it has been reported that Fn14 is a
STAT3-inducible gene (50), and (iii) a STAT3 inhibitor reduced Fn14 levels in HCC827
cells by ~77% (Fig. 1A), STAT3 could be involved in Src-induced Fnl14 gene expression.
However, this is unlikely to be the case in HCC827 cells because prior studies have shown
that dasatinib treatment of these cells does not reduce STAT3 phosphorylation (activation)
(35, 49). Another potential intermediary signaling node that could link an increase in Src
activity to an increase in Fnl14 gene transcription is the NF-xB pathway. Specifically, (i) Src
has been shown to modulate NF-xB signaling in various cell types (51, 52) (Supplementary
Fig. S2), (ii) NF-xB binding to the Fn14 promoter has been reported (14), and (iii) an NF-
kB inhibitor reduced Fn14 levels in HCC827 cells by ~37%. (Fig. 1A). Future studies will
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examine the potential roles of the STAT and NF-xB transcription factor family members in
Src-mediated Fnl4 expression.

Elevated Src kinase activity has been reported in a wide range of cancer types, including
breast (53), ovarian (54), melanoma (55), and NSCLC (30, 31), and Fn14 is also frequently
upregulated in these same cancers (11-13, 17-19). Thus, our findings suggest that the Src
signaling pathway could be an important driver of Fn14 overexpression in tumor tissue.
Accordingly, Fn14 down-regulation could contribute to the efficacy of Src inhibitors noted
in some cancer patients enrolled in clinical trials (25).

We also report here that v-Src-driven NIH 3T3 cell invasiveness through a Matrigel barrier
is mediated, at least in part, by the level of Fn14 expression in these cells. Although
numerous downstream effectors of Src-stimulated invasion have been identified, many of
these proteins are Src substrates (e.g., FAK, CAS, cortactin) linked to intracellular pathways
that impact cell adhesion and motility (46—48). However, since Fnl4 has no tyrosine
residues, it cannot be a Src substrate and therefore its pro-invasive activity appears to be
primarily modulated by its expression level. We have shown that elevated Fn14 levels in
HEK?293 cells can trigger NF-xB pathway activation, and that this can occur without ligand
(TWEAK) engagement (45); therefore, Fn14 pro-invasive activity may also not require
TWEAK:Fn14 cell surface interaction. The molecular basis for Fn14 modulation of NIH
3T3/v-Src cell invasiveness is not known, but in glioblastoma cells there is evidence that
TWEAKI/Fn14 pathway-triggered invasion is mediated by the NF-xB signaling pathway
(14), the SFK member Lyn (22), and the Rho GTPase family members Racl and Cdc42 (14,
23).

In conclusion, our novel findings showing that (i) Src, a non-receptor tyrosine kinase
constitutively activated in many types of human cancer, can up-regulate Fn14 gene
expression, and (ii) Src-driven invasion is dependent in part on Fnl4 expression, supports
the notion that Fn14-targeted imaging and therapeutic agents could have broad utility for
many cancer patients and that Fn14 inhibition could attenuate tumor cell metastatic spread.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Effect of erlotinib or signaling pathway inhibitor treatment on EGFR-driven Fn14
expression in HCC827 cells

(A) HCCB827 cells were serum-starved overnight and then treated with either vehicle
(DMSO), erlotinib (1 uM), U0126 (1 pM), MK-2206 (1 uM), BAY 11-7082 (10 uM),
dasatinib (30 nM), or 5,15-DPP (20 uM) for 8 hours. Cells were harvested and Fn14 and
GAPDH levels were analyzed by Western blotting. (B) HCC827 cells were treated with
vehicle, erlotinib or dasatinib as described in (A). Cells were harvested and Fn14, p-EGFR,
EGFR, p-Src, Src and GAPDH levels were analyzed by Western blotting.
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Figure 2. Effect of dasatinib treatment on Fnl14 protein and mRNA levelsin HCC827 cells
(A) HCCB827 cells were serum-starved overnight and then treated with either vehicle or the

indicated concentrations of dasatinib for 8 hours. Cells were harvested and Fn14 and
GAPDH levels were analyzed by Western blotting. (B) Cells were either vehicle treated or
treated with dasatinib (30 nM) for the indicated time periods. Western blot analysis was
conducted as described in (A). (C) Cells were serum-starved overnight and then treated with
either vehicle or dasatinib (30 nM) for the indicated times. Cells were harvested, RNA was
isolated, and Fn14 and GAPDH mRNA levels were measured using quantitative real-time
PCR. Fn14 mRNA expression levels were normalized to GAPDH expression levels and
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presented as fold expression relative to vehicle control. The values shown are mean + SEM
of triplicate wells. Significance was measured by Student’s t-test. * p < 0.05, ** p < 0.001
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Figure 3. Effect of dasatinib treatment on Fn14 protein levelsin EGFR-mutant HCC2279 and
H1975 cellsand EGF-stimulated, EGFR wild-type A549 cells

(A) HCC2279 and H1975 cells were serum-starved overnight and then either treated with
vehicle or dasatinib (30 nM) for 8 hours. Cells were harvested and Fn14, p-Src, Src, and
GAPDH levels were analyzed by Western blotting. (B) A549 cells were serum-starved
overnight and then either left untreated or treated with EGF (50 ng/mL) alone, EGF and
drug vehicle, or EGF and dasatinib (30 nM) for the indicated time periods. Cells were
harvested and Fn14, p-Src, Src, p-EGFR, EGFR, and GAPDH levels were analyzed by
Western blotting.
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Figure 4. Effect of Src depletion on Fnl4 protein levelsin HCC827 cells

Page 18

HCC827 cells were either left untransfected or transfected with the indicated siRNAs (20
nM). Cells were harvested 72 hours post-transfection and Fnl4, Src, p-Src, Lyn, Lck, and

GAPDH levels were analyzed by Western blotting.
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Figure5. Effect of constitutive Src activity in NIH 3T3 cellson Fnl4 expression and invasive
capacity
(A) NIH 3T3 and NIH 3T3/v-Src cells were harvested and p-Src, Src, Fnl14 and tubulin

levels were analyzed by Western blotting. The positions of molecular size markers are
shown on the left (in kDa) for the Fn14 blot. (B) NIH 3T3 and NIH 3T3/v-Src cells were
harvested, RNA was isolated, and Fn14 and ribosomal protein L13a mRNA levels were
measured using quantitative real-time PCR. Fn14 mRNA expression levels were normalized
to L13a expression levels and presented as fold expression relative to control NIH 3T3 cells.
The values shown are mean + SEM of triplicate wells. Significance was measured by
Student’s t-test. * p < 0.05. (C) NIH 3T3 and NIH 3T3/v-Src cells (1 x 10°) were
resuspended in medium containing 0.5% serum and plated on Boyden chambers coated with
Matrigel. Medium containing 10% serum was placed in the lower wells as a
chemoattractant. After 20 hours of incubation, the number of cells that had invaded through
the Matrigel was determined. VValues shown are the mean = SEM of triplicate (NIH 3T3) or
quadruplicate (NIH 3T3/v-Src) chambers. Significance was measured by Student’s t-test. **
p <0.01.
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Figure 6. Effect of Fn14 depletion on NIH 3T 3/v-Src cell invasive capacity
(A) NIH 3T3/v-Src cells were either left untransfected or transfected with the indicated

siRNAs (20 nM). Cells were harvested 48 hours post-transfection, some of the cells were
lysed, and Fn14, p-Src, Src, and GAPDH levels were analyzed by Western blotting. (B) The
remaining NIH 3T3 v-Src cells from the four treatment groups (1 x 10°) were resuspended
in medium containing 0.5% serum and plated in Boyden chambers coated with Matrigel.
Medium containing 10% serum was placed in the well below the chambers as a
chemoattractant. After 20 hours of incubation, the number of cells that had invaded through
the Matrigel was determined. Values shown are the mean = SEM of triplicate chambers. NS
= not significant, * p < 0.05, ** p < 0.01.
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