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The cytokine tumor necrosis factor (TNF)-like weak inducer of apoptosis 

(TWEAK) is a TNF superfamily member that is expressed by multiple cell types and is 

involved in many functions including proliferation, migration, survival, differentiation, 

de-differentiation, or cell death. It is the only ligand for the TNF receptor (TNFR) 

superfamily member Fibroblast Growth Factor-Inducible 14 (Fn14). The TWEAK:Fn14 

signaling axis mediates multiple cellular processes including inflammation, angiogenesis, 

cell growth and death, and progenitor differentiation to aid in wound repair. 

Fn14 is overexpressed in over a dozen solid tumor types and constitutive 

signaling of the receptor is thought to be involved in tumor growth and metastasis. We 

previously showed that Fn14 levels are elevated in non-small cell lung cancer (NSCLC) 

tumors and NSCLC cell lines expressing constitutively activated Epidermal Growth 

Factor Receptor (EGFR) mutants. Also, we found that treatment of EGFR-mutant cells 

with erlotinib, (an EGFR tyrosine kinase inhibitor that is FDA-approved for use in the 



treatment of advanced NSCLC) decreases Fn14 levels and that Fn14 levels regulate 

NSCLC cell migration in vitro.  

In the present study, we extended these findings by showing that Fn14 levels also 

regulate NSCLC cell invasion. We also provide evidence that EGFR-mutant NSCLC 

cells that express high levels of Fn14 exhibit constitutive activation of the cytoplasmic 

tyrosine kinase Src. We found that inhibition of Src activity in NSCLC cells by dasatinib 

decreases Fn14 gene expression at both the mRNA and protein levels. Src depletion in 

NSCLC cells by siRNA also downregulates Fn14 protein expression. Finally, we show 

that Fn14 expression is significantly higher in an NIH 3T3 cell line engineered to express 

the constitutively active v-Src oncoprotein in comparison to parental NIH 3T3 cells, and 

that the NIH 3T3/v-Src cells require Fn14 expression for full invasive capacity. Taken 

together, these data demonstrate a functional role for Fn14 in NSCLC cell invasion and 

identify the Src tyrosine kinase as a new regulator of Fn14 gene expression. 
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Chapter 1: Introduction 

 

1.1 The Lung: Normal Architecture 

 

The lungs are a pair of cone-shaped organs whose main function is respiratory 

exchange. The left lung is divided into two lobes and the slightly larger right lung is 

divided into three lobes (reviewed in [1]). Inhaled air is conducted through the trachea to 

the lung via the primary bronchus before branching out into each lung through a network 

of branching tubes called bronchi and bronchioles (Figure 1.1). The bronchi are the larger 

tubes of the lung that have muscular walls reinforced with cartilage. The smaller tubes (< 

1 mm diameter) that have incomplete muscular walls and lack cartilage are called 

bronchioles. The network of bronchi and bronchioles lead to the alveoli, which are the 

small sacs in which gaseous exchange occurs. The main stem cell of the bronchus is the 

basal cell, which gives rise to ciliated, mucous, and neuroendocrine cells. The epithelial 

layer in the smaller peripheral airways are believed to also share a common stem cell as 

well. Clara cells (bronchioles) and surfactant secreting type II pneumocytes (alveoli) are 

capable of cell division. Lung cancer is one of the few cancer types in which the major 

subtypes arise from different anatomical compartments of the organ. For example, 

squamous cell carcinoma and small cell lung cancers predominantly originate from the 

central airway of the lung, while adenocarcinoma is thought to originate from the 

peripheral airway (reviewed in [1, 2]). 
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Figure 1.1. Illustration of normal lung architecture. The central airway branches into 
the bronchi and bronchioles and terminates at the alveoli. The large bronchus is lined 
with ciliated and mucous cells. The more narrow respiratory bronchiole also contains 
Clara cells in addition to ciliated cells. (Figure from reference [1]). 
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1.2 Lung Cancer 

Epidemiology and Etiology 

Lung cancer is the leading cause of cancer-related deaths worldwide, accounting 

for ~7.6 million deaths in 2008 [3]. In the USA alone, there was an estimated 224,210 

new cases and 159,260 lung cancer deaths in 2013, accounting for only ~14% of new 

cancer cases, but ~27% of all cancer-related deaths [4] (Figure 1.2). There are two main 

types of lung cancer: non-small cell lung cancer (NSCLC), which makes up ~85% of all 

cases, and small-cell lung cancer (~15%). These types of lung cancer are differentiated by 

hisotologic, clinical, and neuroendocrine characteristics. They also differ molecularly, 

each exhibiting unique genetic alterations (reviewed in [5]). NSCLC can be further 

divided into three subtypes: adenocarcinoma (>50% of NSCLC cases), squamous-cell 

carcinoma, and large-cell carcinoma.  

It is well established that cigarette smoking is the most important risk factor in the 

development of lung cancer, resulting in a 10- to 20-fold increased risk of developing 

lung cancer as compared to never smokers (reviewed in [1]). Secondhand tobacco 

exposure has been attributed to about 1.6% of lung cancer cases (reviewed in [6]). The 

most common lung cancer diagnoses for smokers are small-cell lung cancer and 

squamous cell carcinoma. Non-smokers who develop lung cancer are most commonly 

diagnosed with adenocarcinoma (reviewed in [7]). 
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Figure 1.2. Cancer incidence and mortality. The ten leading types of cancer in terms of 
incidence and mortality, in males and females, for the United States in 2013. (Figure 
adapted from reference [4]). 
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In addition to smoking status, lung cancer susceptibility can also be attributed to 

family history, race, age, and gender. After controlling for tobacco exposure, there is an 

approximate two-fold increased risk for individuals with a family history of lung cancer. 

Furthermore, there are racial differences in family risk; for example, a black individual 

who has a first-degree relative diagnosed with lung cancer has a higher risk of developing 

lung cancer himself compared to his white counterpart. Among never-smokers, Asian 

females are most at risk for developing lung cancer [1]. Other environmental factors such 

as diet, exercise, alcohol consumption, air pollution, and occupational exposure have also 

been shown to influence lung cancer risk (reviewed in [6]). 

 

Screening, Diagnosis, and Treatment of Lung Cancer 

Lung cancer is often difficult to detect because common symptoms of lung cancer 

such as coughing, chest pain, shortness of breath, or excessive phlegm can be attributed 

to other causes such as bronchitis. Current guidelines do not recommend mass screening 

for early detection of lung cancer (reviewed in [6]). If symptoms of lung cancer arise, 

there are several methods of screening that can be employed. These include a chest x-ray, 

sputum cytology, and low-dose spiral computed tomography (CT) [8]. If lung cancer is 

suspected as a result of these screening tests, a biopsy can be done to confirm the 

diagnosis. 

Current treatments for patients with NSCLC vary depending on the cancer stage 

at diagnosis. Treatment options are summarized in Table 1.1 [9]. Clinical staging is most 

often performed with a CT of the thorax and upper abdomen. This is not without its 
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limitations—CT imaging has limited sensitivity for microscopic metastases. Moreover, it 

can be difficult to distinguish lymph nodes that are enlarged due to malignancy versus 

benign reactive hyperplasia. Alternatively, positron emission tomography (PET) can have 

greater sensitivity for the detection of malignant disease (reviewed in [6]). 
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Table 1.1. Lung cancer treatment and overall survival. General treatment 
recommendations for NSCLC based on staging at diagnosis and overall 5-year survival 
rates. a- Estimated from SEER validation set of proposed 7th edition IASLC staging. b- 
Overall survival is higher by pathologic stage because clinical stage, which is estimated 
by clinical characteristics based on CT scan, PET, etc., can underestimate the true stage. 
(Table adapted from reference [9]). 
 

 
Stage 

 
Est. %a 

 
General treatment recommendations 

5-year overall survival b 

Clinical stage Path. stage 

IA 14% Surgical resection 50% 73% 

IB 10% Surgical resection, can consider adjuvant chemotherapy in 
selected cases (e.g., tumor size > 4cm) 

43% 58% 

IIA 6% Surgical resection followed by adjuvant chemotherapy 36% 46% 

IIB 5% Surgical resection followed by adjuvant chemotherapy 25% 36% 

IIIA 16% Multimodality treatment: chemotherapy, radiation, ± surgery 19% 24% 

IIIB 8% Multimodality treatment: chemotherapy and radiation 7% 9% 

IV 41% Chemotherapy, consider targeted therapies according to driver 
mutations 

2% N/A 
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  If the patient presents with stage I or II disease, meaning there are no metastases 

in the hilar or peribronchial lymph nodes, then he or she might be a candidate for surgical 

tumor resection. In order for a patient to be a good candidate for surgery, the patient’s 

tumor must be completely resectable, and the patient must be at low risk for 

complications or morbidity. Depending on the tumor location, surgery may not be an 

option and radiation therapy is used. Patients presenting with stage IIA or IIIA NSCLC 

typically opt for adjuvant chemotherapy following tumor resection as well (reviewed in 

[6]).  

About 70% of patients diagnosed with lung cancer present with locally advanced 

or metastatic disease. For those patients with stage III disease, where the tumor has 

already invaded local structures outside of the lung, surgery is not an option; instead, the 

most common treatment option is combination radiation and chemotherapy. Systemic 

platinum-based chemotherapy is the most accepted standard of care. The 1-year survival 

rate of patients who present with advanced-staged, metastatic disease is < 10% if left 

untreated (reviewed in [6, 10, 11]). 

 

Targeted Therapies 

In recent years, specific genomic alterations driving NSCLC malignancy have 

been identified. For example, never smokers with lung cancer have a higher prevalence 

of EGFR, PTEN, ALK, ROS1, and RET mutations. The most common genetic mutations 

in smokers with lung cancer are KRAS, TP53, BRAF, STK11, and JAK2/3 (reviewed in 
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[12]). A summary of the main mutations found in lung adenocarcinoma is shown in 

Figure 1.3 (reviewed in [13]). 

The discovery of these genetic alterations has led to the development of targeted 

therapies for certain NSCLC patients (reviewed in [14]); for example, patients with 

tumors that harbor epidermal growth factor receptor (EGFR) mutations are now treated 

with EGFR-targeted drugs. EGFR is a 170-kDa type I transmembrane receptor with 

tyrosine kinase activity. It belongs to the HER/erbB family of receptor tyrosine kinases 

(RTKs). RTKs mediate cell signaling and are activated by extracellular growth factors 

(reviewed in [10, 14]). All HER receptors contain an extracellular, cysteine-rich ligand-

binding domain, a single transmembrane domain, a cytoplasmic TK domain, and a 

carboxy-terminal signaling domain. EGFR is activated by ligand binding and subsequent 

homo- or heterodimerization with other family members. Ligand binding results in 

tyrosine auto-phosphorylation in the cytoplasmic tail, which enables receptor interaction 

with Src-homology (SH)-2 domain-containing molecules, and activation of downstream 

signaling pathways (reviewed in [14]). EGFR signaling induces several cellular 

processes, including angiogenesis, cell differentiation, motility, proliferation, and 

survival. 
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Figure 1.3. Common genetic mutations in NSCLC. A pie-chart representation of the 
distribution of clinically relevant driver mutations found to date in lung adenocarcinoma. 
(Figure from reference [13]). 
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EGFR is overexpressed in ~60% of NSCLC cases (reviewed in [10]), and about 

20% of lung cancer tumors harbor EGFR mutations, making it an ideal target for lung 

cancer therapy. Several EGFR inhibitors that target the receptor TK domain have been 

developed in recent years to treat NSCLC. Gefitinib (Iressa), an EGFR TK inhibitor 

(TKI), was the first targeted therapy to be approved by the FDA for use in lung cancer 

(reviewed in [6]). Initial Phase 3 randomized trials showed no improvement in survival 

time in gefitinib-treated patients versus placebo, both in the overall population or 

specifically in patients with adenocarcinoma. However, two subgroups of patients did 

show significant improvement: Asians and never smokers. Erlotinib (Tarceva) is another 

EGFR TKI approved by the FDA for second- or third-line treatment of NSCLC. Erlotinib 

had more overall success in clinical trials, producing a median survival time of 6.7 

months compared with 4.7 months in the placebo group (reviewed in [6]). 

Initial studies assessing the overall efficacy of EGFR TKIs such as erlotinib and 

gefitinib showed that only ~10% of the treated NSCLC patients were responsive to the 

therapy [15]. Subsequent studies revealed that patients harboring mutations in exons 

encoding the EGFR kinase domain had increased sensitivity to the TKIs, with response 

rates of ~70% (reviewed in [16, 17]). A summary of the most common EGFR mutations 

is illustrated in Figure 1.4. Ninety percent of the EGFR mutations found in lung cancer 

are located in exons 19 (del 746-750) and 21 (L858R) (reviewed in [10]). These 

mutations result in activation of the EGFR kinase domain, leading to downstream 

signaling. EGFR-mutant tumors are more responsive to TKIs due to a slight 

conformational change in the receptor that allows the TKI to compete better against ATP 

for binding to the ATP-binding pocket (reviewed in [18]). 
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Although patients with EGFR-mutant tumors initially respond better to TKIs, 

almost all of them develop drug resistance within 10-14 months (reviewed in [10]). Two 

of the most common genomic alterations leading to acquired resistance are (i) a 

secondary mutation in exon 20 of EGFR (T790M) that restores the binding affinity of 

ATP (~50-60% of resistance patients) and (ii) MET receptor gene amplification (~20-

30% of resistance patients) and activation of bypass signaling pathways (reviewed in 

[17]). The development of drug resistance, coupled with the fact that ~45% of all lung 

cancer cases still arise from unknown causes (Figure 1.3), highlight the need to develop 

novel therapeutic agents to combat this prevalent and lethal disease. 
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Figure 1.4. Activating mutations of EGFR in NSCLC. Representation of the locations 
and percentage of occurrence of identified EGFR mutations within the EGFR tyrosine 
kinase domain. (Figure adapted from reference [14]). 

z 5% 5% 
45% 

45% 
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1.3 Src Family Kinases 

Structure and Function 

 Src family kinases (SFKs) are a family of at least nine nonreceptor tyrosine 

kinases that are localized within the cytosol. They regulate multiple signaling pathways 

between cell surface proteins and other intracellular proteins or transcription factors. 

SFKs are involved in many cellular processes such as proliferation, survival, 

angiogenesis, invasion, and migration. In humans, SFKs include Src, Yes, Fyn, Lyn, Lck, 

Hck, Fgr, and Blk. Src, Yes, and Fyn are expressed in most cells, but the other SFKs are 

mostly expressed in hematopoietic cells (reviewed in [19, 20]).  

All SFKs have a common domain structure (Figure 1.5A). A myristoylation and 

in some cases a palmitoylation site exists on the amino-terminus. The function of 

myristoylation and palmitoylation is to help localize SFKs to the plasma membrane. All 

SFKs contain a poorly conserved unique domain, followed by Src homology (SH)-3 and 

SH2 domains, which interact with receptors and adaptor proteins to help regulate SFK 

catalytic activity. The tyrosine kinase domain of SFKs contains an autophosphorylation 

site and an ATP-binding site. At the carboxy-terminus, SFKs contain a regulatory domain 

with a tyrosine residue that can be phosphorylated by the C-terminal Src kinase (Csk) 

family of enzymes. When phosphorylated, this phospho-tyrosine residue interacts with 

the kinase’s own SH2 domains and keeps the SFK in an inactive conformation (Figure 

1.5B). The regulatory domain is important for normal SFK activity; deletion or mutation 

of this domain results in constitutive activation of the kinase (reviewed in [19, 21]). 
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Figure 1.5. SFK structure and function. (A) General domain structure of SFKs. (B) 
When Src is in an inactive state, its C-terminal regulatory tyrosine (Y508) is 
phosphorylated by Csk family enzymes, keeping it in a closed, inactive conformation via 
interactions with its own SH2 domain. Dephosphorylation of Y508 by protein tyrosine 
phosphatases (PTPs) activates the kinase by inducing conformational changes that 
promote Y416 autophosphorylation, which stabilizes the active form of Src. (Figure 
adapted from reference [21]). 

A 

B 

Y416 

PTPs 416 
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SFK Involvement in EGFR Signaling 

 SFKs often associate with cell surface receptors that lack intrinsic catalytic 

activity, but they can also be involved in the signaling cascades of RTKs (reviewed in 

[21]). SFKs were first demonstrated to be involved in RTK signaling pathways when they 

were shown to be activated in quiescent fibroblasts stimulated with platelet-derived 

growth factor (PDGF) [22]. Subsequent studies have shown SFKs to be involved in 

signaling of several other RTKs including EGFR, fibroblast growth factor receptor 

(FGFR), and hepatocyte growth factor receptor (HGFR, or c-Met) (reviewed in [23, 24]). 

  It is believed that SFKs are activated by RTKs through an association between 

their SH2 domains and a phospho-tyrosine residue on the RTK. This association initiates 

SFK activation by releasing the intramolecular interaction between the SH2 domain and 

the tail, allowing the SFK to open into its catalytically active conformation. In RTKs such 

as EGFR, it is thought that the activation of SFKs also involves the small GTPases Ras 

and Ras-like (Ral). Furthermore, the tyrosine phosphatase Shp2 can promote SFK 

activation. Shp2 gets recruited to activated RTKs and dephosphorylates the Csk-binding 

protein PAG, which prevents Csk from negatively regulating SFKs (reviewed in [23]). 

 The interaction between SFKs and RTKs is bidirectional. While activation of 

RTKs can stimulate SFKs, there is evidence to suggest that SFKs can modulate activity 

and signaling of RTKs as well. In the case of EGFR, ligand engagement leads to receptor 

dimerization and autophosphorylation of various tyrosine residues, including Y992, 1068, 

1086, 1148, and 1173. Furthermore, activation of SFKs can lead to additional tyrosine 

phosphorylation of EGFR and activation of ligand-independent downstream signaling. 

Studies using purified wild-type or kinase-dead EGFR and c-Src revealed three potential 
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c-Src phosphorylation sites in vitro: Y-703, Y-1148, and Y-1173 [25]. However, only Y-

703 on EGFR was shown to be phosphorylated by c-Src in vitro as well as in vivo. It was 

later discovered that two additional EGFR tyrosine residues, Y-845 and Y-1101, are both 

phosphorylated by c-Src in vitro and in vivo [26], (reviewed in [23]). In most cases, Src-

dependent phosphorylation of EGFR can positively regulate EGFR signaling and cell 

proliferation. The Y845 residue seems to play a particularly important role. In studies 

using a Y845F mutant version of EGFR, EGF-stimulated DNA synthesis was impaired as 

compared to wild type EGFR-transfected cells, indicating that Src-mediated 

phosphorylation of Y845 is critical for EGFR signaling [23, 26]. 

 

Src Involvement in NSCLC 

 Of all the known SFK family members, Src has most often been implicated in 

cancer progression, and Src expression in tumors can often be predictive of poor 

prognosis. Abnormally high levels of Src activity has been observed in most cancers 

(reviewed in [27]). This aberrantly high activation is thought to be primarily attributable 

to genetic and epigenetic alterations in tumor cells. Src activity increases with the number 

of epigenetic changes, and the highest levels of Src activity are observed in tumor 

metastases (reviewed in [27]). 

 Many studies both in vitro and in vivo have shown Src to serve several roles in 

tumor progression. In epithelial tumor cells, Src activation increases migration and 

invasion by inducing the epithelial-to-mesenchymal transition (reviewed in [28]). Src 

also is important in regulating expression of pro-angiogenic factors such as vascular 
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endothelial growth factor (VEGF). In endothelial cells, Src activation leads to increased 

permeability, and decreasing Src activation in vivo has been shown to reduce tumor cell 

extravasation (reviewed in [27]). 

 Src expression is increased in 60-80% of adenocarcinomas and bronchioalveolar 

cancers and in ~50% of squamous cell carcinomas [29]. Multiple groups have reported 

high levels of Src kinase activity in NSCLC, and the degree of activity has been 

positively correlated with tumor size [30]. Furthermore, an immunohistochemistry study 

has shown a positive correlation between certain clinical variables in NSCLC patients 

and high phospho (p)-SFK staining (males, smokers, and squamous cell carcinomas), 

(Table 1.2), and increased p-SFK activity has been reported in NSCLC cell lines 

harboring activating EGFR mutations [31]. NSCLC lines have the highest levels of Src 

activity of all lung cancer cell types (reviewed in [20]).  
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Table 1.2. Immunohistochemical staining of p-SFK in NSCLC patients is associated 
with several clinical variables. p-SFK staining was associated with male gender, active 
smoking, and squamous cell subtype. AC, adenocarcinoma; SCC, squamous cell 
carcinoma; BAC, bronchioloalveolar cell carcinoma. (Table adapted from reference 
[31]). 
 

p-SFK-positive n/total (%) P value 

Gender 
Female 
Male 

 
46/190 (24.2) 
68/168 (40.5) 

 
0.001 

Smoking status 
Never/former 
Active 

 
23/97 (23.7) 

89/258 (35.9) 

 
0.03 

Histology 
AC 
SCC 
BAC 

 
44/213 (20.7) 
53/109 (48.6) 

4/18 (22.2) 

 
< 0.001 
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Src is thought to stimulate tumorigenesis through multiple signaling pathways, 

including by phosphorylating and activating STAT-3 and focal adhesion kinase (FAK). 

Both of these proteins are involved in tumor survival, and elevated FAK levels 

correspond with increased cancer cell migration, invasion, and proliferation (reviewed in 

[20]). Interestingly, although Src activation is associated with higher STAT3 activation, 

pharmacological inhibition of Src actually leads to JAK-dependent STAT3 activation in 

vitro and in vivo, suggesting that Src is not the only regulator of STAT3 [32]. 

Src acts synergistically with EGFR to promote tumorigenesis in several cancer 

types. For example, Src and members of the EGFR family are overexpressed in ~70% of 

breast cancers, and in a majority of these, Src is co-overexpressed with at least one 

member of the EGFR family [33]. In a previous study on Src and NSCLC, it was reported 

that Src is activated in NSCLC cell lines harboring EGFR mutations, and an 

immunohistochemical analysis of 152 adenocarcinoma samples showed that p-Src 

expression was correlated with EGFR mutations [34]. Given that a subset of NSCLC 

tumors harbor a constitutively activating mutation in the EGFR receptor, it is logical that 

Src may be important to the development and survival of these tumors. Consistent with 

this possibility, treatment of EGFR-dependent NSCLC cells with the SFK inhibitors PP1 

and SKI-606 induced apoptosis, implicating SFK involvement in EGFR-dependent 

NSCLC cell survival [31]. Given these findings, Src has emerged as a potential 

therapeutic target for the treatment of NSCLC (reviewed in [19, 20]).  

Dasatinib is a tyrosine kinase inhibitor initially developed by Bristol-Myers 

Squibb as a dual Src/Abl kinase inhibitor [35]. In 2006, it was FDA-approved for 

treatment of adults with chronic myeloid leukemia with resistance or tolerance to 
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previous therapy [36]. It has also been approved for use in Philadelphia chromosome-

positive acute lymphoblastic leukemia patients, and is currently being tested in numerous 

clinical trials for other cancer types, including advanced NSCLC (reviewed in [19, 20]). 

In a Phase II clinical trial, patients with advanced NSCLC received dasatinib as a first-

line therapy. As a single agent, dasatinib had only modest clinical activity that was lower 

than the clinical response of NSCLC patients who received chemotherapy: the overall 

disease control rate of enrolled patients (those who have partial response to therapy and 

stabilized disease) was 43%. The median length of progression-free survival was 1.36 

months [37]. In a Phase I/II clinical trial evaluating dasatinib and erlotinib combination 

therapy, the overall disease control rate was 62% and the median progression-free 

survival time was 2.7 months [38]. Overall, preliminary results of the use of Src 

inhibitors in NSCLC patients are promising, but more studies need to be done to assess 

whether they could be more effective a subsets of patients with specific predictive 

molecular markers (reviewed in [19, 20]). 
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1.4 The Tumor Necrosis Factor Ligand-Receptor Superfamily 

The Tumor Necrosis Factor (TNF) superfamily of ligands and receptors consists 

of 19 ligands that bind to and signal through 29 receptors. The ligands are type II proteins 

that can exist in both membrane-bound (pro) and cleaved, soluble (mature) forms. Both 

the anchored and soluble forms contain a C-terminal TNF homology domain that is 

necessary for self-trimerization and receptor binding (reviewed in [39]). The founding 

member of the TNF superfamily, TNF-α, was first described in the late 1960s as a 

protein produced by lymphocytes that was toxic to tumor cells [40]. Most TNF receptor 

(TNFR) family members are type I transmembrane proteins whose extracellular domains 

contain between one and four cysteine-rich domains, each of which typically contain six 

cysteine residues forming three disulfide bonds (reviewed in [41]). TNFRs do not contain 

any intrinsic kinase activity; instead, the intracellular domains of TNFRs function as 

docking sites for signaling molecules (reviewed in [39]). Signaling occurs via two main 

classes of adaptor proteins: TNF receptor-associated factors (TRAFs) and “death 

domain” (DD)-containing molecules. Ligand-receptor binding triggers activation of 

downstream signaling pathways such as MAPK, JNK, and NF-κB. These pathways are 

known to mediate cell survival, proliferation, differentiation, and apoptosis. Thus, the 

TNF superfamily of cytokines has been implicated in several normal physiological 

functions such as hematopoiesis, immune surveillance, and innate immunity. 

Dysregulation of these cytokines can lead to various disease states such as 

atherosclerosis, rheumatoid arthritis, multiple sclerosis, and tumorigenesis (reviewed in 

[42]). 

 



 23 

1.5 The TWEAK/Fn14 Signaling Axis 

TWEAK and Fn14: Basic Biology 

The cytokine tumor necrosis factor (TNF)-like weak inducer of apoptosis 

(TWEAK) is a TNF family member that is initially synthesized as a 249-amino-acid type 

II transmembrane glycoprotein [43]. TWEAK is expressed by multiple cell types and is 

involved in many functions including proliferation, migration, survival, differentiation, 

de-differentiation, or cell death (reviewed in [44]). It can be cleaved into a soluble form 

by the enzyme furin [45]. The C-terminal extracellular region is 206 amino acids in 

length and contains a stalk region as well as a TNF-homology domain containing one 

potential N-glycosylation site (reviewed in [44]) (Figure 1.6A). TWEAK exists as a 

homotrimer both in membrane-bound and soluble forms, and both forms are biologically 

active [45]. 

The receptor for TWEAK, Fibroblast Growth Factor-Inducible 14 (Fn14) 

(alternate names: TWEAKR, TNFRSF12A, CD266), was initially discovered in the late 

1990s as a small cell-surface protein whose expression was upregulated in quiescent cells 

exposed to fibroblast growth factor 1 (FGF1) or FGF2 [46]. The discovery of TWEAK as 

its ligand confirmed Fn14 as a TNF receptor family member [47]. Fn14 is initially 

synthesized as a 129-amino-acid type I transmembrane protein that is proteolytically 

cleaved by signal peptidase into its mature form, a 102-amino acid cell surface receptor 

[44] (Figure 1.6B). The extracellular domain of Fn14 is 53 amino acids in length and 

contains a single cysteine-rich domain. The cytoplasmic tail of Fn14 is 28 amino acids in 

length and contains a single TRAF consensus binding motif that is able to bind TRAFs 1, 

2, 3, and 5 [48]. Fn14 is expressed at relatively low levels by almost all cell types with 
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the exception of T cells and B cells, where it is not expressed. The Fn14 protein is 

encoded by an immediate early response gene that is highly inducible both in vitro and in 

vivo. Fn14 expression can be induced by serum, growth factors, hormones, and cytokines 

(reviewed in [44]). Binding of TWEAK to Fn14 promotes receptor trimerization, 

recruitment of TRAF proteins, and activation of several downstream signaling pathways 

(e.g., ERK 1/2, PI3K/Akt, and NF-κB) (Figure 1.7). 
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Figure 1.6. TWEAK and Fn14 structure. (A) TWEAK is a type II transmembrane 
protein that can exist in both a membrane-bound or soluble form. The extracellular 
domain contains the TNF homology domain that is essential for receptor binding, an N-
glycosylation site (represented by the white circle), and a furin cleavage site. (B) Fn14 is 
initially synthesized as a 129-amino-acid type I transmembrane protein that is cleaved by 
a signal peptidase into its mature 102-amino-acid form. Cyt = cytoplasmic domain, TM = 
transmembrane domain, SP = signal peptide, EC = extracellular domain. 
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Figure 1.7. The TWEAK/Fn14 signaling axis. TWEAK engagement of Fn14 causes 
receptor trimerization, which leads to TRAF association and activation of downstream 
signaling pathways such as ERK1/2, PI3K/Akt, and NF-κB. The NF-κB pathway is 
activated via the TRAF2 recruitment of cIAP1 and the Rho family GTPase member 
Rac1. 
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Both the TWEAK and Fn14 genes are expressed at low levels in most tissues, but 

upregulated in damaged tissue (reviewed in [44, 49]), suggesting that they may be 

involved in repairing tissue damage. TWEAK expression has been demonstrated to be 

dramatically upregulated in several murine models of acute injury: in the brain after focal 

cerebral ischemia [50, 51], in the kidney following intraperitoneal injection of folic acid 

[52], and in skeletal muscle after cardiotoxin injection [53]. In addition to being induced 

by growth factors and cytokines in vitro, Fn14 is also induced in vivo in tissue injury 

models, such as in the liver following partial hepatectomy [54] and in the rat artery 

following balloon injury [47]. The current model for the normal physiological role of the 

TWEAK/Fn14 axis is that after injury, infiltrating leukocytes (e.g. monocytes) enter the 

damaged tissue and release TWEAK, which acts on the Fn14 receptor upregulated on the 

epithelial cell surface. TWEAK:Fn14 interaction mediates multiple cellular processes 

including inflammation, angiogenesis, cell growth and death, and progenitor 

differentiation to aid in wound repair [55] (Figure 1.8). 

 In vitro studies using cells in culture, expression profiling studies using normal 

and diseased tissue, and in vivo studies using wild-type (WT) or genetically-engineered 

mice have indicated that TWEAK/Fn14 signaling may be involved in the 

pathophysiology of many human diseases, including rheumatoid arthritis, lupus nephritis, 

atherosclerosis, and stroke (reviewed in [44, 49, 55-58]). Accordingly, several academic 

and pharmaceutical research groups have initiated programs to develop biologics or small 

molecule compounds that activate or inhibit the signaling axis, depending on the disease 

target. A number of TWEAK- or Fn14-directed therapeutic targets have actually entered 

clinical trials (reviewed in [57]). 
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Figure 1.8. The TWEAK/Fn14 axis promotes tissue remodeling. Soluble TWEAK is 
released from infiltrating leukocytes and engages Fn14, which is upregulated in epithelial 
and mesenchymal cells in injured and diseased tissue. TWEAK/Fn14 signaling in injured 
tissues mediates proinflammatory responses, angiogenesis, cell growth and death, and 
progenitor cell differentiation. When orchestrated normally, these activities contribute to 
normal tissue regeneration and repair. If TWEAK/Fn14 signaling is dysregulated, these 
activities canlead to maladaptive repair and chronic inflammatory diseases. (Figure from 
reference [55]). 

306 L.C. Burkly and T. Dohi

Fig. 32.1 TWEAK/Fn14 pathway coordinates local tissue remodeling. TWEAK expressed
primarily as a soluble cytokine by infiltrating leukocytes mediates multiple activities through Fn14
upregulated locally on epithelial and mesenchymal cell types in injured and diseased target tis-
sues, including proinflammatory responses, angiogenesis, cell growth and death, and progenitor
responses. TWEAK/Fn14-induced tissue remodeling is a mechanism that is broadly applicable
across a variety of organs/disease target tissues. When appropriately orchestrated after acute tis-
sue injury, these activities contribute for better, to normal tissue regeneration and repair, but when
exaggerated and dysregulated, these activities contribute for worse, to progressive local tissue dam-
age and maladaptive remodeling. RA, rheumatoid arthritis; IBD, inflammatory bowel disease; MS,
multiple sclerosis; CVD, cardiovascular disease; SLE, Systemic Lupus Erythematosis

after acute tissue injury, as supported in acute models of liver and skeletal muscle
injury; in contrast, when exaggerated and dysregulated, these TWEAK/Fn14-
induced activities contribute to progressive local tissue damage and maladaptive
remodeling, as supported in models of inflammatory disease. Given the role of the
TWEAK/Fn14 pathway in regulating cell survival, growth, migration, and angio-
genesis, implications for the role of this pathway in tumor biology have also been
discussed [1, 2].

Complementing two comprehensive review articles on the TWEAK/Fn14 path-
way [1, 2] and a synthesis of evidence supporting the above-stated thesis [1, 3],
this proceeding focuses on the effects of the TWEAK/Fn14 pathway on tissue
remodeling, primarily effects contributing to worsening outcomes, through review
of our expanding knowledge of pathological roles of TWEAK/Fn14 in models
of disease. This proceeding also highlights our novel observations of the effects
of the TWEAK/Fn14 pathway on tissue remodeling in contexts of intestinal
injury [4], where (1) TWEAK signaling through Fn14 upregulated on intesti-
nal epithelial cells regulates epithelial cell turnover, which may be beneficial or
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Role of TWEAK and Fn14 in Cancer 

Fn14 gene expression is elevated in over a dozen different solid tumor types as 

compared with matched adjacent normal tissue and there is substantial evidence to 

suggest that constitutive Fn14 signaling is involved in cancer (reviewed in [44]). For 

example, Fn14 overexpression in glioma [59], breast [60] and NSCLC [61] cells in vitro 

has been shown to alter signaling and increase cell migration and invasion. This altered 

cell behavior can occur without the addition of TWEAK to the cell culture medium, 

suggesting that in certain instances, Fn14 can signal independent of ligand binding if 

expression levels exceed a certain threshold. Recent work demonstrating that the 

expression of an Fn14 mutant that cannot bind TWEAK is able to promote NF-κB 

activation supports the concept of TWEAK-independent signaling [62] (Figure 1.9). 

TWEAK/Fn14 signaling may contribute to various aspects of cancer biology, including: 

1. Angiogenesis – TWEAK/Fn14 signaling has been shown to promote new 

blood vessel formation. Fn14 is endogenously expressed in endothelial cells, 

and addition of soluble TWEAK promotes endothelial cell proliferation, 

survival, and migration in vitro [63]. Moreover, TWEAK also induces 

neovascularization in vivo in a rat cornea model [47] and TWEAK 

overexpression in HEK293 cells promotes angiogenesis when the cells are 

subcutaneously injected into nude mice [64]. 

2. Cell Survival – TWEAK has been shown to prevent TRAIL- and 

camptothecin-induced apoptosis in glioma cells (via NF-κB activation and 

BCL-xl/BCL-w expression)[65, 66] and 5-fluorouracil resistance in gastric 

cancer cells [67].  
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3. Cell Migration and Invasion – TWEAK treatment of human glioma cells 

increases migration [68, 69]. Fn14 overexpression increases invasive capacity 

of breast cancer cells in vitro [60, 70] and stimulates glioma cell migration 

and invasion through NF-κB and Rac-1 activation [59]. Additionally, Fn14 

depletion by siRNA reduced invasion in esophageal cancer cells [71] and 

prostate cancer cells [72]. 

4. Cell Proliferation – TWEAK has been shown to induce proliferation in 

multiple cell types, including endothelial cells, smooth muscle cells, 

astrocytes, and hepatocellular carcinoma cells [73] (reviewed in [44]). 

TWEAK/Fn14 signaling has been shown to either promote or inhibit tumor 

growth, depending on the experimental system. For example, B16.F10 

melanoma cells that were injected into TWEAK-knockout mice were unable 

to form tumors compared to those injected into wild type mice [74]. Blocking 

TWEAK signaling with the anti-TWEAK mAb RG7212 decreases cell 

proliferation in tumor cells [75]. In contrast, another study showed that 

injection of TWEAK-overexpressing HEK293 cells into nude mice promoted 

tumor growth compared to injection of vector control cells [64]. 

5. Cell Apoptosis – Although Fn14 does not contain a death domain, and 

TWEAK:Fn14 engagement cannot activate the extrinsic apoptotic pathway, 

TWEAK has been shown to induce apoptosis in certain cell lines [76-80]. 

This effect is relatively weak, and frequently requires prolonged incubation 

and presensitization with other pro-apoptotic cytokines (reviewed in [44]).  
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Figure 1.9. TWEAK-dependent and -independent Fn14 signaling. (A) Membrane-
bound or soluble TWEAK trimers bind the Fn14 receptor, promoting receptor 
trimerization. This leads to TRAF association and downstream signaling pathway 
activation. (B) Fn14 overexpression and depletion studies suggest that if Fn14 levels 
surpass a certain threshold, the receptor is able to trimerize and activate downstream 
signaling in the absence of TWEAK. 
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TWEAK- and Fn14-Targeted Therapeutics 

Given the evidence that TWEAK and Fn14 are expressed in tumors and may 

contribute to tumor growth and metastasis, both proteins are excellent targets for cancer 

therapy. In recent years, several TWEAK- or Fn14-targeted agents have been developed 

to treat cancer. Those agents in either pre-clinical or Phase I clinical trials are 

summarized in Table 1.3 (reviewed in [58]).  

Briefly, three main therapeutic strategies have been described in the literature to 

date. The first is to inhibit TWEAK:Fn14 engagement using TWEAK-neutralizing 

monoclonal antibodies (mAbs) or an Fn14 decoy construct. As mentioned earlier, 

TWEAK and Fn14 are both expressed in multiple tumor types and TWEAK/Fn14 

signaling may promote tumor growth in vivo. Therefore, agents that inhibit TWEAK 

binding to Fn14 may be able to attenuate tumor progression. The main concern with this 

approach is that TWEAK is expressed at low levels in many Fn14-overexpressing 

tumors, and in these cases TWEAK-independent Fn14 signaling can occur, which would 

not be inhibited by these agents.  

The second strategy that has been described is to activate the Fn14 signaling 

pathway using Fn14-specific agonistic mAbs. The rationale for exploring the potential of 

agonistic Fn14 mAbs as anti-cancer therapeutics is that, as mentioned above, TWEAK is 

a proapoptotic factor for some cancer cell lines. One of the agonistic mAbs, PDL192 

(Enavatuzumab), was evaluated in a Phase 1 trial, and many of the patients had elevated 

liver and pancreatic enzyme levels, indicating significant drug toxicity associated with 

Fn14 activation in these organs (reviewed in [58]). Besides this troubling finding, the 

main concern with this approach is that activation of Fn14 in most “normal” and cancer 
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cell lines does not induce cell death [75]. Indeed, most studies support the view that 

TWEAK/Fn14 signaling in the tumor microenvironment stimulates pro-tumorigenic and 

metastatic cellular responses including cell growth [73, 75], invasion [59, 60, 71, 72], and 

resistance to chemotherapeutic agents [65, 66].  

Finally, the last strategy under investigation is to directly target Fn14-positive 

cancer cells for cell death using Fn14 mAb- or TWEAK-based cytotoxic fusion proteins. 

Targeted cytotoxins are a class of cancer therapeutics that internalize into malignant cells 

and induce cell death. Immunotoxins are targeted toxins that utilize a mAb or the variable 

fragment of an antibody as the targeting moiety. The mAb is chemically conjugated or 

covalently linked to a toxin that is usually of bacterial or plant origin (reviewed in [81, 

82]). Two types of Fn14-targeted immunotoxins have been developed and tested by 

Rosenblum, Winkles, and colleagues. Both agents are based on the anti-Fn14 antibody 

ITEM4 and a recombinant form of the plant toxin gelonin (rGel). These agents are highly 

cytotoxic to several Fn14-positive cancer cell lines in vitro, and inhibit human T-24, 

MDA-MB-435, and MDA-MB-231 cancer cell growth in xenograft models [83-85]. 

Therapeutic agents that use plant or bacterial toxins can cause vascular leak syndrome 

and elicit immune responses in patients (reviewed in [81, 86]). However, in a recent 

Phase I clinical trial in which an anti-CD33 mAb-rGel immunoconjugate was 

administered to 28 patients with advanced myeloid malignancies, immunogenicity of 

rGel appeared to be low with only two patients developing detectable levels of anti-rGel 

antibodies throughout the course of treatment [87]. 

Another agent that is under development by the same group is a completely 

humanized fusion protein designed to kill Fn14-positve cancer cells [83]. This construct, 
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named granzyme B (GrB)-TWEAK uses the human TWEAK receptor-binding domain as 

the targeting moiety and GrB as the cell-killing agent. GrB is a serine protease stored in 

the secretory granules of cytotoxic T lymphocytes and NK cells (reviewed in [88, 89]. 

Granzyme B normally enters target cells via the granule exocytosis pathway and 

promotes apoptotic cell death. Initial studies have revealed that GrB-TWEAK is rapidly 

internalized by Fn14-positive cancer cells and is highly cytotoxic in the low nanomolar 

range [90]. 
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Table 1.3. Examples of TWEAK- of Fn14-targeted therapeutic agents for cancer. 
UHW, University Hospital of Würzburg; UMSOM, University of Maryland School of 
Medicine; rGel, recombinant gelonin; GrB, granzyme B; mAb, monoclonal antibody. 
(Table adapted from reference [58]). 

 

Agent Developer Type of Agent Target Status Comments 

RG7212 
(RO5458640) 

Hoffmann-
La Roche 

Neutralizing 
mAb 

TWEAK Phase I trial 
Start date:  
2011 July 
Completion date: 
2013 March 

Various cancer types; 
only patients with Fn14+ 
tumors; no toxicities 
notes; disease 
stabilization in some 
patients 

Fn14-TRAIL 
(KAHR-101) 

KAHR 
Medical 

Signal 
converter 
protein 

TWEAK Pre-clinical Inhibits tumor growth in 
xenograft models 

BIIB036 
(P4A8) 

Biogen 
Idec 

Agonistic mAb Fn14 Pre-clinical Inhibits tumor growth in 
xenograft models 

18D1 UHW/
arGEN-X 

Agonistic mAb Fn14 Pre-clinical Inhibits tumor formation in 
experimental metastasis 
assays 

PDL192 
(enavatuzumab) 

Abbott Agonistic mAb Fn14 Phase I trial 
Start date:  
2008 July 
Completion date:  
2011 October 

Various cancer types; 
liver and pancreatic 
enzyme toxicity 

ITEM4-rGel  
 
MD 
Anderson 
Cancer 
Center/
UMSOM 

Immunotoxin 
conjugate 

 
 
 
Fn14 

 
 
 
Pre-clinical 

All three agents inhibit 
tumor growth in xenograft 
models 

hSGZ Immunotoxin 
fusion protein 

GrB-TWEAK Ligand-
apoptotic 
factor fusion 
protein 
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Role of TWEAK and Fn14 in NSCLC 

 Several studies have implicated the TWEAK/Fn14 axis in NSCLC biology. Initial 

immunohistochemistry staining conducted by our long-term collaborator Dr. Nhan Tran 

(TGen, Phoenix, AZ) revealed that Fn14 was more highly expressed in a lung 

adenocarcinoma specimen compared to the normal adjacent tissue (Figure 1.10). A larger 

study from another group found Fn14-positive staining in 59% of adenocarcinoma, 42% 

of squamous cell carcinoma, 66% of large cell carcinoma, and 75% of bronchial alveolar 

carcinoma specimens examined [91]. Since Fn14 was upregulated in squamous cell 

carcinoma, the NSCLC subtype most strongly associated with smoking, we tested if 

cigarette smoke condensate (CSC) could upregulate Fn14 protein expression in vitro. 

When CSC was added to BEAS-2B “normal” (isolated from a non-cancerous individual) 

bronchial epithelial cells, H1437 NSCLC cells, A549 K-ras-driven NSCLC cells, and 

HCC827 EGFR-driven NSCLC cells, Fn14 protein levels increased within six hours 

(Figure 1.11). A preliminary experiment suggests that CSC treatment increases the 

invasive capacity of BEAS-2B and HCC827 cells. CSC stimulation increased invasion by 

nearly 300% and 70% in HCC827 and BEAS-2B cells, respectively (Figure 1.12). 
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Figure 1.10. Fn14 is highly expressed in lung adenocarcinoma. An example of a lung 
adenocarcinoma tissue specimen (right) with strong Fn14 staining compared to the 
normal adjacent tissue (left). (Data provided by Dr. Nhan Tran, TGen). 

Fn14 Fn14 
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Figure 1.11. CSC treatment of lung cell lines increases Fn14 protein levels. BEAS-2B 
bronchial epithelial cells, H1437, A549, and HCC827 NSCLC cells were treated with 
100 µg/mL CSC for the indicated times. Cell lysates were prepared and Western blot 
analysis was conducted using antibodies detecting the indicated proteins. (Cheng, 
unpublished data). 
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cell line 
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A549: K-ras-driven 
NSCLC cell line 

HCC827: EGFR-driven 
NSCLC cell line 

CSC 

0h    6h    12h   24h 
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Figure 1.12. CSC treatment of lung cell lines increases cell invasion. (A) BEAS-2B 
bronchial epithelial cells and HCC827 NSCLC cells were suspended in media with 0.5% 
serum and plated into growth factor-reduced Matrigel-coated Boyden chambers. CSC 
(100 µg/mL) was placed in the bottom well. Cells were allowed to invade for 20 h. 
Representative images of invaded cells are shown. (B) The number of invaded cells from 
five randomly selected fields was counted using light microscopy. (Cheng, unpublished 
data). 
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The results of a collaborative project on the TWEAK/Fn14 axis and NSCLC that 

was conducted by our laboratory and Dr. Tran’s laboratory were published in 2012 [61]. 

These findings are summarized below. In this study, we first analyzed Fn14 levels in nine 

NSCLC cell lines with either wild-type or mutant EGFR status by Western blotting. Fn14 

was most highly expressed in the cell lines with EGFR-activating mutations (H3255, 

H1975, HCC2279, and HCC827) (Figure 1.13). Immunohistochemical staining of a lung 

tumor microarray revealed that Fn14 was highly expressed in ~35.5% of adenocarcinoma 

specimens and ~25.8% of squamous cell carcinoma specimens examined. When these 

specimens were stained for p-EGFR, a marker of EGFR activation, ~62% of 

adenocarcinomas and ~41% of squamous cell carcinomas with strong Fn14 staining also 

had strong p-EGFR staining (Figure 1.14). Since there was a significant positive 

correlation between Fn14 and p-EGFR staining, we recently examined whether Fn14 and 

EGFR could associate with one another. No evidence of a physical interaction between 

Fn14 and EGFR in EGFR-mutated NSCLC cells was observed using a co-

immunoprecipitation approach (Figure 1.15). 
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Figure 1.13. Analysis of Fn14 expression in NSCLC cell lines. Total cell lysates were 
prepared from various NSCLC cell lines [squamous cell carcinoma (SCC), 
adenocarcinoma (AC), and adenocarcinoma in situ (AIS)] and Western blot analysis was 
conducted using antibodies detecting the indicated proteins. Tubulin was used as a 
loading control. Abbreviations: MT, mutant; WT, wild type. (Figure from reference [61]). 
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Figure 1.14. Analysis of Fn14 expression in NSCLC specimens and correlation with 
EGFR phosphorylation. (A) Anti-Fn14 and anti-pEGFR antibody staining on 
representative samples from two patients with lung adenocarcinoma. Tumor cell-specific 
Fn14 staining in each specimen was scored by a board-certified pathologist. (B) The 
percentage distribution of strong (score 2-3) Fn14 and pEGFR staining is shown. (Figure 
adapted from reference [61]). 

A 
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Figure 1.15. Fn14 and EGFR do not associate. HCC827 whole cell lysate (500 µg) was 
incubated with EGFR or IgG control antibodies, and then the immunoprecipitated (IP) 
material and HCC827 whole cell lysate (Input) was immunoblotted (IB) with EGFR or 
Fn14 antibodies. The position of IgG light chain protein cross-reacting with the 
secondary antibody is shown. (Cheng, unpublished data). 
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Erlotinib is an EGFR TKI that is FDA-approved for use in the treatment of 

advanced NSCLC [92] (Figure 1.16A). Erlotinib treatment of EGFR-mutant HCC827 

NSCLC cells decreased Fn14 protein expression levels in a time-dependent manner, with 

the greatest impact on Fn14 observed at eight hours, indicating that constitutive EGFR 

activation drives Fn14 expression in these cells (Figure 1.16B). A preliminary experiment 

supports the hypothesis that erlotinib decreases the invasive capacity of HCC827 cells in 

a dose-dependent manner (Figure 1.16C), consistent with a previous report [93]. 

Treatment of H1975 NSCLC cells, which contain both an EGFR-activating mutation and 

an EGFR-TKI resistance mutation, required a 1000-fold higher erlotinib dose to decrease 

p-EGFR and Fn14 levels compared with HCC827 cells (Figure 1.17). Given that Fn14 

expression levels remain robust in erlotinib-resistant cells, Fn14 may be an attractive 

target for NSCLC patients who are resistant to EGFR-TKI therapies. 
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Figure 1.16. Erlotinib treatment of HCC827 cells decreases Fn14 protein expression 
and cell invasion. (A) Chemical structure of erlotinib. (B) HCC827 cells were treated 
with 1 µM erlotinib for the indicated times. Cell lysates were prepared and Western blot 
analysis was conducted using antibodies detecting the indicated proteins. (Figure from 
reference [61]) (C) HCC827 cells (2 x 105) were resuspended in medium with 0.5% 
serum. Cells were plated in Boyden chambers coated with growth factor-reduced 
Matrigel. Medium with 0.5% serum and indicated concentrations of erlotinib was placed 
in the lower chamber. Cells were allowed to invade for 20 h. The number of invaded cells 
from five randomly selected fields was quantified by light microscopy. (Cheng, 
unpublished data). 
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Figure 1.17. An EGFR TKI-resistance mutation in H1975 NSCLC cells attenuates 
Fn14 inhibition due to erlotinib treatment. HCC827 and H1975 cells were serum-
starved and then treated with vehicle or the indicated concentrations of erlotinib for 8 h. 
Cell lysates were prepared and Western blot analysis was conducted using antibodies 
detecting the indicated proteins. (Figure from reference [61]). 
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To further investigate the relationship between EGFR signaling and Fn14 

expression, wild-type and mutant EGFR constructs were introduced into RL-65 cells, a 

non-transformed, immortalized rat lung epithelial cell line [94]. Overexpression of wild-

type and mutant EGFR increased p-EGFR levels compared to the vector control-

transfected cells and K-Ras mutant-transfected cells. Fn14 protein expression was 

increased in the EGFR- and activating EGFR-transfectants, but not in the EGFR kinase-

dead (D837A) transfected cells. Interestingly, the K-Ras mutant-transfected cells also had 

slightly increased Fn14 levels (Figure 1.18). 

 We also tested whether Fn14 depletion or ectopic Fn14 overexpression could 

affect NSCLC cell migration using engineered cell lines expressing Fn14 shRNA or HA-

tagged Fn14, respectively. We found that Fn14-depleted cells migrated less than the 

control cells and Fn14-overexpressing cells migrated more rapidly (data not shown). In 

other experiments, we found that ectopic overexpression of Fn14 in A549 NSCLC cells 

enhanced experimental metastasis in vivo. Here, Fn14-overexpressing or vector control 

A549 cells were injected into nude mice via the tail vein and the number of lung 

metastases was counted six weeks post-injection. The mice injected with the Fn14-

overexpressing cells had more lung metastases than those injected with the control cells 

(Figure 1.19). 
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Figure 1.18. Ectopic expression of WT EGFR, activated EGFR mutants, and the K-
RasV12 mutant in rat lung epithelial (RL65) cells increases Fn14 expression. Whole 
cell lysates from RL65 cells stably expressing the indicated EGFR receptors or K-RasV12

 
were prepared and Western blot analysis was conducted using antibodies detecting the 
indicated proteins. (Figure from reference [61]). 
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Figure 1.19. Fn14 overexpression in A549 NSCLC cells enhances experimental 
metastases in vivo. (A) H&E-stained lung sections from Beige mice injected 
intravenously with either control or Fn14-overexpressing A549 cells. Arrows indicate 
tumors. (B) Average number of experimental metastases in lung tumors from mice 
injected with control or Fn14-overexpressing A549 cells (n = 9 per group). The values 
shown are the mean ± SEM. Significance was assessed by the Student’s t-test. * p < 0.05. 
(Figure adapted from reference [61]). 
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The report by Whitsett et al. [61] on the role of TWEAK/Fn14 signaling in 

NSCLC is the first on the subject to be published. These results revealed that Fn14 may 

be a clinically relevant therapeutic target, particularly for those patients with EGFR-

driven tumors who have either primary or acquired resistance to EGFR TKIs. However, 

much remains to be defined as far as the mechanism by which Fn14 is stimulating 

NSCLC cell migration and metastasis. Specifically, since upregulation of Fn14 enhances 

cell migration and metastasis, it is critical to determine if it also affects cell invasion, an 

important aspect of the metastatic process. Furthermore, our previous work showed that 

EGFR activation in NSCLC cells can induce Fn14 gene expression. EGFR activation can 

trigger many downstream signaling pathways but the mechanism by which EGFR is 

driving Fn14 expression has yet to be determined. 

For my thesis project, I conducted experiments to extend our earlier study. I 

examined the role of Fn14 in the EGFR TKI sensitivity of NSCLC cells and in NSCLC 

cell invasion. I also investigated what signaling pathways downstream of EGFR were 

regulating Fn14 expression in NSCLC cells and through this work identified the 

cytoplasmic tyrosine kinase Src as a new driver of Fn14 gene expression. Finally, I 

examined if v-Src transformation of NIH 3T3 fibroblasts promoted Fn14 expression and 

if Fn14 levels could modulate NIH 3T3/v-Src cell invasion. 
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Chapter 2:  Hypotheses and Specific Aims 

 

 Our initial work studying the role of Fn14 in NSCLC demonstrated a strong 

correlation between EGFR activation and Fn14 expression and indicated that Fn14 was a 

pro-migration and pro-metastatic factor for NSCLC cells. However, much remains to be 

defined in terms of the effect of Fn14 on NSCLC tumor growth and metastasis, and the 

signaling pathways downstream of EGFR that are driving Fn14 gene expression have not 

been determined.  

In the present study we hypothesized that (1) Fn14 may play a critical role in 

other aspects of NSCLC cell biology, including EGFR-TKI drug sensitivity and cell 

invasion, and (2) several EGFR-triggered intracellular signaling pathways are likely to be 

important for Fn14 gene induction, but one signaling node may be particularly critical. 

To test these hypotheses, we propose the following three Specific Aims: 
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Specific Aim 1: To determine if the level of Fn14 expression in NSCLC cells can 

regulate erlotinib sensitivity and/or invasive capacity in vitro. This will be achieved by 

the following: 

1.1: Examine the effect of Fn14 depletion on the TKI resistance of H1975 

cells. H1975 NSCLC cells harbor both an EGFR-activating substitution 

mutation and a secondary EGFR mutation that confers erlotinib resistance. 

Endogenous Fn14 levels are high in these cells. Therefore, we investigated if 

Fn14 depletion might have an effect on erlotinib sensitivity in these cells.  

1.2: Examine the effect of Fn14 depletion on HCC827 cell invasion. HCC827 

NSCLC cells harbor an EGFR-activating deletion mutation that drives high 

endogenous Fn14 levels and are highly invasive. Therefore, we examined if 

depleting Fn14 in these cells would have an effect on cell invasion. 

1.3: Examine the effect of Fn14 depletion on EGF-stimulated A549 cell 

invasion. A549 cells express wild-type EGFR and moderate levels of Fn14. 

We therefore examined if EGF stimulation of A549 cells could increase Fn14 

levels. Furthermore, we investigated if EGF-stimulated cell invasion could be 

attenuated by Fn14 depletion. 

1.4: Examine the effect of Fn14 overexpression on A549 cell invasion. Since 

A549 cells express moderate levels of Fn14, we investigated whether 

overexpression of Fn14 in these cells could regulate cell invasion. 
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Specific Aim 2: To determine which EGFR-activated downstream signaling pathways 

trigger Fn14 expression in NSCLC cells. This will be achieved by the following: 

2.1: Examine the effects of various signaling pathway inhibitors on EGFR-

driven Fn14 expression in HCC827 cells. We previously demonstrated that 

activation of EGFR signaling upregulated Fn14 expression in NSCLC cells. 

We therefore wanted to determine what EGFR-activated downstream 

signaling pathways are triggering Fn14 expression. Our approach was to 

pharmacologically inhibit various pathways and examine which pathway had 

the greatest effect on Fn14 protein levels. 

2.2: Examine the effect of dasatinib on EGF-stimulated Fn14 expression in 

A549 cells. We determined that inhibition of SFK signaling by dasatinib 

exhibited the greatest downregulation of Fn14 expression. We therefore 

investigated whether dasatinib treatment could also attenuate EGF-stimulated 

Fn14 upregulation in A549 cells. 

2.3: Examine the effect of dasatinib on Fn14 protein and mRNA levels in 

HCC827 NSCLC cells. Since we showed that dasatinib could decrease Fn14 

protein levels in HCC827 cells, we next determined if this downregulation 
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occurs in a time- or dose-dependent manner. We also examined whether 

dasatinib could downregulate Fn14 mRNA levels. 

2.4: Examine the effect of dasatinib on Fn14 protein levels in other NSCLC 

cell lines harboring activating EGFR mutations. We sought to determine 

if the effect of dasatinib on Fn14 protein levels occurred in H1975 and 

HCC2279 NSCLC cells, which also harbor activating EGFR mutations. 

2.5: Examine the effect of an alternative SFK inhibitor, PP2, on Fn14 protein 

levels in HCC827 cells. We sought to determine if the downregulation of 

Fn14 protein levels by SFK inhibition was exclusive to dasatinib, or if the 

effect could also be observed using PP2. 

2.6: Examine the effect of dasatinib or PP2 treatment on HCC827 cell 

invasion. Src has been shown to regulate the invasion of various cancer cell 

lines, but the effect of Src inhibitors on HCC827 cell invasion has not been 

reported. Thus we investigated whether treating HCC827 cells with Src 

inhibitors had an effect on cell invasion. 

2.7: Examine the effect of Src depletion on Fn14 protein levels in HCC827 

cells. Since dasatinib and PP2 could potentially inhibit other SFK members, 
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we used a genetic approach to determine if Src is the SFK member 

responsible for Fn14 upregulation. 
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Specific Aim 3: To determine if Src signaling can induce Fn14 expression in an NIH 3T3 

cell line that expresses the v-Src oncogene, and if Src-mediated cell invasion is due, at 

least in part, to Fn14 expression. This will be achieved by the following: 

3.1: Determine if v-Src transformation of NIH 3T3 cells increases Fn14 

expression and cell invasion. We used an alternative system to investigate 

the effect of Src activation on Fn14 expression. Our previous aim utilized Src 

inhibitor or Src siRNA treatment of NSCLC cells to characterize the role of 

Src on Fn14 expression. Here, we utilize NIH 3T3 cells that express the v-Src 

oncogene.  

3.2: Determine if v-Src-driven NIH 3T3 cell invasion is modulated, at least in 

part, by Fn14, using a genetic approach. To determine if Fn14 is involved 

in v-Src-mediated cell invasion, we treated the NIH 3T3/v-Src cells with 

control or Fn14 siRNA duplexes and measured invasiveness. 
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Chapter 3: Materials and Methods 

Cell Culture and Treatments 

 Human NSCLC cell lines A549, H1975, and HCC2279, were provided by Dr. 

Nhan Tran (TGen, Phoenix, AZ, USA) and maintained in RPMI 1640 (Sigma-Aldrich, 

St. Louis, MO, USA) supplemented with 10% FBS (HyClone, Logan, UT, USA), 2 mM 

L-glutamine and 1% penicillin-streptomycin (both from Cellgro, Manassas, VA, USA). 

HCC827 cells (also from Dr. Tran) were maintained in RPMI 1640 supplemented with 

5% FBS, 2 mM L-glutamine and 1% penicillin-streptomycin. NIH3T3 cells were 

maintained in DMEM (Cellgro) supplemented with 10% FBS, 2 mM L-glutamine, 0.15% 

sodium bicarbonate (Cellgro) and 1% penicillin-streptomycin. NIH3T3 v-Src-

transformed cells were 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% CO2. 

 For cell treatments, unless otherwise indicated, cells were serum-starved 

overnight in media containing 0.5% FBS. Cells were treated with indicated 

concentrations of erlotinib, MK-2206 (both from BioVision, Mountain View, CA, USA), 

EGF (R&D Systems, Minneapolis, MN, USA), PP2 (Sigma-Aldrich), dasatinib, U0126 

(both from Cell Signaling Technology, Beverly, MA, USA), BAY 11-7082 (EMD 

Millipore, Billerica, MA, USA), or DMSO (Sigma-Aldrich). 

 



 58 

Western Blot Analysis 

 Cells were harvested by scraping and pelleted by centrifugation at 1000 x rpm for 

5 minutes on a tabletop centrifuge. Cell pellets were lysed using HNTG lysis buffer (20 

mM HEPES (pH 7.4), 150 mM NaCl, 1.5 mM MgCl2, 10% glycerol, and 1% Triton X-

100) supplemented with a protease inhibitor cocktail (Sigma-Aldrich) and two 

phosphatase inhibitor cocktails (Calbiochem, San Diego, CA, USA) and homogenized by 

pipetting. Following a 5-minute incubation on ice, lysates were centrifuged at 13,000 x 

rpm for 5 minutes at room temperature. The supernatant was retained as the whole-cell 

lysate for subsequent Western blot analysis. The protein concentration of each lysate was 

determined by BCA protein assay (Pierce Protein Biology, Rockford, IL, USA). Equal 

amounts of protein were suspended in 2x SDS loading buffer (100 mM TRIS pH 6.8, 4% 

sodium dodecyl sulfate, 0.2% bromophenol blue, 20% glycerol) with beta-

mercaptoethanol and heated at 95°C for 5 minutes. Samples were then subjected to SDS-

PAGE (Life Technologies, Grand Island, NY, USA) and electrotransferred to PVDF 

membranes (Millipore). Membranes were blocked in either 5% bovine serum albumin 

(BSA) in 1X Tris-Buffered Saline with 0.05% Tween (TBST) or 5% non-fat dry milk 

(NFDM) in 1X TBST buffer on a shaker for one hour at room temperature and then 

incubated with the appropriate antibody (see below) overnight at 4°C with gentle 

shaking. Following this, the membranes were washed in 1X TBST and then incubated in 

the appropriate horseradish peroxidase (HRP)-conjugated secondary antibody (Cell 

Signaling Technology) diluted in 5% NFDM for one hour at room temperature with 

gentle rocking. The membranes were rinsed in TBST and then immunoreactive proteins 

were detected using the Amersham Enhanced Chemiluminescence Plus kit (GE 
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Healthcare, Fairfield, CT, USA) according to the manufacturer’s instructions. The 

following primary antibodies were used: Fn14, p-EGFR (Y-1068), EGFR, pan p-Src 

(Y416), Src, Lyn, GAPDH, HA-HRP (all from Cell Signaling Technology), and tubulin 

(Sigma-Aldrich). 

 

Invasion Assays 

Cells were harvested and the indicated amount was resuspended in media 

containing 0.5% serum and plated in triplicate in Boyden chambers precoated with 

growth factor-reduced Matrigel (BD Biosciences, San Jose, CA, USA). The chambers 

were then placed in 24-well plates (Corning, Tewksbury, MA, USA) with growth media 

containing 10% FBS as a chemoattractant unless otherwise indicated. For EGF-induced 

invasion, EGF (50 ng/mL) was placed in the bottom well. For Src inhibitor invasion 

assays, indicated concentrations of PP2 and dasatinib were placed in the bottom well. 

Cells were allowed to invade for the indicated amount of time. Following this incubation, 

cells were fixed and stained with 0.5% crystal violet (Sigma-Aldrich) in 20% methanol 

solution at room temperature for 30 min. Non-invaded cells were scraped from the upper 

well of the Boyden chambers. The Boyden chamber membranes were cut out and 

mounted onto glass microscope slides. Cells from five randomly chosen fields were 

counted at 20x magnification under a light microscope and summed to calculate total 

number of cells invaded. 
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Cell Viability Assays 

 For cell viability assays, 1 x 103 cells were plated in quadruplicate wells of a 96-

well plate (Corning) in 100 µL volume of media containing 10% FBS and allowed to 

attach overnight. The next day, the media was replaced with 100 µL of growth medium 

containing 0.5% FBS and the cells were starved for 16 hours and subsequently treated 

with indicated reagents and concentrations. After the indicated incubation period, cell 

viability was measured by WST assay. WST (Roche) was diluted 1:10 in each well of the 

96-well plate. After a 3 hour incubation at 37°C, the plate was agitated thoroughly on an 

orbital shaker and absorbance was then measured on a plate reader at 480 nm 

wavelength. 

 

RNA isolation and quantitative real-time RT-PCR assays 

 To isolate total cellular RNA, cells were harvested by trypsin digestion and 

counted using the Sceptor handheld automated cell counter (Millipore). Total cellular 

RNA was extracted using the RNeasy kit (Qiagen, Valencia, CA, USA) according to the 

manufacturer’s instructions and 1 µg of RNA was converted to cDNA using the 

ProtoScript AMV LongAmp Taq RT-PCR kit (New England Biolabs, Ipswich, MA, 

USA). To ensure RNA quality, 5 µg of total RNA was run on a gel to visualize the 28S 

and 18S rRNA bands. Fn14 and GAPDH mRNA levels were quantified using an ABI 

Prism 7900HT Real-time PCR system (Applied Biosystems, Beverly, MA, USA) with 

the following primers and probes: Fn14- Cat. #Hs00171993_m1; GAPDH- Cat. 

#Hs99999905_m1 (Taqman Gene Expression Assay, Applied Biosystems). Each PCR 



 61 

reaction was performed in triplicate. The 25 µl total volume reactions contained 2.5 µl of 

cDNA, 1x TagMan Universal PCR Master Mix (Applied Biosystems), and human Fn14 

or GAPDH-specific primers and fluorescence-labeled probes. The thermal cycling 

conditions comprised an initial denaturation step at 95°C for 10 minutes and 40 cycles at 

95°C for 15 seconds and 60°C for 1 minute. Threshold cycle (Ct) was obtained from the 

PCR reaction curves and Fn14 mRNA levels were quantitated using the comparative Ct 

method with GAPDH mRNA serving as the reference. 

 

siRNA Transient Transfections 

 Cells were plated and allowed to attach for 5 hours. After attachment, cells were 

either left untransfected or transfected with luciferase siRNA, Src siRNAs 7 or 10 

targeted to the human Src transcript (all from Qiagen, provided by Dr. Nhan Tran), or 

Fn14 siRNAs 1 or 4 targeted to the murine Fn14 transcript (Qiagen) at a final 

concentration of 20 nM with RNAiMax transfection reagent (Life Technologies) 

according to the manufacturer’s instructions. Cells were harvested 48-72 hours post-

transfection and analyzed for Src, Fn14, Lyn and GAPDH expression by Western blot 

analysis as described above.  

 

Statistics 

 All experiments were performed in triplicate. Results were expressed as a mean ± 

SEM (cell viability, qRT-PCR, and invasion assays). Two-sample student’s t-test 
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(Microsoft Excel) was used to determine significance. P-values less than 0.05 were 

considered significant.  
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Chapter 4: Specific Aim 1 

 

To determine if the level of Fn14 expression in NSCLC cells can regulate erlotinib 

sensitivity and/or invasive capacity in vitro. 
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4.1: Examine the effect of Fn14 depletion on the TKI resistance of H1975 cells. 

 Previous studies have reported that Fn14 signaling can promote glioma cell 

survival. Specifically, treatment of T98G glioma cells with TRAIL or the 

chemotherapeutic agent camptothecin induced cellular apoptosis, but this effect was 

decreased when cells were prestimulated with TWEAK prior to treatment. Also, TWEAK 

stimulation of glioma cells induced expression of the anti-apoptotic proteins BCL-XL and 

BCL-W [65]. H1975 cells contain an EGFR T790M mutation, and consequently they are 

resistant to erlotinib-triggered apoptosis [95]. These cells also express relatively high 

levels of Fn14 [61] (Figure 1.16 and Figure 1.17). Therefore, we investigated whether 

Fn14 expression could also contribute to the EGFR TKI resistance of these cells. 

To determine whether Fn14 expression was affecting the TKI resistance of H1975 

cells, we obtained H1975 cells stably expressing either a control non-targeting shRNA or 

an Fn14-targeted shRNA (156) from Dr. Tran’s group. Cell lysates were prepared and 

Western blot analysis was conducted. H1975 Fn14 shRNA 156 cells expressed less Fn14 

than the control cells (Figure 4.1A). We then tested the effect of erlotinib treatment on 

the viability of HCC827 cells (erlotinib-sensitive) as compared with that of H1975 cells 

(erlotinib-resistant). HCC827 and H1975 cells (1 x 103) were treated with 0.01 µM, 0.1 

µM, or 1 µM erlotinib or DMSO vehicle for four days. We found that erlotinib treatment 

induced cell death in HCC827 cells but not in the H1975 cells, as we expected (Figure 

4.1B). To test if Fn14 depletion could promote erlotinib sensitivity, we treated the H1975 

control shRNA and Fn14 shRNA 156 cells (1 x 103) with various doses of erlotinib and 

again measured cell viability. There was no difference in cell viability as a result of Fn14 
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depletion in these cells (Figure 4.1C), indicating that Fn14 expression does not contribute 

in a significant way to the drug resistance of H1975 cells. 
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Figure 4.1. Fn14 expression does not contribute to erlotinib resistance in H1975 
cells. (A) H1975 cells were infected with lentiviruses expressing an Fn14 shRNA or a 
non-targeting control shRNA. Cell lysates of the stable cell lines were prepared and 
Western blot analysis was conducted using antibodies detecting the indicated proteins. 
(B) HCC827 and H1975 cells (1 x 103) were plated in quadruplicate in a 96-well plate 
and allowed to attach. The next day, cells were treated with vehicle (Veh.) or the 
indicated concentrations of erlotinib for 72 h. Cell viability was assayed using the WST-1 
assay. (C) H1975 control shRNA and H1975 Fn14 shRNA 156 cells (1 x 103) were 
plated in quadruplicate in a 96-well plate and allowed to attach overnight. The next day, 
cells were treated with vehicle or the indicated concentrations of erlotinib for 72 h. Cell 
viability was assayed as in panel B. For (B) and (C), values are expressed as the mean % 
of vehicle ± SEM of triplicate wells. Significance was assessed by Student’s t test.  
** p < 0.01. 
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4.2: Examine the effect of Fn14 depletion on HCC827 and H1975 cell invasion. 

 Our previous study revealed Fn14 depletion by lentiviral shRNA reduced the 

migration capacity of HCC827 and H1975 NSCLC cells [61]. Furthermore, A549 cells 

ectopically expressing Fn14 migrated more than control cells, and produced more lung 

metastases when intravenously injected into nude mice as compared to control cells [61] 

(Figure 1.19). Therefore, we determined if Fn14 depletion by shRNA could suppress 

NSCLC cell invasion through Matrigel. We obtained HCC827 cells stably expressing a 

control shRNA or two different Fn14 shRNAs (154 and 156) from Dr. Nhan Tran. Cell 

lysates were prepared and Western blot analysis was conducted. Cells stably expressing 

Fn14 shRNA 154 or shRNA 156 showed suppression of Fn14 levels in both H1975 

(Figure 4.1A) and HCC827 cells (Figure 4.2A). 

We performed invasion assays using Fn14-depleted HCC827 and H1975 cells and 

their respective control cells. Fn14-depleted cells (1 x 105) were resuspended in medium 

containing 0.5% serum and plated in Boyden chambers coated with growth factor-

reduced Matrigel. Medium containing 10% serum was placed in the wells below the 

chambers. Cells were allowed to invade for 20 hours. The number of invaded cells was 

counted using light microscopy. The Fn14-depleted cells were less invasive compared to 

the cells expressing a non-targeting control shRNA. Fn14 depletion by shRNA reduced 

NSCLC invasion by 50% (shRNA 154) or 66% (shRNA 156) in HCC827 cells and 37% 

(shRNA 156) in H1975 cells (Figure 4.2B and C). 



 68 

 

Figure 4.2. Fn14 depletion decreases invasive capacity of HCC827 and H1975 
NSCLC cells. (A) HCC827 cells were infected with lentiviruses expressing Fn14 shRNA 
154 or shRNA 156 or a non-targeting control shRNA. Cell lysates of the stable cell lines 
were prepared and Western blot analysis was conducted using antibodies detecting the 
indicated proteins. (B) HCC827 cells (1 x 105) expressing control or Fn14 shRNAs were 
suspended in reduced-serum medium and plated in triplicate Boyden chambers coated 
with growth factor-reduced Matrigel. After 20 h, the number of invaded cells was 
counted by light microscopy. (C) H1975 cells (1 x 105) expressing control or Fn14 
shRNA (Figure 20A) were suspended in reduced-serum medium and plated in triplicate 
Boyden chambers coated with growth factor-reduced Matrigel. After 20 h, the number of 
invaded cells was counted by light microscopy. Values shown are the mean ± SEM of 
triplicate chambers. Significance was assessed by Student’s t test. * p < 0.05, ** p < 0.01.  
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4.3: Examine the effect of Fn14 depletion on EGF-stimulated A549 cell invasion. 

 Because Fn14 expression was induced by constitutive EGFR signaling and Fn14 

levels affected NSCLC invasion, we tested whether Fn14 depletion could reduce EGF-

driven cell invasion. Here, we used A549 cells, which express wild-type EGFR and thus 

do not exhibit constitutive EGFR signaling. First, we showed that EGF treatment of 

serum-starved A549 cells increased Fn14 expression in a time dependent manner, with 

maximal induction at four hours (Figure 4.3A). We then obtained A549 cells stably 

expressing control shRNA or Fn14 shRNA 156 lentiviruses from Dr. Nhan Tran. Cell 

lysates were prepared and Western blot analysis was conducted to confirm Fn14 

depletion in the Fn14 shRNA cells (Figure 4.3B). To examine the effect of EGF 

stimulation on A549 cell invasion, A549 control and A549 Fn14 shRNA 156 cells (1 x 

105) were resuspended in medium containing 0.5% serum and plated in Boyden chambers 

coated with growth factor-reduced Matrigel. Medium containing 0.5% serum and vehicle 

or 50 ng/mL EGF was placed in the wells below the chambers. Cells were allowed to 

invade for 20 hours. The number of invaded cells was counted using light microscopy. 

EGF treatment of the control A549 cells increased invasion ~10-fold, while EGF 

treatment of shRNA 156 cells increased invasion by ~7-fold, a reduction of ~30% (Figure 

4.3C). 
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Figure 4.3. EGF treatment of NSCLC cells induces Fn14 expression and Fn14 
depletion attenuates EGF-stimulated NSCLC cell invasion. (A) Serum-starved A549 
cells were treated with EGF (50 ng/mL) for the indicated times. Cell lysates were 
prepared and was conducted using antibodies detecting the indicated proteins. (B) A549 
cells were infected with a lentivirus expressing a control shRNA or Fn14-targeted shRNA 
156. Cell lysates of stable cell lines were prepared and Western blot analysis was 
conducted using antibodies detecting the indicated proteins. (C) A549 cells (1 x 105) 
were suspended in media with 0.5% serum and plated onto Boyden chambers coated with 
growth factor-reduced Matrigel. Cells were either untreated or treated with EGF (50 
ng/mL) and allowed to invade for 20 h. The number of invaded cells was quantified by 
light microscopy. The values shown are the mean ± SEM of triplicate chambers. 
Significance was assessed by the Student’s t-test. **p < 0.01. 

Fn14 

GAPDH 

Con
tro

l s
hR

NA 
Fn

14
 sh

RNA 
15

6 

Fn14 

GAPDH 

0    2h  4h   6h  12h 

EGF 
A B 

C 

0 
20 
40 
60 
80 

100 
120 
140 

N
o.

 o
f C

el
ls

 In
va

de
d 

Control  
- EGF 

Control  
+ EGF 

Fn14 
shRNA 156  

- EGF 

Fn14 
shRNA 156  

+ EGF 

** 

** 



 71 

4.4: Examine the effect of Fn14 overexpression on A549 cell invasion. 

 Since Fn14 depletion reduced the invasive capacity of NSCLC cells, we next 

determined whether Fn14 overexpression would increase cell invasion through Matrigel. 

We obtained A549 cells stably expressing either vector DNA or a hemagglutinin (HA)-

tagged human Fn14 construct from Dr. Nhan Tran. Overexpression of Fn14-HA was 

confirmed by Western blot using an anti-HA antibody (Figure 4.4A). To investigate how 

Fn14 overexpression affects cell invasion, A549 control and A549 Fn14-HA cells (1 x 

105) were resuspended in medium containing 0.5% serum and plated in Boyden chambers 

coated with growth factor-reduced Matrigel. Medium containing 10% serum was placed 

in the wells below the chambers. Cells were allowed to invade for 20 hours. The number 

of invaded cells was counted using light microscopy. Ectopic expression of Fn14 in A549 

cells increased cell invasion ~1.6 fold (Figure 4.4B). 



 72 

 

 

Figure 4.4. Ectopic Fn14 expression enhances NSCLC cell invasion in vitro.  
(A) A549 cells were infected with lentivirus expressing Fn14-HA or vector alone. Cell 
lysates of the stable cell lines were prepared and was conducted using antibodies 
detecting the indicated proteins. (B) A549 vector control and Fn14-HA cells (1 x 105) 
were suspended in media with 0.5% serum and plated onto Boyden chambers coated with 
growth factor-reduced Matrigel. Cells were allowed to invade for 20 h. The number of 
invaded cells was quantified by light microscopy. The values shown are the mean ± SEM 
of triplicate chambers. Significance was assessed by the Student’s t-test. **p < 0.01.  
 

Con
tro

l 
Fn

14
-H

A 

HA 

Tubulin 

0 

50 

100 

150 

200 

250 

300 

350 

Control hFn14 

N
o.

 o
f C

el
ls

 In
va

de
d 

** 

A 

B 

Control      Fn14 



 73 

Chapter 5: Specific Aim 2 

 
To determine which EGFR-activated downstream signaling pathways trigger Fn14 

expression in NSCLC cells.  
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5.1: Examine the effects of various signaling pathway inhibitors on EGFR-driven 

Fn14 expression in HCC827 cells. 

 In our prior report [61], we showed that EGFR-mutant HCC827 cells express 

relatively high amounts of Fn14 and that erlotinib treatment of these cells decreased Fn14 

expression. We next investigated what EGFR-triggered downstream pathways might be 

modulating Fn14 levels in EGFR-mutant cells. EGFR activation can trigger multiple 

downstream signaling pathways, including the ERK 1/2 [96, 97], PI3K/Akt [98], NF-κB 

[99, 100], and Src  [101-103] pathways. Therefore, we treated HCC827 NSCLC cells 

with erlotinib (a positive control for complete Fn14 downregulation (Figure 1.16B)), 

U0126 (MEK inhibitor) [104], MK-2206 (Akt inhibitor) [105], BAY-11-7082 (NF-κB 

inhibitor) [106], and dasatinib (SFK inhibitor) [35] for eight hours. Cell lysates were 

prepared and Western blot analysis was conducted. All downstream pathway inhibitors 

decreased Fn14 levels, but treatment with the SFK inhibitor dasatinib exhibited the most 

dramatic effect (Figure 5.1A).  

Although dasatinib (Figure 5.1B) is largely selective for SFK members at low 

doses, it can inhibit many other tyrosine kinases, including EGFR [35, 103, 107] (Figure 

5.1C), at higher doses. Dasatinib was originally developed as a dual ATP-competitive 

inhibitor of ABL and c-Src (reviewed in [108]). In our initial experiment (Figure 5.1A), 

we used a clinically relevant dasatinib dosage, 30 nM [32], that was previously shown to 

have minimal effects on EGFR activity [107]. To confirm that this dasatinib dosage and 

treatment period (eight hours) effectively inhibited SFK activity but not EGFR activity, 

HCC827 cells were either left untreated or treated with 1 µM erlotinib or 30 nM dasatinib 

for eight hours. Cell lysates were prepared and Western blot analysis was conducted. We 
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assessed SFK activity 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 family members (Lyn, Fyn, Lck, Yes, and Hck) 

when phosphorylated at an equivalent site (Cell Signaling Technology product 

information sheet). In our figures, we will refer to this antibody as a p-Src (Y-416) 

antibody. Cells treated with erlotinib had reduced p-EGFR levels but not reduced p-Src 

levels (Figure 5.1D). In contrast, cells treated with dasatinib had reduced p-Src levels but 

not reduced p-EGFR levels. Although erlotinib inhibition of EGFR activity did not also 

inhibit Src activity, suggesting that EGFR is not involved in Src activation, it is important 

to note that Src can be activated by many other signaling molecules, including other 

RTKs (reviewed in [23]). These results indicate that dasatinib-mediated Fn14 

downregulation is not the result of EGFR inhibition. 
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Figure 5.1. Inhibition of EGFR-activated downstream signaling pathways in 
HCC827 cells decreases Fn14 protein levels and dasatinib treatment inhibits SFK 
activation without inhibiting EGFR activation. (A) HCC827 cells were serum-starved 
overnight and treated with either vehicle (DMSO), erlotinib (1 µM), U0126 (1 µM), MK-
2206 (1 µM), BAY 11-7082 (10 µM), or Dasatinib (30 nM) for 8 h. Cell lysates were 
prepared and Western blot analysis was conducted using antibodies detecting the 
indicated proteins. (B) Chemical structure of dasatinib. (C) Dasatinib activity on various 
tyrosine kinases. (Figure adapted from reference [35]). (D) HCC827 cells were treated 
with vehicle, erlotinib or dasatinib as described in (A). Cell lysates were prepared and 
Western blot analysis was conducted using antibodies detecting the indicated proteins. 
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5.2: Examine the effect of dasatinib on EGF-stimulated Fn14 expression in A549 

cells. 

 EGF stimulation of A549 NSCLC cells increases Fn14 protein levels in a time-

dependent manner [61] (Figure 4.3A). Therefore, we next examined whether EGF-driven 

Fn14 expression could also be mediated by SFK 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. EGF 

treatment of A549 cells stimulated Src phosphorylation. Dasatinib treatment attenuated 

EGF-stimulated Src phosphorylation and Fn14 upregulation, indicating that SFKs were 

also involved in EGF-induced Fn14 expression (Figure 5.2). 
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Figure 5.2. EGF-stimulated upregulation of SFK activity and Fn14 levels in A549 
cells is attenuated by dasatinib. A549 cells were serum-starved overnight and 
subsequently left untreated or treated with EGF (50 ng/mL) alone, EGF and drug vehicle, 
or EGF and dasatinib (30 nM) for 8 h. Cell lysates were prepared and Western blot 
analysis was conducted using antibodies detecting the indicated proteins. 
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5.3: Examine the effect of dasatinib on Fn14 protein and mRNA levels in HCC827 

NSCLC cells. 

 We further investigated the effect of dasatinib on Fn14 gene expression by testing 

whether the inhibitor could regulate Fn14 protein levels in a dose- and time-dependent 

manner. We treated HCC827 cells with 3, 10, 30, or 100 nM dasatinib or vehicle for eight 

hours and analyzed Fn14 levels by Western blot analysis. Fn14 levels decreased in a 

dose-dependent manner, with the greatest effect detected using 100 nM dasatinib (Figure 

5.3A). Dasatinib also inhibited Fn14 levels in a time-dependent manner, with the greatest 

effect seen at 12 hours post-drug addition (Figure 5.3B). 

 We subsequently determined whether dasatinib treatment of HCC827 cells could 

affect Fn14 expression at the transcriptional level. HCC827 cells were either vehicle 

treated or treated with 30 nM dasatinib for 2, 4, or 8 hours. Cells were harvested and 

RNA was isolated. Fn14 and GAPDH mRNA levels were measured using quantitative 

real-time PCR analysis. We observed that Fn14 mRNA levels decreased within two hours 

of dasatinib treatment, with maximal reduction noted at eight hours, the last time point 

examined (Figure 5.3C). 
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Figure 5.3. Dasatinib treatment of HCC827 cells downregulates Fn14 protein and 
mRNA levels in a dose- and time-dependent manner. (A) Cells were either vehicle 
treated or treated with the indicated concentrations of dasatinib for 8 h. Cell lysates were 
prepared and Western blot analysis was conducted using antibodies detecting the 
indicated proteins. (B) Cells were either vehicle treated or treated with dasatinib (30 nM) 
for the indicated times. Western blot analysis was conducted as described in (A). (C) 
Cells were either vehicle treated or treated with dasatinib (30 nM) for the indicated times. 
Cells were harvested and RNA isolated. Fn14 and GAPDH mRNA was measured using 
quantitative real-time PCR. The values shown are mean ± SEM of triplicate wells. The 
data shown is representative of two independent experiments. Significance was measured 
by Student’s t-test. * p < 0.05, ** p < 0.001 
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5.4: Examine the effect of dasatinib on Fn14 protein levels in other NSCLC cell lines 

harboring an activating EGFR mutation. 

 We next treated other NSCLC cell lines harboring an activating EGFR mutation 

with dasatinib to see if the effect of the drug on Fn14 levels was exclusive to HCC827 

cells. We chose HCC2279 and H1975 cells, which are known to express constitutively 

active Src [31]. Cells were either vehicle treated or treated with 30 nM dasatinib for eight 

hours. Cell lysates were prepared and Western blot analysis was conducted. Treatment of 

HCC2279 and H1975 cells with dasatinib also inhibited Src activation and Fn14 protein 

expression (Figure 5.4). 
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Figure 5.4. Dasatinib treatment of three different EGFR-mutant NSCLC cell lines 
decreases Fn14 levels. HCC827, HCC2279, and H1975 cells were either vehicle treated 
or treated with dasatinib (30 nM) for 8 h. Cell lysates were prepared and Western blot 
analysis was conducted using antibodies detecting the indicated proteins. 
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5.5: Examine the effect of an alternative SFK inhibitor, PP2, on Fn14 protein levels 

in HCC827 cells. 

We also tested the effect of another SFK inhibitor on Fn14 protein expression in 

HCC827 cells. PP2 was initially described as a potent inhibitor of the SFK members Lck 

and Fyn in vitro [109]. PP2 has also been described as a Src inhibitor with an IC50 of 1.4 

µM [110]. HCC827 cells were vehicle-treated or treated with 1 µM PP2 for 2, 4, 8, or 12 

hours. Cell lysates were prepared and Western blot analysis was conducted.  We 

observed a decrease in p-Src and Fn14 levels in a little as four hours post-drug treatment 

(Figure 5.5). 
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Figure 5.5. PP2 inhibits SFK activation and decreases Fn14 levels in HCC827 cells. 
Cells were treated with vehicle or PP2 (1 µM) for the indicated times. Cell lysates were 
prepared and Western blot analysis was conducted using antibodies detecting the 
indicated proteins. 
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5.6: Examine the effect of dasatinib or PP2 treatment on HCC827 cell invasion. 

Previous studies have shown that various SFK inhibitors are capable of 

decreasing NSCLC cell invasion through Matrigel. For example, the inhibitor M475271 

was shown to inhibit invasion of PC-9, PC14PE6, and A549 lung adenocarcinoma cell 

lines [111]. Another compound, saracatinib, reduced the invasive capacity of A549 cells 

by almost 50% [112]. HCC827 cell invasion has been shown to be reduced following 

treatement with the SFK inhibitor SKI-1 [34]. Finally, dasatinib treatment of H322, 

H460, H226, and A549 NSCLC cells reduced invasion [113].  

The effect of dasatinib or PP2 treatment on HCC827 cell invasion has not yet 

been reported. Therefore, we first examined the effect of these two inhibitors on p-Src 

and Fn14 levels after 20 hours of drug treatment since this is the time period we intended 

to use in our Matrigel invasion assays. HCC827 cells were either vehicle-treated or 

treated with dasatinib (30 nM or 100 nM) or PP2 (1 µM or 3 µM) for 20 hours. Cells 

were harvested, lysates were prepared, and p-Src, Src, and Fn14 levels analyzed by 

Western blot. Both concentrations of dasatinib and PP2 reduced p-Src and Fn14 under 

these experimental conditions (Figure 5.6A). 

To investigate the effect of dasatinib and PP2 on HCC827 cell invasion, 1 x 105 

cells were plated in triplicate in Boyden chambers coated with growth factor-reduced 

Matrigel. Medium containing 0.5% serum plus vehicle or dasatinib or PP2 at the same 

concentrations used in Figure 5.6A was placed in the wells below the chambers. After 20 

h, the number of invaded cells was quantified by light microscopy. Both dasatinib and 

PP2 significantly inhibited HCC827 cell invasion (Figure 5.6B). 
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 Since both dasatinib and PP2 can induce cell death under certain experimental 

conditions [98, 107], we tested the effect of both drugs at the concentrations we used in 

Figure 5.6A and B on HCC827 cell viability. Cells (1 x 103) were serum-starved 

overnight and either vehicle-treated or treated with dasatinib, PP2, or etoposide (as a 

positive control for cell death) for 20 hours. Cell viability was measured using the WST 

assay. We found that dasatinib and PP2 did not induce HCC827 cell death under the 

experimental conditions used in the invasion assays, indicating that the decrease in cell 

invasion noted after SFK inhibitor addition was a result of SFK inhibition and not cell 

death (Figure 5.6C). 
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Figure 5.6. Pharmacological inhibition of SFK activity decreases Fn14 levels and the 
invasive capacity of HCC827 cells without inducing cell death. (A) HCC827 cells 
were either vehicle treated or treated with dasatinib or PP2 at the indicated concentrations 
for 20 h. Cell lysates were prepared and was conducted using antibodies detecting the 
indicated proteins. (B) HCC827 cells (1 x 105) were plated in triplicate in Boyden 
chambers coated with growth factor-reduced Matrigel. Medium containing 0.5% serum 
plus vehicle (Veh.) or the indicated concentrations of dasatinib (Das.) or PP2 was placed 
in the well below the chambers. After 20 h, the number of invaded cells was counted by 
light microscopy. (C) HCC827 cells (1 x 103) were plated in triplicate wells and allowed 
to attach overnight. The next day, cells were treated with vehicle or the indicated 
concentrations of dasatinib, PP2, or etoposide (Etop.) for 20 h. Cell viability was 
measured using the WST assay. Results are representative of two independent 
experiments. Values shown are the mean ± SEM of triplicate chambers. Significance was 
assessed by Student’s t test. * p < 0.05, ** p < 0.01. 
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5.7: Examine the effect of Src depletion on Fn14 protein levels in HCC827 cells. 

 Both dasatinib and PP2 inhibit all SFK family members and potentially numerous 

other structurally similar tyrosine kinases [110, 114-116] and reviewed in [108]. 

However, since Src itself has been previously demonstrated to physically associate with 

EGFR mutants in NSCLC cells [101] and to be constitutively active in EGFR-mutant 

cells [117], we postulated that Src may be the main SFK member contributing to EGFR-

driven Fn14 expression in HCC827 cells. To test this, cells were either untransfected or 

transfected with luciferase siRNA or one of two different Src siRNAs. Three days post-

transfection, cells were harvested, lysates prepared, and Western blot analysis was 

conducted. We found that Src expression was reduced in the cells transfected with Src 

siRNA 7 or siRNA 10 as compared to the no siRNA and luciferase siRNA controls. 

Depletion of Src in these cells also decreased Fn14 expression. HCC827 cells are known 

to express other SFK family members such as Lyn [114, 115], so to ensure that the Src 

siRNAs were not depleting other SFK members we also examined Lyn protein levels, 

which were not affected by Src siRNA treatment (Figure 5.7). 
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Figure 5.7. Src depletion by siRNA decreases Fn14 protein levels in HCC827 cells. 
Cells were either left untransfected or transfected with the indicated siRNAs (20 nM). 
Cells were harvested 72 hours post-transfection, lysates were prepared, and was 
conducted using antibodies detecting the indicated proteins. 
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Chapter 6: Specific Aim 3  

 

To determine if Src signaling can induce Fn14 expression in an NIH 3T3 cell line 

that expresses the v-Src oncogene, and if Src-mediated cell invasion is due, at least 

in part, to Fn14 expression. 
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6.1: Determine if v-Src transformation of NIH 3T3 cells increases Fn14 expression 

and cell invasion. 

In order to confirm our findings in NSCLC cells that Src signaling can upregulate 

Fn14 expression we obtained the NIH 3T3/v-Src cell line, which exhibits constitutive 

expression and activation of the v-Src oncogene, from Dr. Steven Zhan (University of 

Maryland School of Medicine, Baltimore, Maryland) [118]. The v-Src protein has several 

amino acid substitutions in its SH3 and catalytic domains as compared with c-Src. It also 

has a truncated carboxy-terminal domain and thus is missing its inhibitory 

phosphorylation site (Y-527), resulting in its constitutive activation [119, 120], (Figure 

6.1A).  

We first confirmed Src activation in the NIH 3T3/v-Src cells as compared to 

parental NIH 3T3 cells. Cell lysates of parental NIH 3T3 and NIH 3T3/v-Src cells were 

prepared and Western blot analysis was conducted. The NIH 3T3/v-Src cells had much 

higher p-Src levels than the parental cell line (Figure 6.1B). We next determined if Fn14 

levels were elevated in the NIH 3T3/v-Src cells. Cell lysates of parental NIH 3T3 and 

NIH 3T3/v-Src cells were prepared and Western blot analysis was conducted. The NIH 

3T3/v-Src cells had much higher Fn14 levels than the parental cell line (Figure 6.1C), 

confirming our NSCLC data indicating that constitutive Src signaling can drive Fn14 

gene expression. We should note here that in some cell lines, including these NIH 3T3/v-

Src cells, two Fn14 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 product of 

full-length Fn14 missing most of the extracellular domain [62]. 
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Finally, we investigated if v-Src transformation of NIH 3T3 cells increases cell 

invasion. We suspended 1 x 105 cells in medium containing 0.5% serum and plated them 

into triplicate Boyden chambers coated with growth factor-reduced Matrigel. Medium 

containing 10% serum was placed in the wells below the chambers. Cells were allowed to 

invade for 20 hours and the number of invaded cells was quantified using light 

microscopy. We found that the NIH 3T3/v-Src cells invaded ~3.5-fold more than the NIH 

3T3 parental cells (Figure 6.1D), consistent with an earlier report [121]. 



 93 

 

Figure 6.1. v-Src transformation of NIH 3T3 cells increases Fn14 expression levels 
and invasive capacity. (A) Structural comparison of c-Src and v-Src. The amino 
terminus of both proteins is myristoylated at Gly2. The membrane-binding (M), unique 
(U), SH3, SH2, linker (L), catalytic and regulatory (R) domains of each protein are 
indicated. The truncated carboxy terminus of v-Src is shown in red. Asterisks represent 
amino acid substitutions in v-Src. (Figure adapted from reference [119]). (B) NIH 3T3 
and NIH 3T3/v-Src cell lysates were prepared and Western blot analysis was conducted 
using antibodies detecting the indicated proteins. (C) Lysates of NIH 3T3 and NIH 
3T3/v-Src transformed cells were prepared and Western blot analysis was conducted 
using antibodies detecting the indicated proteins. The positions of molecular size markers 
are shown on the left (in kDa). (D) NIH 3T3 and NIH 3T3/v-Src cells (1 x 105) were 
resuspended in medium containing 0.5% serum and plated on Boyden chambers coated 
with growth factor-reduced Matrigel. Medium containing 10% serum was placed in the 
well below the chambers as a chemoattractant. After 20 h, the number of invaded cells 
was counted by light microscopy. Values shown are the mean ± SEM of triplicate (NIH 
3T3) or quadruplicate (NIH 3T3/v-Src) chambers. Significance was assessed by 
Student’s t test. ** p < 0.01. 
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6.2: Determine if v-Src-driven NIH 3T3 cell invasion is modulated, at least in part, 

by Fn14, using a genetic approach. 

 Since both Src and Fn14 have been shown to increase cell invasion [61, 121], 

(Figure 4.2, Figure 4.4, and Figure 6.1), and we have shown here for the first time that 

Src signaling drives Fn14 gene expression, we next investigated if Fn14 was contributing 

to Src-driven cell invasion using the NIH 3T3 v-Src cell line. NIH 3T3 v-Src cells were 

transfected with no siRNA, luciferase siRNA, or two different Fn14 siRNAs targeted to 

the murine Fn14 transcript. Two days post-transfection, some of the cells were lysed and 

Western blot analysis was conducted to confirm successful Fn14 depletion. Some of the 

remaining cells (1 x 105) were resuspended in medium containing 0.5% serum and plated 

in Boyden chambers coated with growth factor-reduced Matrigel. Medium containing 

10% serum was placed in the wells below the chambers. Cells were allowed to invade for 

20 hours. The number of invaded cells was counted using light microscopy. Transfection 

of the two Fn14 siRNAs into NIH 3T3/v-Src cells depleted Fn14 protein expression 

(Figure 6.2A). There was no difference in the invasive capacity of the untransfected cells 

as compared with the luciferase siRNA-transfected cells. Fn14 depletion of NIH 3T3/v-

Src cells using siRNA 1 and 4 reduced the invasive capacities of the cells by ~40% and 

~27%, respectively (Figure 6.2B). 
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Figure 6.2. Fn14 depletion decreases invasive capacity of NIH 3T3 v-Src cells. (A) 
Cells were either left untransfected or transfected with the indicated siRNAs (20 nM). 
Cells were harvested 48 hours post-transfection and some of the cells were lysed. 
Western blot analysis was conducted using the indicated antibodies. The positions of 
molecular size markers are shown on the right (in kDa). (B) Transfected NIH 3T3 v-Src 
cells (1 x 105) from (A) were resuspended in medium containing 0.5% serum and plated 
Boyden chambers coated with growth factor-reduced Matrigel. Medium containing 10% 
serum was placed in the well below the chambers as a chemoattractant. After 20 h, the 
number of invaded cells was counted by light microscopy. Values shown are the mean ± 
SEM of triplicate chambers. NS = not significant, * p < 0.05, ** p < 0.01. 
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Chapter 7: Conclusions and Future Directions 

 

The TWEAK receptor Fn14 is overexpressed in over a dozen solid tumor types 

and constitutive signaling of the receptor is thought to be involved in tumor growth and 

metastasis (reviewed in [44]). We previously showed that Fn14 levels are elevated in 

NSCLC tumors and EGFR-mutant NSCLC cell lines with constitutive EGFR activation. 

Erlotinib treatment of EGFR-mutant cells decreased Fn14 levels; thus, EGFR signaling is 

driving Fn14 gene expression in these cell lines. Furthermore, we showed that Fn14 

levels regulate NSCLC cell migration in vitro [61]. In the present study, we extended 

these findings by showing that Fn14 levels also regulate NSCLC cell invasion. We also 

provide evidence that EGFR-mutant NSCLC cells exhibit constitutive Src activation, and 

that Src activation induces Fn14 gene expression at both the mRNA and protein levels. 

Finally, we show that expression of the constitutively active v-Src protein in NIH 3T3 

cells also induces Fn14 protein expression, and that v-Src-driven cell invasiveness is 

mediated, at least in part, by Fn14. 

Our previous study showed that Fn14 protein levels were not diminished in 

EGFR-mutant H1975 NSCLC cells when they were treated with the TKI erlotinib at 

physiologically relevant doses [61]. The H1975 cells harbor a T790M EGFR mutation 

that is thought to be the primary mechanism for TKI resistance in these cells. 

Nonetheless, we examined the possibility that Fn14 expression in these cells might also 

play a role in their drug resistance. We found this was not the case, since Fn14 depletion 

in H1975 cells did increase H1975 cell sensitivity to this drug. We did find, however, that 

Fn14 depletion in both HCC827 and H1975 cells decreased the invasive capacity of these 
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cell lines. Furthermore, the effect of EGF-stimulation on A549 cell invasion was reduced 

in cells stably expressing an Fn14 shRNA. Finally, Fn14-overexpression in A549 cells 

increased invasiveness through Matrigel in vitro. These lung cancer cell studies are in 

agreement with our previous findings including that Fn14 is a pro-invasive factor for 

brain [59] and breast cancer [60, 70] cells. 

Since EGFR is an apparent driver of Fn14 expression, we examined which 

EGFR-activated downstream signaling pathways were contributing to Fn14 upregulation. 

Pharmacological inhibition of the MEK, PI3K/Akt, NF-κB, and SFK pathways all 

decreased Fn14 protein expression levels, but SFK inhibition by dasatinib had the largest 

effect. This effect was observed using a clinically relevant dosage of dasatinib, and 

dasatinib did not inhibit EGFR activity under our experimental conditions. Furthermore, 

we showed that EGF-stimulation of A549 cells increased Fn14 protein levels, and this 

effect was attenuated when the cells were treated with dasatinib. We next showed that 

dasatinib downregulates Fn14 protein levels in HCC827 cells in both a dose- and time-

dependent manner. We also observed that dasatinib treatment of HCC827 cells decreases 

Fn14 mRNA expression. 

The effect of Src inhibition on Fn14 protein levels was not exclusively observed 

in HCC827 cells, or only when using dasatinib as the pharmacological SFK inhibitor. 

Specifically, when we treated two other NSCLC cell lines harboring EGFR-activating 

mutations with dasatinib (HCC2279 and H1975 cells), Fn14 levels were dramatically 

downregulated. PP2, another SFK inhibitor, also decreased Fn14 levels when added to 

HCC827 cells. 
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Previous studies have shown that various SFK inhibitors are capable of 

decreasing NSCLC cell invasion through Matrigel [34, 111, 112], but the effect of 

dasatinib or PP2 on HCC827 cell invasion has not been reported. We show here that 

dasatinib or PP2 treatment of EGFR-mutant HCC827 cells does decrease cell invasion. 

Although dasatinib and PP2 are known to cause cell death under certain experimental 

conditions [98, 107], the dramatic reduction in invasive capacity noted in our experiments 

was not due to drug cytotoxicity. 

Since PP2 and dasatinib have the potential to target all SFKs and numerous other 

tyrosine kinases, we used a genetic approach to show that Src was the primary SFK 

member regulating Fn14 gene expression. We transfected HCC827 cells with two unique 

Src siRNAs, and these siRNAs effectively inhibited both Src and Fn14 protein levels. We 

did not observe any off-target effects of the Src siRNAs on other SFK members such as 

Lyn, or on the housekeeping protein GAPDH. 

Finally, we utilized NIH 3T3 cells transformed with the v-Src oncogene to assess 

the effect of Src activity on Fn14 protein levels. We found that NIH 3T3/v-Src cells 

expressed higher levels of Fn14, and were more invasive, than the parental NIH 3T3 

cells. Also, Fn14 depletion of the NIH 3T3/v-Src cells by an RNA interference approach 

reduced the invasive capacity of the cells. 

In summary, we have demonstrated in this study that Fn14 is involved in cell 

invasion in NSCLC cells expressing either wild-type EGFR (A549 cells) or mutant 

EGFR (HCC827, H1975 cells). Also, we show for the first time that in both EGFR-

mutant NSCLC cells and NIH 3T3/v-Src cells that activation of the cytoplasmic tyrosine 
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kinase Src can increase Fn14 gene expression. In consideration of these findings, we 

propose that EGFR activation in EGFR-mutant NSCLC cells triggers Src 

phosphorylation and that Src activation leads to enhanced transcription factor binding to 

the Fn14 promoter (Figure 7.1). This will promote an increase in Fn14 gene expression 

and higher Fn14 levels on the cell surface. An earlier report has established that TWEAK 

engagement of Fn14 can increase Fn14 gene expression and protein levels [59]. It has 

also recently been demonstrated that overexpression of Fn14 in gastric cancer cells can 

activate the NF-κB signaling pathway [122]. We therefore hypothesize that higher Fn14 

levels on the cell surface will lead to TWEAK-independent Fn14 signaling (Figure 1.9), 

resulting in further upregulation of the receptor and increased cell invasion. Taken 

together, our findings indicate that Src activation can induce Fn14 gene expression and 

that Fn14 plays an important role in cell invasion.  

 The results of this study provide the basis for future studies focused on the 

molecular basis for Src regulation of Fn14 gene expression. For example, since we 

demonstrated that inhibition of Src decreased Fn14 at the mRNA level, it would be 

interesting to determine what transcriptional regulators might be activated by Src that are 

driving Fn14 gene regulation. Also, to further investigate the link between Src activation 

and Fn14 function, it would be of interest to examine if ectopic Fn14 overexpression in 

HCC827 cells can “rescue” the decrease in cell invasion caused by SFK inhibitor 

treatment.  

Finally, our findings that Src activity increases Fn14 expression in NSCLC cells 

could have clinical implications. Specifically, several Src inhibitors, including dasatinib, 

have been evaluated as anticancer agents in human clinical trials, with only modest 
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beneficial effects noted in the NSCLC trials [37] (reviewed in [19]). It is possible that 

those NSCLC patients with Fn14-positive tumors may also preferentially exhibit 

constitutive Src signaling. In this case, this patient subgroup could have increased 

sensitivity to Src inhibitor administration.  
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Figure 7.1 Proposed model of Fn14-driven NSCLC cell invasion. Some NSCLC cell 
lines harbor a mutation in the TK domain of EGFR resulting in constitutive activation of 
the receptor. EGFR activation and cell invasion can be inhibited by the TKI erlotinib. 
EGFR phosphorylation activates several downstream signaling molecules, including the 
cytoplasmic tyrosine kinase Src. Src signaling can be inhibited pharmacologically by 
dasatinib and PP2, and genetically by Src siRNA. Src activation likely triggers 
transcription factor binding to the Fn14 promoter, driving Fn14 gene expression, which 
results in increased invasive capacity of NSCLC cells. Invasive capacity of NSCLC cells 
can be reduced by Fn14 shRNA-mediated Fn14 depletion. 
 

NSCLC Cells with EGFR-activating mutations 

EGFR phosphorylation/activation 

Fn14 Expression 

Invasion 

Dasatinib 
PP2 Src phosphorylation/activation by EGFR  

association and conformational change 

Erlotinib 

Fn14 shRNA  

Transcription factor(s) binding 
to Fn14 promoter 

 (AP-1, HIF, STAT3, NF-κB?) 

Src siRNA 



 102 

References Cited 

 

1. Sun, S., Schiller, J. H., and Gazdar, A. F. (2007). Lung cancer in never smokers 
— a different disease. Nature Rev. Cancer 7, 778–790. 

2. Rackley, C. R., and Stripp, B. R. (2012). Building and maintaining the 
epithelium of the lung. J. Clin. Invest. 122, 2724–2730. 

3. Jemal, A., Bray, F., Center, M. M., Ferlay, J., Ward, E., and Forman, D. (2011). 
Global cancer statistics. CA: A Cancer J. for Clinicians 61, 69–90. 

4. Siegel, R., Ma, J., Zou, Z., and Jemal, A. (2014). Cancer statistics, 2014. CA: A 
Cancer J. for Clinicians 64, 9–29. 

5. Larsen, J. E., and Minna, J. D. (2011). Molecular biology of lung cancer: clinical 
implications. Clinics in Chest Medicine 32, 703–740. 

6. Molina, J. R., Yang, P., Cassivi, S. D., Schild, S. E., and Adjei, A. A. (2008). 
Non-small cell lung cancer: epidemiology, risk factors, treatment, and 
survivorship. Mayo Clin. Proc. 83, 584–594. 

7. Herbst, R. S., Heymach, J. V., and Lippman, S. M. (2008). Lung cancer. N. Engl. 
J. Med. 359, 1367–1380. 

8. Samet, J. M., Crowell, R., Estepar, R. S. J., Powe, N. R., Rand, C., Rizzo, A. A., 
and Yung, R. (2012). Providing guidance on lung cancer screening to patients 
and physicians. 

9. Heist, R. S., and Engelman, J. A. (2012). SnapShot: non-small cell lung cancer. 
Cancer Cell 21, 448–448.e2. 

10. Sharma, S. V., Bell, D. W., Settleman, J., and Haber, D. A. (2007). Epidermal 
growth factor receptor mutations in lung cancer. Nature Rev. Cancer 7, 169–181. 

11. Gadgeel, S. M., Ramalingam, S. S., and Kalemkerian, G. P. (2012). Treatment of 
lung cancer. Radiologic Clinics of N. Am. 50, 961–974. 

12. Pikor, L. A., Ramnarine, V. R., Lam, S., and Lam, W. L. (2013). Lung cancer. 
Lung Cancer 82, 179–189. 

13. Pao, W., and Hutchinson, K. E. (2012). Chipping away at the lung cancer 
genome. Nature Med. 18, 349–351. 

14. da Cunha Santos, G., Shepherd, F. A., and Tsao, M. S. (2011). EGFR mutations 
and lung cancer. Annu. Rev. Pathol. Mech. Dis. 6, 49–69.  



 103 

 

15. Shepherd, F. A., Rodrigues Pereira, J., Ciuleanu, T., Tan, E. H., Hirsh, V., 
Thongprasert, S., Campos, D., Maoleekoonpiroj, S., Smylie, M., Martins, R., et 
al. (2005). Erlotinib in previously treated non-small-cell lung cancer. N. Engl. J. 
Med. 353, 123–132. 

16. Paez, J. G., Jänne, P. A., Lee, J. C., Tracy, S., Greulich, H., Gabriel, S., Herman, 
P., Kaye, F. J., Lindeman, N., Boggon, T. J., et al. (2004). EGFR mutations in 
lung cancer: correlation with clinical response to gefitinib therapy. Science 304, 
1497–1500. 

17. Pao, W., and Chmielecki, J. (2010). Rational, biologically based treatment of 
EGFR-mutant non-small-cell lung cancer. Nature Rev. Cancer 10, 1–15. 

18. Eck, M. J., and Yun, C.-H. (2010). Structural and mechanistic underpinnings of 
the differential drug sensitivity of EGFR mutations in non-small cell lung cancer. 
Biochim. Biophys. Acta - Proteins and Proteomics 1804, 559–566. 

19. Rothschild, S. I., Gautschi, O., Haura, E. B., and Johnson, F. M. (2011). Src 
inhibitors in lung cancer: current status and future directions. Clin. Lung Cancer 
11, 238–242. 

20. Giaccone, G., and Zucali, P. A. (2008). Src as a potential therapeutic target in 
non-small-cell lung cancer. Annals of Oncol. 19, 1219–1223. 

21. Hibbs, M. L., and Harder, K. W. (2006). The duplicitous nature of the Lyn 
tyrosine kinase in growth factor signaling. Growth Factors 24, 137–149. 

22. Ralston, R., and Bishop, J. M. (1985). The product of the protooncogene c-Src is 
modified during the cellular response to platelet-derived growth factor. Proc. 
Natl. Acad. Sci. U.S.A. 82, 7845–7849. 

23. Bromann, P. A., Korkaya, H., and Courtneidge, S. A. (2004). The interplay 
between Src family kinases and receptor tyrosine kinases. Oncogene 23, 7957–
7968. 

24. Goi, T., Shipitsin, M., Lu, Z., Foster, D. A., Klinz, S. G., and Feig, L. A. (2000). 
An EGF receptor/Ral-GTPase signaling cascade regulates c-Src activity and 
substrate specificity. EMBO J. 19, 623–630. 

25. Wright, J. D., Reuter, C. W., and Weber, M. J. (1996). Identification of sites on 
epidermal growth factor receptors which are phosphorylated by pp60src in vitro. 
Biochim. Biophys. Acta 1312, 85–93. 

26. Biscardi, J. S. (1999). c-Src-mediated phosphorylation of the epidermal growth 
factor receptor on Tyr845 and Tyr1101 is associated with modulation of receptor 
function. J. of Biol. Chem. 274, 8335–8343. 



 104 

 

27. Summy, J. M., and Gallick, G. E. (2006). Treatment for advanced tumors: Src 
reclaims center stage. Clin. Cancer Res. 12, 1398–1401. 

28. Avizienyte, E., and Frame, M. C. (2005). Src and FAK signalling controls 
adhesion fate and the epithelial-to-mesenchymal transition. Curr. Opin. Cell Biol. 
17, 542–547. 

29. Mazurenko, N. N., Zborovskaya, I. B., Kisseljov, F. L., and Kogan, E. A. (1992). 
Expression of pp60c-src in human small cell and non-small cell lung carcinomas. 
Eur. J. Cancer 28, 372–377. 

30. Masaki, T., Igarashi, K., Tokuda, M., Yukimasa, S., Han, F., Jin, Y. J., Li, J. Q., 
Yoneyama, H., Uchida, N., Fujita, J., et al. (2003). pp60c-src activation in lung 
adenocarcinoma. Eur. J. Cancer 39, 1447–1455. 

31. Zhang, J., Kalyankrishna, S., Wislez, M., Thilaganathan, N., Saigal, B., Wei, W., 
Ma, L., Wistuba, I. I., Johnson, F. M., and Kurie, J. M. (2007). Src-family 
kinases are activated in non-small cell lung cancer and promote the survival of 
epidermal growth factor receptor-dependent cell lines. Am. J. Pathol. 170, 366–
376.  

32. Byers, L. A., Sen, B., Saigal, B., Diao, L., Wang, J., Nanjundan, M., Cascone, T., 
Mills, G. B., Heymach, J. V., and Johnson, F. M. (2009). Reciprocal regulation 
of c-Src and STAT3 in non-small cell lung cancer. Clin. Cancer Res. 15, 6852–
6861. 

33. Biscardi, J. S., Ishizawar, R. C., Silva, C. M., and Parsons, S. J. (2000). Tyrosine 
kinase signalling in breast cancer: epidermal growth factor receptor and c-Src 
interactions in breast cancer. Breast Cancer Res. 2, 203–210. 

34. Leung, E. L. H., Tam, I. Y. S., Tin, V. P. C., Chua, D. T. T., Sihoe, A. D. L., 
Cheng, L. C., Ho, J. C. M., Chung, L. P., and Wong, M. P. (2009). Src promotes 
survival and invasion of lung cancers with epidermal growth factor receptor 
abnormalities and is a potential candidate for molecular-targeted therapy. Mol. 
Cancer Res. 7, 923–932. 

35. Lombardo, L. J., Lee, F. Y., Chen, P., Norris, D., Barrish, J. C., Behnia, K., 
Castaneda, S., Cornelius, L. A. M., Das, J., Doweyko, A. M., et al. (2004). 
Discovery of N-(2-Chloro-6-methyl- phenyl)-2-(6-(4-(2-hydroxyethyl)- 
piperazin-1-yl)-2-methylpyrimidin-4- ylamino)thiazole-5-carboxamide (BMS-
354825), a dual Src/Abl kinase inhibitor with potent antitumor activity in 
preclinical assays. J. Med. Chem. 47, 6658–6661. 

36. Kantarjian, H., Jabbour, E., Grimley, J., and Kirkpatrick, P. (2006). Dasatinib. 
Nature Rev. Drug Discov. 5, 717–718. 



 105 

 

37. Johnson, F. M., Bekele, B. N., Feng, L., Wistuba, I., Tang, X. M., Tran, H. T., 
Erasmus, J. J., Hwang, L.-L., Takebe, N., Blumenschein, G. R., et al. (2010). 
Phase II study of dasatinib in patients with advanced non-small-cell lung cancer. 
J. Clin. Oncol. 28, 4609–4615. 

38. Haura, E. B., Tanvetyanon, T., Chiappori, A., Williams, C., Simon, G., Antonia, 
S., Gray, J., Litschauer, S., Tetteh, L., Neuger, A., et al. (2010). Phase I/II study 
of the Src inhibitor dasatinib in combination with erlotinib in advanced non-
small-cell lung cancer. J. Clin. Oncol. 28, 1387–1394. 

39. Locksley, R. M., Killeen, N., and Lenardo, M. J. (2001). The TNF and TNF 
receptor superfamilies: integrating mammalian biology. Cell 104, 487–501. 

40. Granger, G. A., and Kolb, W. P. (1968). Lymphocyte in vitro cytotoxicity: 
mechanisms of immune and non-immune small lymphocyte mediated target L 
cell destruction. J. Immunol. 101, 111–120. 

41. Bodmer, J. L., Schneider, P., and Tschopp, J. (2002). The molecular architecture 
of the TNF superfamily. Trends Biochem. Sci. 27, 19–26. 

42. Aggarwal, B. B. (2003). Signalling pathways of the TNF superfamily: a double-
edged sword. Nature Rev. Immunol. 3, 745–756. 

43. Chicheportiche, Y., Bourdon, P. R., Xu, H., Hsu, Y. M., Scott, H., Hession, C., 
Garcia, I., and Browning, J. L. (1997). TWEAK, a new secreted ligand in the 
tumor necrosis factor family that weakly induces apoptosis. J. Biol. Chem. 272, 
32401–32410. 

44. Winkles, J. A. (2008). The TWEAK–Fn14 cytokine–receptor axis: discovery, 
biology and therapeutic targeting. Nature Rev. Drug Discov. 7, 411–425. 

45. Brown, S. A. N., Ghosh, A., and Winkles, J. A. (2010). Full-length, membrane-
anchored TWEAK can function as a juxtacrine signaling molecule and activate 
the NF-κB pathway. J. Biol. Chem. 285, 17432–17441. 

46. Meighan-Mantha, R. L., Hsu, D. K., Guo, Y., Brown, S. A., Feng, S. L., Peifley, 
K. A., Alberts, G. F., Copeland, N. G., Gilbert, D. J., Jenkins, N. A., et al. 
(1999). The mitogen-inducible Fn14 gene encodes a type I transmembrane 
protein that modulates fibroblast adhesion and migration. J. Biol. Chem. 274, 
33166–33176. 

47. Wiley, S. R., Cassiano, L., Lofton, T., Davis-Smith, T., Winkles, J. A., Lindner, 
V., Liu, H., Daniel, T. O., Smith, C. A., and Fanslow, W. C. (2001). A novel 
TNF receptor family member binds TWEAK and is implicated in angiogenesis. 
Immunity 15, 837–846. 



 106 

 

48. Brown, S. A. N., Richards, C. M., Hanscom, H. N., Feng, S. L. Y., and Winkles, 
J. A. (2003). The Fn14 cytoplasmic tail binds tumour-necrosis-factor-receptor-
associated factors 1, 2, 3 and 5 and mediates nuclear factor-κB activation. 
Biochem. J. 371, 395–403. 

49. Burkly, L. C., Michaelson, J. S., and Zheng, T. S. (2011). TWEAK/Fn14 
pathway: an immunological switch for shaping tissue responses. Immunol. Rev. 
244, 99–114. 

50. Yepes, M., Brown, S. A. N., Moore, E. G., Smith, E. P., Lawrence, D. A., and 
Winkles, J. A. (2005). A soluble Fn14-Fc decoy receptor reduces infarct volume 
in a murine model of cerebral ischemia. Am. J. Pathol. 166, 511–520. 

51. Potrovita, I. (2004). Tumor necrosis factor-like weak inducer of apoptosis-
induced neurodegeneration. J. Neurosci. 24, 8237–8244. 

52. Justo, P., Sanz, A. B., Sanchez-Niño, M. D., Winkles, J. A., Lorz, C., Egido, J., 
and Ortiz, A. (2006). Cytokine cooperation in renal tubular cell injury: the role of 
TWEAK. Kidney Int. 70, 1750–1758. 

53. Girgenrath, M., Weng, S., Kostek, C. A., Browning, B., Wang, M., Brown, S. A. 
N., Winkles, J. A., Michaelson, J. S., Allaire, N., Schneider, P., et al. (2006). 
TWEAK, via its receptor Fn14, is a novel regulator of mesenchymal progenitor 
cells and skeletal muscle regeneration. EMBO J. 25, 5826–5839. 

54. Feng, S. L., Guo, Y., Factor, V. M., Thorgeirsson, S. S., Bell, D. W., Testa, J. R., 
Peifley, K. A., and Winkles, J. A. (2000). The Fn14 immediate-early response 
gene is induced during liver regeneration and highly expressed in both human 
and murine hepatocellular carcinomas. Am. J. Pathol. 156, 1253–1261. 

55. Burkly, L. C., and Dohi, T. (2010). The TWEAK/Fn14 pathway in tissue 
remodeling: for better or for worse. In Advances in Experimental Medicine and 
Biology. (New York, NY: Springer New York), pp. 305–322. 

56. Dohi, T., and Burkly, L. C. (2012). The TWEAK/Fn14 pathway as an 
aggravating and perpetuating factor in inflammatory diseases; focus on 
inflammatory bowel diseases. J. Leukocyte Biol. 92, 265–279. 

57. Wajant, H. (2013). The TWEAK-Fn14 system as a potential drug target. Br. J. 
Pharmacol. 170, 748–764. 

58. Cheng, E., Armstrong, C., Galisteo, R., and Winkles, J. A. (2013). 
TWEAK/Fn14 axis-targeted therapeutics: moving basic science discoveries to 
the clinic. Frontiers in Immunol. 4, 1–13. 

59. Tran, N. L., McDonough, W. S., Savitch, B. A., Fortin, S. P., Winkles, J. A., 



 107 

Symons, M., Nakada, M., Cunliffe, H. E., Hostetter, G., Hoelzinger, D. B., et al. 
(2006). Increased fibroblast growth factor-inducible 14 expression levels 
promote glioma cell invasion via Rac1 and nuclear factor-κB and correlate with 
poor patient outcome. Cancer Res. 66, 9535–9542. 

60. Willis, A. L., Tran, N. L., Chatigny, J. M., Charlton, N., Vu, H., Brown, S. A. N., 
Black, M. A., McDonough, W. S., Fortin, S. P., Niska, J. R., et al. (2008). The 
fibroblast growth factor-inducible 14 receptor is highly expressed in HER2-
positive breast tumors and regulates breast cancer cell invasive capacity. Mol. 
Cancer Res. 6, 725–734. 

61. Whitsett, T. G., Cheng, E., Inge, L., Asrani, K., Jameson, N. M., Hostetter, G., 
Weiss, G. J., Kingsley, C. B., Loftus, J. C., Bremner, R., et al. (2012). Elevated 
expression of Fn14 in non-small cell lung cancer correlates with activated EGFR 
and promotes tumor cell migration and invasion. Am. J. Pathol. 181, 111–120. 

62. Brown, S. A. N., Cheng, E., Williams, M. S., and Winkles, J. A. (2013). 
TWEAK-independent Fn14 self-association and NF-κB activation is mediated by 
the C-terminal region of the Fn14 cytoplasmic domain. PLoS ONE 8, e65248. 

63. Donohue, P. J. (2003). TWEAK is an endothelial cell growth and chemotactic 
factor that also potentiates FGF-2 and VEGF-A mitogenic activity. Arterioscler., 
Thromb., and Vasc. Biol. 23, 594–600. 

64. Ho, D. H., Vu, H., Brown, S. A. N., Donohue, P. J., Hanscom, H. N., and 
Winkles, J. A. (2004). Soluble tumor necrosis factor-like weak inducer of 
apoptosis overexpression in HEK293 cells promotes tumor growth and 
angiogenesis in athymic nude mice. Cancer Res. 64, 8968–8972. 

65. Tran, N. L. (2005). The tumor necrosis factor-like weak inducer of apoptosis 
(TWEAK)-fibroblast growth factor-inducible 14 (Fn14) signaling system 
regulates glioma cell survival via NF-κB pathway activation and BCL-XL/BCL-
W expression. J. Biol. Chem. 280, 3483–3492. 

66. Fortin, S. P., Ennis, M. J., Savitch, B. A., Carpentieri, D., McDonough, W. S., 
Winkles, J. A., Loftus, J. C., Kingsley, C., Hostetter, G., and Tran, N. L. (2009). 
Tumor necrosis factor-like weak inducer of apoptosis stimulation of glioma cell 
survival is dependent on Akt2 function. Mol. Cancer Res. 7, 1871–1881. 

67. Kwon, O. H., Kim, J. H., Kim, S. Y., and Sung, K. Y. (2014). TWEAK/Fn14 
signaling mediates gastric cancer cell resistance to 5-fluorouracil via NF-κB 
activation. Int. J. Oncol. 44, 583–590. 

68. Tran, N. L., McDonough, W. S., Donohue, P. J., Winkles, J. A., Berens, T. J., 
Ross, K. R., Hoelzinger, D. B., Beaudry, C., Coons, S. W., and Berens, M. E. 
(2003). The human Fn14 receptor gene is up-regulated in migrating glioma cells 
in vitro and overexpressed in advanced glial tumors. Am. J. Pathol. 162, 1313–
1321. 



 108 

 

69. Dhruv, H. D., Whitsett, T. G., Jameson, N. M., Patel, F., Winkles, J. A., Berens, 
M. E., and Tran, N. L. (2013). Tumor necrosis factor-like weak inducer of 
apoptosis (TWEAK) promotes glioblastoma cell chemotaxis via Lyn activation. 
Carcinogenesis 35, 218–226. 

70. Asrani, K., Keri, R. A., Galisteo, R., Brown, S. A. N., Morgan, S. J., Ghosh, A., 
Tran, N. L., and Winkles, J. A. (2013). The HER2- and Heregulin β1 (HRG)-
inducible TNFR superfamily member Fn14 promotes HRG-driven breast cancer 
cell migration, invasion, and MMP9 expression. Mol. Cancer Res. 11, 393–404. 

71. Watts, G. S., Tran, N. L., Berens, M. E., Bhattacharyya, A. K., Nelson, M. A., 
Montgomery, E. A., and Sampliner, R. E. (2007). Identification of 
Fn14/TWEAK receptor as a potential therapeutic target in esophageal 
adenocarcinoma. Int. J. Cancer 121, 2132–2139. 

72. Huang, M., Narita, S., Tsuchiya, N., Ma, Z., Numakura, K., Obara, T., Tsuruta, 
H., Saito, M., Inoue, T., Horikawa, Y., et al. (2011). Overexpression of Fn14 
promotes androgen-independent prostate cancer progression through MMP-9 and 
correlates with poor treatment outcome. Carcinogenesis 32, 1589–1596. 

73. Kawakita, T., Shiraki, K., Yamanaka, Y., Yamaguchi, Y., Saitou, Y., Enokimura, 
N., Yamamoto, N., Okano, H., Sugimoto, K., Murata, K., et al. (2004). 
Functional expression of TWEAK in human hepatocellular carcinoma: possible 
implication in cell proliferation and tumor angiogenesis. Biochem. Biophys. Res. 
Commun. 318, 726–733. 

74. Maecker, H., Varfolomeev, E., Kischkel, F., Lawrence, D., LeBlanc, H., Lee, 
W., Hurst, S., Danilenko, D., Li, J., Filvaroff, E., et al. (2005). TWEAK 
attenuates the transition from innate to adaptive immunity. Cell 123, 931–944. 

75. Yin, X., Luistro, L., Zhong, H., Smith, M., Nevins, T., Schostack, K., Hilton, H., 
Lin, T. A., Truitt, T., Biondi, D., et al. (2013). RG7212 anti-TWEAK mAb 
inhibits tumor growth through inhibition of tumor cell proliferation and survival 
signaling and by enhancing the host antitumor immune response. Clin. Cancer 
Res. 19, 5686–5698. 

76. Schneider, P., Schwenzer, R., Haas, E., Mühlenbeck, F., Schubert, G., Scheurich, 
P., Tschopp, J., and Wajant, H. (1999). TWEAK can induce cell death via 
endogenous TNF and TNF receptor 1. Eur. J. Immunol. 29, 1785–1792. 

77. Vince, J. E., Chau, D., Callus, B., Wong, W. W. L., Hawkins, C. J., Schneider, 
P., McKinlay, M., Benetatos, C. A., Condon, S. M., Chunduru, S. K., et al. 
(2008). TWEAK-Fn14 signaling induces lysosomal degradation of a cIAP1-
TRAF2 complex to sensitize tumor cells to TNFα. J. Cell Biol. 182, 171–184. 

 



 109 

 

78. Wicovsky, A., Salzmann, S., Roos, C., Ehrenschwender, M., Rosenthal, T., 
Siegmund, D., Henkler, F., Gohlke, F., Kneitz, C., and Wajant, H. (2009). TNF-
like weak inducer of apoptosis inhibits proinflammatory TNF receptor-1 
signaling. Cell Death and Differ. 16, 1445–1459. 

79. Ikner, A., and Ashkenazi, A. (2011). TWEAK induces apoptosis through a death-
signaling complex comprising receptor-interacting protein 1 (RIP1), Fas-
associated death domain (FADD), and caspase-8. J. Biol. Chem. 286, 21546–
21554. 

80. Chapman, M. S., Wu, L., Amatucci, A., Ho, S. N., and Michaelson, J. S. (2013). 
TWEAK signals through JAK-STAT to induce tumor cell apoptosis. Cytokine, 
61, 210-217. 

81. Pastan, I., Hassan, R., Fitzgerald, D. J., and Kreitman, R. J. (2007). Immunotoxin 
treatment of cancer. Annu. Rev. Med. 58, 221–237. 

82. Bolognesi, A., and Polito, L. (2004). Immunotoxins and other conjugates: pre-
clinical studies. Mini Rev. Med. Chem. 4, 563–583. 

83. Zhou, H., Hittelman, W. N., Yagita, H., Cheung, L. H., Martin, S. S., Winkles, J. 
A., and Rosenblum, M. G. (2013). Antitumor activity of a humanized, bivalent 
immunotoxin targeting Fn14-positive solid tumors. Cancer Res. 73, 4439–4450. 

84. Zhou, H., Marks, J. W., Hittelman, W. N., Yagita, H., Cheung, L. H., 
Rosenblum, M. G., and Winkles, J. A. (2011). Development and characterization 
of a potent immunoconjugate targeting the Fn14 receptor on solid tumor cells. 
Mol. Cancer Ther. 10, 1276–1288. 

85. Zhou, H., Ekmekcioglu, S., Marks, J. W., Mohamedali, K. A., Asrani, K., 
Phillips, K. K., Brown, S. A. N., Cheng, E., Weiss, M. B., Hittelman, W. N., et 
al. (2012). The TWEAK receptor Fn14 is a therapeutic target in melanoma: 
immunotoxins targeting Fn14 receptor for malignant melanoma treatment. J. 
Invest. Dermatol. 133, 1052–1062. 

86. Frankel, A. E., Kreitman, R. J., and Sausville, E. A. (2000). Targeted toxins. 
Clin. Cancer Res. 6, 326–334. 

87. Borthakur, G., Rosenblum, M. G., Talpaz, M., Daver, N., Ravandi, F., Faderl, S., 
Freireich, E. J., Kadia, T., Garcia-Manero, G., Kantarjian, H., et al. (2013). Phase 
1 study of an anti-CD33 immunotoxin, humanized monoclonal antibody M195 
conjugated to recombinant gelonin (HUM-195/rGEL), in patients with advanced 
myeloid malignancies. Haematologica 98, 217–221. 

88. Kurschus, F. C., and Jenne, D. E. (2010). Delivery and therapeutic potential of 
human granzyme B. Immunol. Rev. 235, 159–171. 



 110 

 

89. Afonina, I. S., Cullen, S. P., and Martin, S. J. (2010). Cytotoxic and non-
cytotoxic roles of the CTL/NK protease granzyme B. Immunol. Rev. 235, 105–
116. 

90. Zhou, H., Migliorini, M., Cao, Y., Cheung, L., Hittelman, W. N., Winkles, J. A., 
and Rosenblum, M. G. Development and characterization of the fully human 
chimeric protein GrB-TWEAK targeting Fn14-positive solid tumor cells 
[abstract]. In: Proceedings of the 104th Annual Meeting of the American 
Association for Cancer Research; 2013 April 6-10; Washington D.C. 
Philadelphia (PA): AACR; 2013. Abstract nr 2185. 

91. Culp, P. A., Choi, D., Zhang, Y., Yin, J., Seto, P., Ybarra, S. E., Su, M., Sho, M., 
Steinle, R., Wong, M. H. L., et al. (2010). Antibodies to TWEAK receptor inhibit 
human tumor growth through dual mechanisms. Clin. Cancer Res. 16, 497–508. 

92. Song, L., Rawal, B., Nemeth, J. A., and Haura, E. B. (2011). JAK1 activates 
STAT3 activity in non-small-cell lung cancer cells and IL-6 neutralizing 
antibodies can suppress JAK1-STAT3 signaling. Mol. Cancer Ther. 10, 481–494. 

93. Xu, L., Nilsson, M. B., Saintigny, P., Cascone, T., Herynk, M. H., Du, Z., 
Nikolinakos, P. G., Yang, Y., Prudkin, L., Liu, D., et al. (2010). Epidermal 
growth factor receptor regulates MET levels and invasiveness through hypoxia-
inducible factor-1α in non-small cell lung cancer cells. Oncogene 29, 2616–
2627. 

94. Roberts, P. E., Phillips, D. M., and Mather, J. P. (1990). A novel epithelial cell 
from neonatal rat lung: isolation and differentiated phenotype. Am. J. Physiol. 
259, L415–25. 

95. Pao, W., Miller, V. A., Politi, K. A., Riely, G. J., Somwar, R., Zakowski, M. F., 
Kris, M. G., and Varmus, H. (2005). Acquired resistance of lung 
adenocarcinomas to gefitinib or erlotinib is associated with a second mutation in 
the EGFR kinase domain. PLoS Med. 2, e73. 

96. Ercan, D., Xu, C., Yanagita, M., Monast, C. S., Pratilas, C. A., Montero, J., 
Butaney, M., Shimamura, T., Sholl, L., Ivanova, E. V., et al. (2012). Reactivation 
of ERK signaling causes resistance to EGFR kinase inhibitors. Cancer Discov. 2, 
934–947. 

97. Alberti, C., Pinciroli, P., Valeri, B., Ferri, R., Ditto, A., Umezawa, K., Sensi, M., 
Canevari, S., and Tomassetti, A. (2012). Ligand-dependent EGFR activation 
induces the co-expression of IL-6 and PAI-1 via the NF-κB pathway in 
advanced-stage epithelial ovarian cancer. Oncogene 31, 4139–4149. 

98. Guo, Y., Du, J., and Kwiatkowski, D. J. (2013). Molecular dissection of AKT 
activation in lung cancer cell lines. Mol. Cancer Res. 11, 282–293. 



 111 

 

99. Bivona, T. G., Hieronymus, H., Parker, J., Chang, K., Taron, M., Rosell, R., 
Moonsamy, P., Dahlman, K., Miller, V. A., Costa, C., et al. (2011). FAS and NF-
κB signalling modulate dependence of lung cancers on mutant EGFR. Nature 
471, 523–526. 

100. Sakuma, Y., Yamazaki, Y., Nakamura, Y., Yoshihara, M., Matsukuma, S., 
Koizume, S., and Miyagi, Y. (2011). NF-κB signaling is activated and confers 
resistance to apoptosis in three-dimensionally cultured EGFR-mutant lung 
adenocarcinoma cells. Biochem. Biophys. Res. Commun. 423, 667–671. 

101. Chung, B. M., Dimri, M., George, M., Reddi, A. L., Chen, G., Band, V., and 
Band, H. (2009). The role of cooperativity with Src in oncogenic transformation 
mediated by non-small cell lung cancer-associated EGF receptor mutants. 
Oncogene 28, 1821–1832. 

102. Marcotte, R., Zhou, L., Kim, H., Roskelly, C. D., and Muller, W. J. (2009). c-Src 
associates with ErbB2 through an interaction between catalytic domains and 
confers enhanced transforming potential. Mol. Cell. Biol. 29, 5858–5871. 

103. Yoshida, T., Okamoto, I., Okamoto, W., Hatashita, E., Yamada, Y., Kuwata, K., 
Nishio, K., Fukuoka, M., Jänne, P. A., and Nakagawa, K. (2010). Effects of Src 
inhibitors on cell growth and epidermal growth factor receptor and MET 
signaling in gefitinib-resistant non-small cell lung cancer cells with acquired 
MET amplification. Cancer Sci. 101, 167–172. 

104. Favata, M. F., Horiuchi, K. Y., Manos, E. J., Daulerio, A. J., Stradley, D. A., 
Feeser, W. S., Van Dyk, D. E., Pitts, W. J., Earl, R. A., Hobbs, F., et al. (1998). 
Identification of a novel inhibitor of mitogen-activated protein kinase kinase. J. 
Biol. Chem. 273, 18623–18632. 

105. Hirai, H., Sootome, H., Nakatsuru, Y., Miyama, K., Taguchi, S., Tsujioka, K., 
Ueno, Y., Hatch, H., Majumder, P. K., Pan, B. S., et al. (2010). MK-2206, an 
allosteric Akt inhibitor, enhances antitumor efficacy by standard 
chemotherapeutic agents or molecular targeted drugs in vitro and in vivo. Mol. 
Cancer Ther. 9, 1956–1967. 

106. Pierce, J. W., Schoenleber, R., Jesmok, G., Best, J., Moore, S. A., Collins, T., 
and Gerritsen, M. E. (1997). Novel inhibitors of cytokine-induced IκBα 
phosphorylation and endothelial cell adhesion molecule expression show anti-
inflammatory effects in vivo. J. Biol. Chem. 272, 21096–21103. 

107. Song, L. (2006). Dasatinib (BMS-354825) selectively induces apoptosis in lung 
cancer cells dependent on epidermal growth factor receptor signaling for 
survival. Cancer Res. 66, 5542–5548. 

 



 112 

 

108. Amrein, P. C. (2011). The potential for dasatinib in treating chronic lymphocytic 
leukemia, acute myeloid leukemia, and myeloproliferative neoplasms. Leukemia 
Lymphoma 52, 754–763. 

109. Hanke, J. H., Gardner, J. P., Dow, R. L., Changelian, P. S., Brissette, W. H., 
Weringer, E. J., Pollok, B. A., and Connelly, P. A. (1996). Discovery of a novel, 
potent, and Src family-selective tyrosine kinase inhibitor. J. Biol. Chem. 271, 
695–701. 

110. Blake, R. A., Garcia-Paramio, P., Parker, P. J., and Courtneidge, S. A. (1999). 
Src promotes PKCδ degradation. Cell Growth Differ. 10, 231–241. 

111. Zheng, R., Yano, S., Matsumori, Y., Nakataki, E., Muguruma, H., Yoshizumi, 
M., and Sone, S. (2005). Src tyrosine kinase inhibitor, M475271, suppresses 
subcutaneous growth and production of lung metastasis via inhibition of 
proliferation, invasion, and vascularization of human lung adenocarcinoma cells. 
Clin. Exp. Metastasis 22, 195–204. 

112. Purnell, P. R., Mack, P. C., Tepper, C. G., Evans, C. P., Green, T. P., Gumerlock, 
P. H., Lara, P. N., Gandara, D. R., Kung, H. J., and Gautschi, O. (2009). The Src 
inhibitor AZD0530 blocks invasion and may act as a radiosensitizer in lung 
cancer cells. J. Thoracic Oncol. 4, 448–454. 

113. Johnson, F. M. (2005). Dasatinib (BMS-354825) Tyrosine kinase inhibitor 
suppresses invasion and induces cell cycle arrest and apoptosis of head and neck 
squamous cell carcinoma and non-small cell lung cancer cells. Clin. Cancer Res. 
11, 6924–6932. 

114. Rix, U., Hantschel, O., Dürnberger, G., Remsing Rix, L. L., Planyavsky, M., 
Fernbach, N. V., Kaupe, I., Bennett, K. L., Valent, P., Colinge, J., et al. (2007). 
Chemical proteomic profiles of the BCR-ABL inhibitors imatinib, nilotinib, and 
dasatinib reveal novel kinase and nonkinase targets. Blood 110, 4055–4063. 

115. Bantscheff, M., Eberhard, D., Abraham, Y., Bastuck, S., Boesche, M., Hobson, 
S., Mathieson, T., Perrin, J., Raida, M., Rau, C., et al. (2007). Quantitative 
chemical proteomics reveals mechanisms of action of clinical ABL kinase 
inhibitors. Nature Biotechnol. 25, 1035–1044. 

116. Li, J., Rix, U., Bin Fang, Bai, Y., Edwards, A., Colinge, J., Bennett, K. L., Gao, 
J., Song, L., Eschrich, S., et al. (2010). A chemical and phosphoproteomic 
characterization of dasatinib action in lung cancer. Nature Chem. Biol. 6, 291–
299. 

117. Du, J., Bernasconi, P., Clauser, K. R., Mani, D. R., Finn, S. P., Beroukhim, R., 
Burns, M., Julian, B., Peng, X. P., Hieronymus, H., et al. (2008). Bead-based 
profiling of tyrosine kinase phosphorylation identifies SRC as a potential target 



 113 

for glioblastoma therapy. Nature Biotechnol. 27, 77–83. 

118. Huang, C., Liu, J., Haudenschild, C. C., and Zhan, X. (1998). The role of 
tyrosine phosphorylation of cortactin in the locomotion of endothelial cells. J. 
Biol. Chem. 273, 25770–25776. 

119. Martin, G. S. (2001). The hunting of the Src. Nature Rev. Mol. Cell Biol. 2, 467–
475. 

120. Brugge, J. S., and Darrow, D. (1984). Analysis of the catalytic domain of 
phosphotransferase activity of two avian sarcoma virus-transforming proteins. J. 
Biol. Chem. 259, 4550–4557. 

121. Hauck, C. R., Hsia, D. A., Puente, X. S., Cheresh, D. A., and Schlaepfer, D. D. 
(2002). FRNK blocks v-Src-stimulated invasion and experimental metastases 
without effects on cell motility or growth. EMBO J. 21, 6289–6302. 

122. Kwon, O. H., Park, S. J., Kang, T. W., Kim, M., Kim, J. H., Noh, S. M., Song, K. 
S., Yoo, H. S., Wang, Y., Pocalyko, D., et al. (2012). Elevated fibroblast growth 
factor-inducible 14 expression promotes gastric cancer growth via nuclear factor-
κB and is associated with poor patient outcome. Cancer Letters 314, 73–81. 

 


