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Abstract 

Title of Dissertation: The Fn14 Receptor is Up-regulated by HER2 Overexpression and 
Heregulin1-β1 (HRG) Signaling in Breast Cancer Cells and Contributes to HRG-MMP9-
driven Cell Invasion. 

Kaushal V. Asrani, Doctor of Philosophy, 2012 

Dissertation Directed by:      Jeffrey Winkles, Ph.D   
                                              Professor of Surgery and Physiology 

                                         Center for Vascular and Inflammatory Diseases 
                                         Greenebaum NCI Cancer Center 

                                              University of Maryland School of Medicine 
 

Human epidermal growth factor receptor (HER)-2 overexpression occurs in ~25% 

of all breast cancers and is associated with increased metastatic potential and poor patient 

survival. Abnormal HER2 activation, either through HER2 overexpression or heregulin 

(HRG):HER3 binding, elicits the formation of potent HER2-HER3 heterodimers and drives 

breast cancer cell growth and metastasis. Fibroblast growth factor-inducible 14 (Fn14), a 

member of the TNF receptor superfamily, is overexpressed in human breast tumors, and 

high expression levels strongly correlate with both the invasive HER2+/ER- intrinsic 

subtype and indicators of poor prognosis. We report here that HER2 and Fn14 are also co-

expressed in a transgenic mouse model of HER2-driven breast tumorigenesis. In 

consideration of these findings, we investigated whether HER2 activation in breast cancer 

cells could directly induce Fn14 gene expression. We found that transient or stable 

transfection of MCF7 cells with HER2 increased Fn14 protein levels and this effect was 

primarily due to an increase in Fn14 stability. Also, HRG1-β1 treatment of MCF7 cells 

transiently induced Fn14 mRNA and protein expression. Both the HER2-and HRG1-β1-

induced increase in Fn14 expression in MCF7 cells as well as increased Fn14 expression in 

HER2 gene-amplified AU565 cells could be blocked by HER2 kinase inhibition with 



lapatinib or HER2/HER3 depletion using siRNA. We also report that Fn14-depleted, HER2-

overexpressing MCF7 cells have reduced basal cell migration capacity and reduced HRG1-

β1-stimulated cell migration, invasion and matrix metalloproteinase (MMP)-9 expression. 

Furthermore, expression of Fn14 in Fn14-depleted HER2-overexpressing cells increased 

HRG1-β1-stimulated invasion and MMP-9 expression. Preliminary results also suggest that 

Fn14 depletion in MCF7/HER2-18 and SKBR3 cells might be decreasing anchorage-

dependent and –independent growth in vitro and tumor xenograft growth in vivo. Together, 

these results indicate that the Fn14 receptor may be an important downstream regulator of 

both HER2 overexpression- and HRG1-β1-driven HER2/HER3 signaling in breast cancer 

cells.  
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INTRODUCTION 

The Mammary Gland: Normal architecture 

 The mammary gland is an external appendage whose main function is to produce and 

secrete milk during late pregnancy and lactation. Each mammary gland is composed of 15-

20 lobes containing alveoli that secrete milk through a system of ducts to the nipple. The 

normal mammary gland consists of multiple cell types. Histologically, the ductal system is 

composed of a single layer of secretory luminal epithelial cells surrounded by a layer of 

contractile myoepithelial cells. The stroma is comprised of adipocytes, fibroblasts, vascular 

endothelial cells and immune cells. The epithelium is separated from the stroma by a 

basement membrane (Figure 1) (1).  

 

Breast Cancer 

Epidemiology, Etiopathogenesis and Disease Progression 

 Breast cancer is the most common malignancy in women world-wide; in the USA, 

~227,000 women will be diagnosed with breast cancer in 2012 (2). Breast cancer is one of 

the three most commonly diagnosed forms of cancer in women, accounting for 29% of all 

new cancer cases (Figure 2) (2). The mortality from breast cancer is on the decline, 

accounting for 34% of the total decline in women (Figure 2) (2). However, despite 

improvements in early diagnosis and treatment of breast cancer, ~40,000 are predicted to die 

from this disease in 2012, making breast cancer the leading cause of cancer-related deaths in 

women aged 20-59 and the second most common cause of cancer-related deaths in women 

after lung cancer (Figure 2) (2).  
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Figure 1. Schematic description of the normal mammary 
gland. Illustration of normal breast architecture. Lobules and 
ducts of the breast are lined by a single layer of luminal 
epithelial cells surrounded by myoepithelial cells. A single 
basement membrane separates the ducts from the surrounding 
stroma. (Figure from reference 1). 

	  

 The Journal of Clinical Investigation   http://www.jci.org   Volume 121   Number 10   October 2011

of cells display strong membrane-associated HER2 expression. 
These low thresholds necessarily imply that in many cases, the 
majority of the tumor cells present display features inconsistent 
with the overall status assigned. In addition, the clinical course of 
disease may be governed by alterations occurring within relatively 
small subsets of primary tumor cells. This is reflected by differences 
between the primary tumor and metastatic lesions at the ER/HER2 
status (22) and genomic (23) levels. In this context, it is important 
to note that reporting thresholds vary over time and between labo-
ratories (e.g., the threshold for ER positivity has changed from 10% 
to 1% of tumor cells exhibiting ER positivity in IHC analysis; ref. 24).  
Thus, conclusions and correlations based on reported receptor sta-
tus from different studies may not be directly comparable (25).

Significant intratumoral heterogeneity also exists at the 
genomic level. Investigation of discrete tumor regions by com-
parative genomic hybridization established that significant 
genomic heterogeneity was present in more than half (5 of 9) 
of all tumors examined (26). Studies of genomic alterations in 
multiple single cells from individual tumors have revealed that 
over half of the samples examined are polygenomic, containing 
multiple clonal subpopulations that may be spatially separated 
or intermixed (27, 28). Future studies will be required to address 
the implication of these observations.

Over the past decade, the advent of high-throughput/high-con-
tent microarray-based gene expression profiling technologies has 
facilitated relatively large-scale studies of breast cancer cohorts, 
leading to the identification of multiple molecular subtypes of 
breast cancer. Studies by Perou and colleagues (29–32) described 
molecular subtypes defined by distinct transcriptional signatures 
that partially recapitulate the original immunopathological class-
es, while adding an additional level of detail. Two luminal subtypes 
(A and B) contain principally ER+ cases and are distinguished by 
the presence of genes regulated by the ER signaling pathway. The 
luminal A subtype is associated with higher levels of ESR1, ER, and 
ER-regulated genes (32), decreased proliferation (29, 33, 34), and 
improved overall outcome (29, 30, 32). Luminal B tumors appear 
to exhibit decreased levels of ESR1, ER, and ER-regulated genes as 
well as increased proliferation and relatively worse prognosis.

Other classification schemes have also been proposed, includ-
ing one that divides ER+ disease into four subtypes that are 
chiefly distinguished by differential expression of prolifera-
tion-related genes (35). Recent investigations suggest that the 
distribution of luminal cases, rather than forming two distinct 
categories, may be better modeled as a continuum along which 
ER-regulated elements and proliferation are inversely related 
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Figure 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 
the year 2012. (Figure from reference 2).  
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A variety of factors are associated with an increased risk of developing breast cancer. 

These include: female sex, increasing age, personal and family history of breast cancer, 

inherited gene mutations (e.g. BRCA1/2), early menarche, late child-birth, late menopause, 

postmenopausal hormone replacement therapy (HRT), increased breast density, obesity, 

alcohol consumption and radiation exposure (3). Race and ethnicity also pre-dispose to 

breast cancer: overall incidence is increased in caucasian women while African-American 

women are more likely to develop aggressive, advanced-stage breast cancer (4). Breast 

cancers that are confined to the basement membrane are termed as carcinoma in situ- these 

can be either ductal or lobular in origin (DCIS, LCIS) (5). Cancers that have breached the 

basement membrane are termed as invasive. Invasive ductal carcinoma, not otherwise 

specified (IDC NOS) (75% of cases) and invasive lobular carcinoma (10% of cases) together 

account for ~90% of all the histological types of breast cancer (6). Mortality from breast 

cancer is almost always due to metastasis to distant organs; the common sites for metastatic 

spread being bone, lung and liver (7). 

 

Diagnosis, Prognostic Markers and Treatment of Breast Cancer 

Breast self-exams, clinical breast exams and routine mammograms (beyond the age of 

40) can enable detection of breast cancer at an early stage. In addition, tests such as breast 

MRI and breast ultrasound can be utilized to diagnose an abnormal breast mass. Suspected 

tumors are biopsied and evaluated for histologic grade (i.e. extent of differentiation) to 

determine whether they are benign or malignant. Tumors can be classified into four grades 

(Grade 1-4) based on their cellular morphology: Grade 1 tumors resemble normal cells (well 

differentiated) and tend to grow and spread slowly while Grade 3 and 4 tumors do not 
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resemble normal cells (poorly differentiated) and grow and spread rapidly (8). In addition, 

once a diagnosis of breast cancer has been made, the stage of the tumor is evaluated to 

determine prognosis and treatment options. Staging is carried out according to American 

Joint Committee on Cancer (AJCC) TNM system guidelines (9). Chest x-ray, CT scan, bone 

scan and PET scan can be used to detect presence of metastases (10). 

Breast cancer can eventually spread to lymph nodes and distant organs; prognostic 

markers are useful in assessing the risk of metastases. Size of the primary tumor, presence of 

lymph-node metastases, loss of differentiation (grade), tumor angioinvasion, steroid-receptor 

expression and human epidermal growth factor receptor 2 (HER2) gene 

amplification/protein expression are some of the established prognostic markers for 

predicting distant metastases (7). Expression of steroid receptors (estrogen receptor (ER) 

and progesterone receptor (PR)) and HER2 is assayed by immunohistochemistry (IHC)-

based methods to detect protein levels. In cases where IHC-detected HER2 expression is 

ambigious, fluorescent in situ Hybridization (FISH) can be utilized to detect genomic 

amplification of HER2 (1). Breast cancer can be classified by gene-expression profiling into 

five intrinsic subtypes: normal breast-like, Luminal A and Luminal B subtypes (that 

comprise the luminal epithelial/ER+ cluster), ERBB2+ (that overexpress the oncoprotein 

ERBB2/HER2) and basal-like/triple-negative (characterized by high expression of basal 

keratins 5/6 and 17 and absence of ER, PR and HER2 expression). Classification of tumors 

based on these parameters also provides prognostic information in terms of overall and 

disease-free survival; the basal-like and ERBB2+ subtypes are associated with the worst 

prognosis while the Luminal A subtype is associated with the best prognosis (11).  
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Surgery is considered the mainstay of treatment for breast cancer. Removal of the breast 

lump (lumpectomy) or breast tissue itself (partial, simple or modified radical mastectomy) is 

accompanied by axillary lymph node dissection (biopsy). Systemic therapies can be 

administered after surgery (adjuvant) to increase the chance of long-term, disease-free 

survival. Systemic chemotherapy can also be administered prior to surgery (neoadjuvant) to 

shrink a tumor and make it more surgically operable (12). Adjuvant therapies include 

chemotherapy, local radiation therapy or targeted therapies. Targeted therapies include the 

following, which are described in the next chapter. 

1) Selective estrogen receptor modulators (SERMs); for example, tamoxifen (for 

pre and post-menopausal ER+ patients). 

2) Aromatase inhibitors (AI); for example, letrozole (for post-menopausal ER+ 

patients)  

3) Trastuzumab (Herceptin), a humanized monoclonal antibody to HER2, for the 

treatment of HER2+ breast cancers.  
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Targeted Therapies for Breast Cancer  

 Prolonged exposure to estrogens has been validated as a risk factor for developing breast 

cancer; consequently, anti-estrogen therapy is an effective treatment for ER-expressing 

luminal breast cancers (~70% of all breast cancers) that are dependent on estrogen for their 

proliferation and survival (13). Two classes of endocrine therapy are currently in use for 

treatment of ER+ breast cancer in the adjuvant setting: anti-estrogens and aromatase 

inhibitors (Figure 3) (13). The first class of anti-estrogens, selective ER modulators 

(SERMs) (tamoxifen, raloxifene) exert anti-tumor effects by competitively antagonizing 

estrogen binding to the ER in the breast tissue, thereby reducing trans-activation of ER-

responsive genes (e.g. cyclin D1, VEGF). They exert favorable antagonistic effects in breast, 

bone and on serum lipid levels but their undesired agonistic properties in the endometrium 

lead to an increased risk of developing endometrial cancer. Pure anti-estrogens like faslodex 

are anti-estrogenic in all tissues. Aromatase inhibitors (AIs) (anastrazole, letrozole, 

exemestane) inhibit the enzymatic activity of aromatase that catalyses conversion of 

androgens and adrenal steroids to estrogen, thereby reducing estrogen synthesis in the ovary, 

breast cancer cells and in the periphery. AIs are useful as a second-line adjuvant therapy in 

post-menopausal patients who are resistant to tamoxifen (Figure 3) (13). Efficacy of 

endocrine therapy is often hampered by intrinsic and acquired therapeutic resistance; 

mechanisms of resistance include: loss of ER expression, expression of truncated isoforms 

of ER, post-translational modifications of ER, increased receptor tyrosine kinase (EGFR, 

HER2) signaling and deregulation of the cell cycle and apoptosis (14). 
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Figure 3. Overview of therapeutic options in estrogen receptor 
(ER)-positive breast cancer. In ER+ breast cancer patients, 
tamoxifen is the principal form of adjuvant therapy in pre- and 
post-menopausal women. Medical ovariectomy (for example, 
LHRH agonists) can be used as adjuvant therapy in pre-
menopausal women. Aromatase inhibitors, progestins and pure ER 
antagonists (faslodex) are used as second-line therapy. (Figure 
from reference 13). 
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(NR) superfamily of transcription factors28. E2 binding
results in a conformational change that enables oestro-
gen-regulated genes to be activated. The ER binds as a
dimer to small palindromic DNA motifs — known as
oestrogen response elements (EREs) — in the promoters
of these genes, through the action of two ZINC FINGERS29.
Two distinct activation domains — AF1 and AF2 —
mediate transcription activation (FIG. 4).AF2 is integral to
the ligand-binding domain (LBD) and its activity
requires the LBD to bind E2, whereas AF1 activity is regu-
lated by phosphorylation30,31.AF1 and AF2 activate tran-
scription independently and/or synergistically. There is
evidence that AF1 and AF2 activities are influenced by the
promoter and cell type32.

ER activates gene expression by stimulating
recruitment of the GENERAL TRANSCRIPTION MACHINERY to
the transcription start site through the action of its
activation domains. Although direct interaction of ER
with components of the general transcription
machinery has been described33–35, studies over the
past few years have identified co-activator complexes
that mediate trans-activation by nuclear receptors.
These co-activators facilitate recruitment of the gen-
eral transcription machinery through direct interac-
tion but, importantly, several co-activator complexes
also mediate chromatin remodelling (reviewed in REFS

36,37). These include the SWI/SNF complexes
(switch/sucrose non-fermenting — a name that belies
their discovery in yeast), which facilitate transcrip-
tion-factor binding to nucleosomal DNA by ATP-
dependent chromatin remodelling38–40, the
TRAP/DRIP/SMCC complex (these alternative names
stand for thyroid-hormone-receptor-associated pro-
tein (TRAP), vitamin-D-receptor-interacting protein
(DRIP), and SRB and mediator-protein-containing
complex (SMCC)), which associates with RNA 
polymerase II (REF. 41), CREB-binding protein (CBP),
and p300/CBP-associated factor (PCAF), which 
are HISTONE ACETYLTRANSFERASE (HAT) complexes.
Hyperacetylation of histones seems to correlate with
more actively transcribed regions of the genome than
do hypoacetylated regions. Therefore, histone acetyla-
tion through recruitment of HATs might be crucial in
overcoming the repressive effects of chromatin on
transcription42–44. Three related co-activators, collec-
tively known as the p160 co-activators, stimulate ER
activity following ligand stimulation, through direct
interaction with AF2 (reviewed in REFS 45,46). These
three proteins, known as nuclear-receptor co-activa-
tor 1 (NCOA1; also known as SRC1) NCOA2 (also
known as TIF2 or GRIP1) and NCOA3 (also known
as P/CIP, ACTR, AIB-1, RAC3 or TRAM1) associate
with the transcription factor CBP to facilitate histone
acetylation47,48. Furthermore, NCOA1 and NCOA3
can themselves acetylate histones49,50.

Several unliganded nuclear receptors, such as the
thyroid hormone receptor, repress gene expression.
This repression is mediated, at least in part, through
recruitment of HISTONE DEACETYLASE complexes (HDACs)
by interaction of nuclear receptors with nuclear-receptor
corepressor 1 (NCOR1) or NCOR2 (also known as

metastatic breast cancer who had relapsed on tamoxifen
therapy. Several Phase III studies are now underway,
examining its efficacy in comparison with other
endocrine therapies27. The use of raloxifene in breast
cancer prevention is being investigated (BOX 1).

In post-menopausal women, local oestrogen syn-
thesis relies on aromatase. Drugs that reduce peripheral
oestrogen synthesis by inhibiting aromatase are now
being used as second- and third-line agents in 
hormone-sensitive disease, once resistance to tamox-
ifen has developed. Early reports also indicate that 
third-generation aromatase inhibitors might be supe-
rior to tamoxifen in causing regression of breast 
cancers, in terms of both response rates and duration of
response5. But in a substantial proportion of patients
with primary breast cancer, and in all patients with ER-
positive metastatic disease, resistance eventually devel-
ops to all strategies that are designed to limit ER activa-
tion by oestrogen. To understand why, we need to
appreciate how oestrogen binding is coupled to ER
activation, and how the cancer cell can bypass its
reliance on this molecular switch.

Mechanisms of ER function
After entering cells, E2 binds to and activates the ER, a
member of the steroid/thyroid/retinoid nuclear receptor

ZINC FINGER

A protein module in which
conserved cysteine or histidine
residues coordinate a zinc atom.
Some zinc-finger regions bind
specific DNA sequences; others
are involved in protein–protein
interactions.

GENERAL TRANSCRIPTION

MACHINERY

A set of protein complexes,
including RNA polymerase II,
that are absolutely required for
the initiation of mRNA synthesis
and that are sufficient for low-
level initiation of mRNA
synthesis, at least in vitro.

HISTONE ACETYLTRANSFERASE

An enzyme that catalyses the
addition of acetyl groups to
lysine residues on the amino-
terminal tails of histones.
Histone acetylation leads to
chromatin decondensation and
increased rates of transcriptional
initiation.

HISTONE DEACETYLASE

An enzyme that catalyses the
removal of acetyl groups from
lysine residues on the amino-
terminal tails of histones.
Histone deacetylation leads to
chromatin condensation and
decreased rates of
transcriptional initiation.

Pre-menopausal Post-menopausal

Ovarian
ablation

Tamoxifen Tamoxifen

Relapse with metastatic disease

ER-positive primary breast cancer

Tamoxifen

Aromatase
inhibitors*

Progestins

?Faslodex

Ovarian
ablation

Aromatase
inhibitors*

Progestins

?Faslodex

Aromatase
inhibitors

Progestins

?Faslodex

Figure 3 | Treatment regimes for oestrogen-receptor-
positive breast cancer. Sequential use of ovarian ablation
(e.g. using luteinizing-hormone-releasing hormone
antagonists), anti-oestrogens (typically tamoxifen, although
the ‘pure’ oestrogen receptor (ER) antagonist faslodex is also
used for women who have failed tamoxifen therapy),
progestins and/or aromatase inhibitors are now commonly
used in the management of hormone-sensitive breast cancer.
The mechanism underlying the response to progestins is
unclear. However, there is evidence that progestins push
breast cancer cells through one cell division and subsequent
cell-cycle arrest150. *If ovaries are still functioning, aromatase
inhibitors should be used in conjunction with LHRH agonist.
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HER2 is an orphan receptor belonging to the epidermal growth factor receptor family. 

HER2 gene amplification and overexpression is seen in ~ 25% of all breast cancers and is 

associated with increased metastatic potential, poor patient survival and resistance to certain 

forms of chemotherapy (15). HER2-amplified tumors have been shown to be “oncogene-

addicted” to HER2; consequently, HER2 inhibitors have significantly improved the clinical 

outcome of HER2-driven tumors (16). Currently there are two FDA-approved drugs to treat 

HER2+ breast cancer: trastuzumab and lapatinib. Trastuzumab, a humanized recombinant 

monoclonal antibody directed against the extracellular domain of HER2, is used to treat 

early and metastatic HER2+ breast cancer. It acts by increasing HER2 degradation and 

disrupting HER2-mediated PI3K/Akt pathway activation in vitro (15). It also acts by 

reducing angiogenesis and stimulating NK cell mediated-ADCC in vivo (15). However, 

trastuzumab cannot penetrate the blood-brain barrier and therefore lacks potency in the 

treatment of HER2+ breast cancer cells that have metastasized to the brain. Also, therapeutic 

resistance to trastuzumab is seen in the majority of initial responders within one year 

following treatment initiation. Resistance can be due to increased signaling via the PI3K/Akt 

signaling pathway, activation of non-HER receptors such as insulin-like growth factor 

(IGFR)-1 receptor, loss of function of the tumor suppressor PTEN, decreased interaction 

between trastuzumab and HER2 due to steric hinderance by proteins such as mucin-4, or 

generation of truncated forms of the HER2 receptor that lack the extracellular trastuzumab-

binding domain (15). Lapatinib is a small-molecule, dual EGFR/HER2-kinase inhibitor that 

retains activity against trastuzumab-resistant cell lines (17). Lapatinib is currently FDA 

approved to treat HER2+ metastatic breast cancer that has previously been treated with an 

anthracycline, a taxane and trastuzumab (17). Newer forms of HER2-targeted agents are 
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constantly being developed; these include tyrosine kinase inhibitors, heat shock protein 90 

inhibitors, HER family dimerization inhibitors and antibody-chemotherapy conjugates (18). 

Current and potential approaches for targeting HER2 in breast cancer are illustrated in 

Figure 4.  

Triple negative breast cancers (TNBC) (~15% of all breast cancers) have the worst 

clinical outcome of all the breast cancer subtypes and cannot be treated with hormonal or 

HER2-targeted therapies. Due to absence of a molecular target, currently TNBC must be 

treated using anthracyclines or platinum-based chemotherapeutic regimens (19). A number 

of therapeutic targets to TNBC are currently under investigation including poly (ADP-

ribose) polymerase (PARP) inhibitors, anti-angiogenic agents and epidermal growth factor 

receptor (EGFR) blockers (19).  
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Figure 4. Current and potential therapeutic approaches to target HER2 in 
breast cancer. (a) Trastuzumab inhibits HER2 by binding to domain 4 of the 
extracellular region while (b) Pertuzumab binds to the dimerization domain 
(domain 2) and inhibits both direct and ligand-induced HER2 kinase activity. (c) 
Trastuzumab-DM1 consists of trastuzumab conjugated to an anti-microtubule 
agent DM; HER2 binding triggers internalization, release of DM1 and cytotoxic 
cell death. (d) HER2-binding antibodies that selectively recruit cytotoxic effector 
cells can target HER2-overexpressing cells for cell death. (e) Tyrosine kinase 
inhibitors like lapatinib inhibit HER2-dependent signaling. (f) HSP90 inhibitors 
can block HSP-90-induced HER2 stabilization and target HER2 for ubiquitination 
and proteasomal degradation. (Figure from reference 18). 
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when evaluated in the treatment of ERBB2-positive 
breast cancers following trastuzumab therapy95. Taken 
together, these observations suggest that ERBB2-positive 
breast cancer is primarily driven by an ERBB2–ERBB3 
system rather than an ERBB2–EGFR system.

Pertuzumab has shown excellent activity in vitro 
against several breast cancer cell lines that express Erbb 
ligands, regardless of ERBB2 expression levels90,93, and 
in vivo against human breast cancer xenograft tumours19. 
Pertuzumab has also shown potent activity in vitro and 
in vivo (in human xenograft models) against several 
other human tumour cells that express different levels of 
ERBB2, including ovarian96, prostate92,93, lung97 and color-
ectal cancer cells98. Although the activity of pertuzumab 
in breast cancer cell lines that overexpress ERBB2 is easily 
understood as it interferes with ERBB2 dependence, its 
activity against cells with lower levels of ERBB2 expres-
sion might be due to antagonism of the ligand-dependent 
activation of ERBB2 through ERBB3 or EGFR (by pre-
venting ERBB2 dimerization with either of these potential 
partners). This step requires the presence of an ERBB3 
or EGFR ligand but does not necessarily require ERBB2 
overexpression. However, preclinical effectiveness in the 
absence of ERBB2 overexpression does not necessar-
ily translate into clinical success, as shown by the mod-
est activity of pertuzumab in an unselected population 
of patients with metastatic breast cancer (MBC) whose 
tumours expressed low levels of ERBB2 (REF. 99) (TABLE 2). 
The reason for this dissociation between preclinical and 
clinical data in MBC is not yet clear.

The activation of immune effector functions such as 
ADCC might also contribute to the efficacy of pertuzu-
mab (W. Scheuer, T. Friess and M. Hasmann, personal 
communication) in a similar way to the mechanism of 
trastuzumab. Interestingly, the combination of pertuzu-
mab with trastuzumab has been shown to synergistically 
inhibit the survival of breast tumour cells in preclinical 
studies100. Given previous observations describing syner-
gistic activity after combining two ERBB2-specific mono-
clonal antibodies that target distinct ERBB2 epitopes101,102, 
there might be a rationale for investigating combinations 
of two monoclonal antibodies targeted against ERBB2. 
Clinical benefit of this combination has been observed 
in patients with breast cancer that overexpresses ERBB2 
who had progressed during trastuzumab therapy103–105 
(TABLE 3). In the largest study104,105, the efficacy of pertu-
zumab plus trastuzumab was evident by a clinical benefit 
rate of 50% and an overall response rate of 24%.

An unresolved question at this time is whether a sim-
ilar level of activity would have been observed with per-
tuzumab alone. Both preclinical and clinical data suggest 
that continuation of trastuzumab with other therapies 
after multiple lines of trastuzumab-based treatments 
results in clinical benefit, and points to the potential need 
for continual maximal blockade of ERBB2-mediated sig-
nalling, even after disease progression in the setting of 
proven dependency on ERBB2 (REFS 103–107) (TABLE 3). 
Nevertheless, an ongoing clinical trial aims to address 
whether single-agent pertuzumab has a similar clinical 
activity to the combination of pertuzumab and trastuzumab 
(protocol number BO17929).

Figure 3 | Potential ERBB2 targets for anticancer therapy. Current approaches to 
inhibit signalling through ERBB2 include antibody binding and inhibition of tyrosine 
kinase activity. a | The antibody trastuzumab binds directly to domain IV of the 
extracellular region of ERBB2 (REF. 61), suppressing ERBB2 signalling activity62–66, 
preventing cleavage of the extracellular domain74 and marking tumour cells that 
overexpress ERBB2 for further immunological attack through antibody-dependent 
cell-mediated cytotoxicity72,73. b | Pertuzumab, another ERBB2-specific monoclonal 
antibody, binds to domain II of the extracellular region of ERBB2 (REF. 85). As this region 
contains the dimerization domain, pertuzumab binding prevents ERBB2 from forming 
dimers with its signalling partners — a key step in ERBB2-mediated signalling.  
c | The antibody–drug conjugate trastuzumab–DM1 consists of trastuzumab conjugated 
to the anti-microtubule agent DM1 (a maytansine derivative)113. After binding to ERBB2, 
trastuzumab–DM1 is internalized114 and DM1 is released into the cell to exert its 
cytotoxic effects. d | ERBB2-specific binding by antibodies with bispecific or trispecific 
selectivity for cytotoxic effector cells can mark tumour cells that overexpress ERBB2 for 
immunological destruction. e | Inhibition of the activity of the ERBB2 tyrosine kinase 
domain with agents such as lapatinib also prevents ERBB2-dependent signalling.  
f | Heat shock protein 90 (HSP90) controls the stability of the nascent and mature forms  
of ERBB2 and several downstream signalling components, including RAF1 and AKT1  
(for reviews, see REFS. 126,127). Inhibition of HSP90 activity results in ubiquitylation and 
proteasomal degradation of both ERBB2 and its downstream signalling partners, thereby 
abrogating the activity of the relevant signalling pathways127–129.
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The Epidermal Growth Factor (EGF) Family of Ligand and Receptors 

Basic Biology of the EGFR Superfamily 

The epidermal growth factor receptor (EGFR) family of receptor tyrosine kinases (RTK) 

consists of four family members: ErbB1/EGFR/HER1, ErbB2/HER2/Neu, ErbB3/HER3 and 

ErbB4/HER4. Members of this family are type I transmembrane proteins with an 

extracellular ligand-binding domain, a single transmembrane domain and an intracellular 

tyrosine kinase-containing domain (20). The EGF family of growth factors bind the HER 

receptors and are divided into three groups. The first group includes EGF, transforming 

growth factor (TGF)-α, amphiregulin (AR), and epigen (EPG), which bind specifically to 

EGFR; the second group includes betacellulin (BTC), heparin-binding EGF (HB-EGF), and 

epiregulin (EPR), which bind both EGFR and HER4. The third group, the neuregulins 

(NRGs), forms two subgroups on the basis of their capacity to bind HER3 and HER4 (NRG-

1 and NRG- 2) or only HER4 (NRG-3 and NRG-4) (Figure 5) (20). Ligand binding (and in 

the case of HER2, receptor overexpression) triggers receptor homo-or hetero-dimerization, 

autophosphorylation of specific tyrosine residues within the kinase domain, binding of 

various adaptor proteins and activation of key downstream signaling pathways such as the 

PI3K/Akt, Raf/MEK/MAPK, NF-κB, JAK/STAT, Src, PLCγ and PKC pathways (21, 22). 

The HER family proteins are widely expressed in epithelial, mesenchymal and neuronal 

tissues (23), regulate various processes such as proliferation, survival and differentiation 

(23) and  play an important role in normal development in a variety of organs such as breast, 

brain, skin, lung and gastrointestinal tract (16). In the breast, it has been shown that targeted 

deletion of HER2 in the mammary epithelium of mice affects the early stages of mammary 

ductal development (ductal elongation and branching morphogenesis) but not subsequent 
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functional differentiation/lactation (24). Also, mice harboring mammary-specific EGFR 

mutations (25) and HER4 deletions (26) have profound lactation defects. Furthermore, the 

mouse mammary tumor virus (MMTV)-c-Neu transgenic mouse model of ErbB2/Neu 

(HER2)-induced tumorigenesis demonstrates that mice conditionally overexpressing the rat 

c-Neu proto-oncogene under transcriptional control of the MMTV promoter/enhancer 

spontaneously develop mammary tumors and pulmonary metastases after a long latency 

(27). Thus, HER2 plays an important role in normal mammary development as well as 

mammary tumorigenesis and metastasis in mice. 
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Figure 5. The HER family of ligand and receptors. HER receptors have an 
extracellular domain (ECD) which consists of two leucine-rich ligand-binding sub-
domains (L1 and L2) and two cysteine-rich sub-domains (CR1 and CR2). A single 
transmembrane (TM) domain connects via a short juxtamembrane sequence to  the 
intracellular domain (ICD). The ICD is bi-lobed and has two protein tyrosine kinase 
(PTK) sub-domains- N and C. Multiple tyrosine residues on the C-terminal region 
become phosphorylated on receptor activation. Known ligands exist for all HER 
receptors except HER2. Ligand-binding (or HER2 overexpression) triggers 
formation of HER family homo- and hetero-dimers, of which the HER2-HER3 
heterodimer is the most oncogenic. HER3 is kinase-dead and can only signal by 
forming heterodimers. (Figure from reference 22). 
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The HER2:HER3 Heterodimer in Human Tumorigenesis 

HER2 has no known ligand, but has the strongest catalytic activity and serves as the 

preferred heterodimerization partner of other HER family members (28). In contrast, HER3 

lacks intrinsic tyrosine kinase activity as it is unable to bind adenosine triphosphate (ATP) 

and cannot form homodimers (29). However HER3 has six binding sites for the p85 subunit 

of PI3K (not present on EGFR or HER2) and is therefore an extremely potent activator of 

the PI3K-Akt pathway (30), which is central to tumorigenesis (31). Despite being an orphan 

receptor, HER2 combines effectively with kinase-inactive, ligand-bound HER3 to form the 

most potent heterodimer in the EGFR family, one that has been termed the “oncogenic unit”  

(Figure 6) (32). There are several mechanisms that allow for increased signaling potency of 

the HER2-HER3 heterodimer including decreased rate of ligand dissociation, relaxed 

specificity to EGF-like ligands, and evasion of endocytosis (21).  

HER2 amplification and overexpression is seen in ~25% of breast cancers as well as a 

subset of patients with ovarian, gastric and salivary gland cancers (18). HER2 

overexpression in breast cancer is associated with increased metastatic potential, poor 

patient survival and resistance to certain forms of chemotherapy (15). Both in vitro studies 

using HER2-overexpressing cell lines as well as transgenic mouse models have 

demonstrated the transforming potential of HER2 in breast cancer (33). The molecular 

mechanisms behind HER2-induced transformation are the subject of intense study and are 

suggested to involve increased cellular proliferation, angiogenesis, invasion, metastases and 

resistance to apoptosis among others. Furthermore, HER2-overexpressing breast cancer cells 

are “HER2-addicted” as HER2 depletion induces apoptosis in cell culture and tumor 

regression in vivo (16), thus making HER2 a viable and attractive therapeutic target in breast 
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cancer, exemplified by the clinical success of HER2-targeted agents like trastuzumab and 

lapatinib. 

HER3 is also expressed in breast and ovarian cancers and plays an important role in 

oncogenic signaling in lung and prostate cancers (18). HER3 is frequently co-expressed in 

mouse (34) and  human (35) mammary tumors that express HER2 and has been to shown to 

play a critical role in maintaining cellular proliferation (36), metastases (35) as well as 

therapeutic resistance to chemotherapy (37) and HER2-kinase inhibition (38) in HER2-

overexpressing breast cancers. This is highlighted by studies with pertuzumab, a HER2-

directed monoclonal antibody that in addition to inhibiting HER2 homodimer formation, 

also inhibits ligand-induced HER2-HER3 heterodimer formation. Pertuzumab has shown 

excellent activity against HER2-overexpressing breast cancer cell lines in vitro (39) as well 

as human breast cancer xenograft tumors in vivo (36). Taken together, these data suggest 

that HER2-overexpressing breast cancers are primarily driven through a HER2-HER3 

heterodimer system. 
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“Oncogenic Unit” in HER2-overexpressing Cells 

Figure 6. The “oncogenic unit” in breast cancer. The HER2-HER3 
heterodimer is termed the “oncogenic unit” in breast cancer as it is the most 
powerful heterodimer in the HER family. Dimerization leads to activation of 
two key pathways: the MAPK pathway and the PI3K/AKT pathway. MAPK 
pathway activation leads to the transcription of genes that drive cellular 
proliferation, migration, differentiation and angiogenesis. Signaling through the 
PI3K-AKT pathway principally drives cell survival and resistance to apoptosis. 
(Figure adapted from reference 18). 
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Heregulins and their Role in Normal Development and Cancer 

The heregulin (HRG) or neuregulin (NRG) gene family consists of four members: HRG-

1, HRG-2, HRG-3 and HRG-4, encoding ~26 different soluble or transmembrane proteins 

through alternate splicing. HRG-1 and HRG-2 gene products are ligands for HER3 and 

HER4, while the HRG-3 and HRG-4 gene products bind and activate only HER4. HRGs are 

initially synthesized as membrane-associated precursor proteins (pro-HRG) of ~105kDa, 

consisting of an N-terminal extracellular EGF-like domain connected to the transmembrane 

domain via a juxtamembrane linker region. Transmembrane precursors are functionally 

active and can act on cognate HER receptors on neighbouring cells in a juxtacrine manner 

i.e. ‘forward’ signaling (40). Alternately, transmembrane precursors can activate 

intracellular signaling via their cytoplasmic tails (i.e. reverse signaling (23)). Pro-HRGs can 

be also be processed, cleaved and secreted as soluble growth factors of ~45 kDa that 

function in a paracrine or autocrine manner. Cleavage occurs at the juxtamembrane linker 

region and has been shown to involve ADAM family proteases like ADAM-17 and ADAM-

19 (41). Full-length or cleaved HRG can also localize to the nucleus and participate in gene 

transcription (23). All HRGs have a common extracellular EGF-like motif that is necessary 

and sufficient for receptor binding, activation and cellular transformation (42).  

HRGs bind to HER3 and HER4 leading to formation of HER2-contatining heterodimers 

and stimulation of signaling cascades such as the classical MAPK/ERK and PI3K pathways 

as well as the p38MAPK, ERK5, PKC, PLCγ and STAT pathways (23). HRGs, like HER 

family members, play an important role in normal development. HRG-1 knockout mice 

show embryonic lethality due to developmental defects in the myocardium and central 

nervous system and HRG1-α knockout mice have transient defects in lobuloalveolar 
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development, showing decreased proliferation of luminal mammary epithelial cells during 

pregnancy and lactation (23). HRGs have multiple functions in the mammary gland as well 

as on cultured cells in vitro, inducing proliferation/survival (via HER3), apoptosis (via the 

cytoplasmic domain of pro-HRG) or differentiation (via HER4) (23). It is likely that 

disruption of this balance in physiology plays an important role in driving tumorigenesis and 

metastases. 

A wealth of preclinical data supports a role for HRG in cancer initiation and progression. 

HRG has been implicated in multiple cancer types: breast, ovarian, colon, gastric, lung, 

thyroid, glioma, medulloblastoma, melanoma and head and neck squamous carcinoma (42). 

Transgenic mouse models have shown that overexpressing full-length HRG (43) as well as 

the extracellular EGF-like domain (44) in the mammary gland is sufficient to induce 

tumorigenesis. Importantly, HRG overexpression is seen in a subset of breast cancer cell 

lines (e.g. MDA-MB-231, MDA-MB-175) and in 25-30% of human primary breast cancers, 

distinct from those that overexpress HER2. HRG-stimulated HER3 activation has been 

implicated in promoting aggregation (45), migration (46), invasion (47, 48), proliferation 

(49, 50), tamoxifen resistance/hormone independence (51), sensitivity to herceptin (52) and 

kinase inhibitors (53) and tumorigenicity and metastases (54, 55) in breast cancer cells. 

HRG is known to regulate the expression of several genes involved in malignant 

transformation such as those mediating tumor angiogenesis (vascular endothelial growth 

factor (VEGF) (56, 57),  hypoxia-inducible factor (HIF)-1 (58)) and invasion (matrix 

metalloproteinase (MMP)-9 (47), urokinase plasminogen activator (µPA) (59), paxillin (60), 

autocrine motility factor (AMF) (61)). In addition, HRG-induced up-regulation of heat 

shock protein (Hsp)-70 (62) or non-genomic effects (e.g. phosphorylation changes in key 
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cytoskeletal proteins like paxillin, Tiam-1 and focal adhesion kinase (FAK) (23)) also 

contribute to HRG-induced cellular transformation. The putative mechanisms of HRG-

induced tumorigenesis are summarized in Figure 7.  

 

 

 

 

 

 

 

 

 

 

 

 

 



21	  
	  

 

 

 

 

 

 

 

 

 

 

 

Invasion. The exposure of cells to growth factors has
been shown to induce cytoskeletal reorganization,
leading to stimulation of cell motility and invasion. In
this context, HRGwas shown to promote motility and
invasiveness of cancer cells through the regulation of
autocrine motility factor expression [224]. As the
process of cell migration must involve dynamic
changes in the formation of new focal adhesions at
the leading edge and dissolution of preexisting focal
points, several studies have demonstrated the poten-
tial role of HRG in the regulation of paxillin, a major
component of focal adhesion [225, 226], during HRG-
induced cell shape alterations and motility. In addi-
tion, HRG enhances the formation of lamellipodia,
membrane ruffles, stress fibers and filopodia, which is
accompanied by increased cell migration [227],
through regulation of PAK-1 via PI-3 kinase. Tyro-
sine-phosphorylated ErbB3 is able to directly couple
to PI-3 kinase, a lipid kinase involved in the prolifer-
ation, survival, adhesion and motility of tumor cells
[228], and ErbB3-dependent signaling through
ErbB3/ErbB2 heterodimers is shown to contribute
to metastasis through enhancing tumor cell invasion
and intravasation in vivo [229]. For cells to invade the
neighboring extracellular matrix, a regulated degra-
dation of matrix proteins is required. Multiple signal-

ing pathways have been described to be involved in
the activation of MMP-9 by HRG in human breast
cancer cells [130], leading to enhanced cancer meta-
stasis. In addition, mucins provide a protective barrier
for epithelial surfaces, and their overexpression in
tumors has been implicated in malignancy. Muc4, a
transmembrane mucin that promotes tumor growth
and metastasis, physically interacts with the ErbB2
receptor tyrosine kinase and augments receptor
tyrosine phosphorylation in response to the HRG
[230].

Conclusion

The HRG / ErbB system is involved in various
physiological events, where it plays important roles
in developmental processes and the maintenance of
tissue homeostasis. HRG acts not only as a mitogenic
factor for certain cells, it is also implicated in the
regulation of cell differentiation and the induction of
apoptosis. There is a tightly regulated balance be-
tween the expression of the ligands and their receptors
in these tissues, and deregulation is involved in
malignant tumor progression. HRG-induced cell
transformation is the result of aberrant signaling

Figure 3. Simplified schemeofHRG-induced tumorigenesis.HRGregulates different pathways involved in cancer development, either in
a paracrine, juxtacrineor autocrineway. (1)Regulationof cytoskeletal rearrangements implicated in cancer cellmigration and invasion. (2)
Regulation of gene expression by inducing transcription factor activity, or (3) by directly acting on gene transcription. (4) Accumulation
within subnuclear domains (functional role yet to be determined). (5) Interactionwith cytoplasmic proteins (mechanism yet to be studied).
(6) Induction of VEGF production and secretion in cancer cells as well as direct activation of ErbB receptor on endothelial cells, inducing
angiogenesis. (7) Induction of proteases implicated in the degradation of the extracellular matrix (e.g., MMP-9), thereby regulating cancer
cell invasion. Local enrichment of HRG at site of action through binding to glycosaminoglycan (GAG) chains. HRG activity ultimately
leads to proliferation and survival of cancer cells as well as of endothelial cells, thereby promoting tumor growth and metastasis.

2370 M. Breuleux Heregulin in human cancer

Figure 7. Mechanisms of HRG-induced tumorigenesis. (1) Cytoskeletal changes  
inducing cancer cell migration and invasion. (2) Regulation of transcription factor 
expression and/or activity. (3) Regulation of oncogene expression. (4) 
Accumulation within sub-nuclear domains. (5) Interaction with cytosolic proteins. 
(6) Increased VEGF expression and secretion; regulation of angiogenesis. (7) 
Increased expression/activity of proteases (e.g., MMP-9) resulting in invasion. 
(Figure from reference 42). 
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The TWEAK-Fn14 Signaling Axis 

The TNF Ligand-Receptor Superfamily 

The tumor necrosis family (TNF) superfamily of ligands and receptors consist of 19 

ligands that signal through a system of 29 receptors. The ligands are type II proteins that 

exist as transmembrane (pro) forms or soluble, cleaved (mature) forms. They contain an 

extracellular, C-terminal TNF homology domain required for trimerization and TNF 

receptor (TNFR) binding. Most TNFR family members are type I transmembrane proteins 

with an extracellular, cysteine-rich ligand binding domain and an intracellular domain with 

binding sites for adaptor proteins (such as TNFR-associated factors (TRAFs) or “death 

domain” (DD)-containing proteins) but lacking enymatic (kinase) activity. Ligand binding 

induces trimerization of the TNFRs and triggers activation of signaling pathways such as 

MAPK (ERK1/2, JNK and p38 MAPK) and NF-κB and cellular responses like apoptosis, 

survival, differentiation or proliferation. Consequently the TNF signaling pathway plays an 

important role in normal physiology like immune response, hematopoeisis, tissue repair and 

morphogenesis and has also been implicated in pathological states like tumorigenesis, 

transplant rejection, septic shock and rheumatoid arthritis (63, 64, 65). 

 

TWEAK and Fn14: Basic biology 

TWEAK (tumor necrosis factor-like weak inducer of apoptosis) is a member of the TNF 

ligand superfamily that is secreted by mutiple cell types and participates in many cellular 

responses like proliferation, migration, survival, differentiation, de-differentiation or death, 

depending on the cell type (66). TWEAK is synthesized as a 249-amino-acid type II 

transmembrane glycoprotein that gets subsequently processed by the enzyme furin into a 
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soluble cytokine (Figure 8). Both the full-length and soluble forms are biologically active 

(67). All the known effects of TWEAK are thought to occur via binding to a single cell 

surface receptor named Fn14 (fibroblast growth factor inducible 14). Fn14 is a type I 

transmembrane protein of 102-amino-acids following signal peptide cleavage, and is the 

smallest member of the TNFR superfamily, consisting of an extracellular, cysteine-rich 

ligand binding domain and a cytoplasmic tail that binds TRAFs 1,2,3 and 5 (Figure 9A) 

(68). Fn14 is expressed by practically all cell types of the body with the exception of 

lymphoid cells. Fn14 is an immediate-early response gene and is highly inducible; for 

example, Fn14 gene expression is increased in response to numerous stimuli such as serum, 

growth factors, hormones and cytokines (66). TWEAK binding to Fn14 leads to activation 

of various pathways such as canonical NFκB (NFκB1), noncanonical NFκB (NFκB2), MAP 

kinase (MAPK) and PI3K/AKT pathways (Figure 9A) (69). Also, ectopic Fn14 

overexpression has been shown to activate the NF-κB pathway (68) and induce cellular 

responses such as glioma cell survival (70), glioma cell invasion (71), and esophageal 

adenocarcinoma cell invasion (72). It has been proposed that when levels of the receptor 

cross a certain threshold in the absence of TWEAK (as is the case in some solid tumors), 

Fn14 overexpression by itself may promote spontaneous receptor trimerization and 

downstream signaling (Figure 9B) (66).   
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Figure 8. TWEAK and Fn14 structure. (A) TWEAK is a type II 
transmembrane protein that exists as a membrane-bound form or a soluble form 
after cleavage in the stalk region by the enyme furin. The extracellular region 
contains the TNF homology domain essential for receptor binding. = N-
glycosylation site. (B) Fn14 is initially synthesized as a 129-amino-acid type I 
transmembrane protein, that later gets cleaved by signal peptidase to form a 102-
amino-acid cell surface receptor. The extracellular domain (EC) has 53 amino 
acids, the transmembrane domain (TM) has 21 amino acids, and the cytoplasmic 
tail has 28 amino acids.	  
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Figure 9. Current model of TWEAK-Fn14 signal transduction. (A) TWEAK-
dependent Fn14 activation. Soluble or membrane-bound TWEAK binds Fn14, 
promotes trimerization of Fn14, TRAF association, signal pathway activation, and 
gene expression changes leading to cellular responses. (B) TWEAK-independent 
Fn14 activation. In the absence of TWEAK, ectopic Fn14 overexpression is 
suggested to promote spontaneous trimerization of the receptor when Fn14 levels 
cross a certain threshold. This leads to association of TRAFs, activation of 
signaling pathways and cellular responses. 
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Wound repair is a complex physiological process of restoring cellular structures 

following tissue injury and involves hemostasis, inflammation, proliferation, migration and 

angiogenesis. TWEAK-Fn14 signaling in the body is relatively low in normal tissues but is 

dramatically upregulated during the process of wound repair following tissue injury (69). 

TWEAK expression has been detected in multiple inflammatory cell types (e.g. TWEAK 

mRNA is expressed in macrophages and TWEAK protein is expressed on the surface of 

activated monocytes and T cells, as well as intracellularly in resting and activated 

monocytes, dendritic cells and NK cells (69)). Murine models of acute injury demonstrate 

that TWEAK expression is increased in the setting of acute inflammation: for example, in 

the brain following focal cerebral ischemia or in the kidney following intraperitoneal folate 

administration (66). As mentioned earlier, Fn14 is an immediate-early response gene and is 

induced in response to a variety of in vitro stimuli (e.g. growth factors, cytokines and 

hormones) and it is also induced in vivo following tissue injury (e.g. in liver following 

partial hepatectomy or in vasculature following balloon catheter injury) as well as other 

forms of injury like chemical or mechanical injury, hypoxia and oxidative stress. (66, 73). In 

a model of cardiotoxin-induced muscle injury it was demonstrated that muscle regeneration 

was significantly disrupted in Fn14 knock-out mice, in the initial week following injury 

(74). Thus, both TWEAK and Fn14 are intimately involved in the setting of wound repair. It 

is believed that following tissue injury, TWEAK (expressed by infiltrating inflammatory 

cells) acts on Fn14 (expressed on stromal and/or progenitor cells) to initiate a positive 

feedback loop of chemokine secretion, acute inflammation, cell proliferation, angiogenesis 

and progenitor cell expansion, all of which are critical during the process of wound repair 
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(Figure 10). Once the process of repair is complete, TWEAK-Fn14 signaling subsides and 

the progenitor cells present in the wound differentiate and regenerate the tissue.  

 However, excessive or persistent TWEAK-Fn14 signaling is also seen in various chronic 

inflammatory states. In these situations, TWEAK has been shown to promote chronic 

inflammation and tissue degeneration through the production of cytokines, chemokines and 

MMPs, pathological hyperplasia and angiogenesis (Figure 10) (69). TWEAK also disrupts 

tissue repair by decreasing progenitor cell differentiation (69). TWEAK-overexpressing 

transgenic mice develop a severe form of autoimmune encephalitis (a model for multiple 

sclerosis) (75) and Fn14-null mice show less nephritis-induced kidney damage in a model of 

systemic lupus erythematosus (76). TWEAK has also been implicated in the pathogenesis of 

rheumatoid arthritis (77). These reports indicate that therapies targeting the TWEAK-Fn14 

system could potentially be beneficial in some chronic inflammatory states. 

 

 

 

 

 

 

 

 

 

 

 



28	  
	  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. TWEAK and Fn14 functions in health and disease. TWEAK/Fn14 
signaling increases in response to tissue injury. In this setting, it plays a 
physiological role and aids in tissue repair. However, when TWEAK/Fn14 signaling 
mechanisms are dysregulated or persistently activated, they can play a pathological 
role and result in chronic inflammation. (Figure from reference 69).	  
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TWEAK and Fn14 Signaling in Cancer 

Previous studies have demonstrated TWEAK mRNA is expressed in cancer cell lines in 

vitro (glioma, colorectal carcinoma, lung carcinoma and hepatocellular carcinoma cell lines) 

as well as tumor specimens from ~11 different tumor types (e.g. glioblastoma multiforme 

(GBM), breast tumors) (78). TWEAK mRNA and/or protein has also been detected in 

vascular endothelial cells, monocytes/macrophages, NK cells and dendritic cells (i.e., cells 

that form the tumor microenvironment (79)). Also, Fn14 overexpression has been reported 

in several solid tumors such as brain (80), breast (81), esophagus (72), liver (82), prostate 

(83), gastric (84) and non-small cell lung cancers (NSCLC) (85). The fact that TWEAK and 

Fn14 are often co-expressed in cancer cell lines/tumors implies that TWEAK present in the 

tumor microenvironment could play a role in tumor biology. Indeed, the TWEAK-Fn14 

pathway is important for cancer progression as evidenced by its ability to induce 

proliferation, survival, invasion, angiogenesis and inflammation. The biological responses 

initiated by TWEAK-Fn14 signaling that may contribute to cancer progression are briefly 

summarized below. 

1) Angiogenesis- Angiogenesis is the formation of new blood vessels from pre-

existing ones, and is essential for tumor growth and metastases (86). TWEAK 

can induce survival, proliferation, migration and tube formation in vascular 

endothelial cells and neo-vascularization in a rat-cornea model of angiogenesis 

(69). Also, TWEAK-overexpressing HEK293 cells were able to form large, 

vascularized tumors in nude mice (87), thus demonstrating the ability of 

TWEAK to induce angiogenesis in vivo. 
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2) Survival- TWEAK treatment of human glioma cells has been shown to protect 

against TRAIL/campothecin-induced apoptosis via NFκB pathway activation 

and BCL-xl/BCL-w expression (70). Also, TWEAK can induce survival in 

human endothelial cells (88). 

3) Migration and invasion- Cell invasion through the tumor stroma is one of the 

initial, critical steps of the metastatic process. TWEAK treatment of human 

glioma cells has been shown to enhance migration (80) and ectopic Fn14 

expression has been shown to stimulate glioma cell migration and invasion 

through NFκB and Rac-1 activation (71). Similarly, Fn14 overexpression also 

promotes NSCLC cell migration and invasion while Fn14 depletion has the 

opposite effect (85). 

4) Proliferation/growth- TWEAK can induce proliferation in multiple cell types 

(e.g. hepatocellular carcinoma cells, endothelial cells, smooth muscle cells, 

mammary epithelial cells, astrocytes, etc) (66). TWEAK-Fn14 signaling can 

have either a positive or a negative effect on tumor growth. In one study, 

TWEAK-null mice show decreased ability to form B16.F10 melanoma cell 

tumors compared to wild-type mice (89). Also, Fn14 depletion in gastric cancer 

cell lines decreased both anchorage-dependent and anchorage-independent 

growth (84).  However, in another study, neutralization of TWEAK using an 

anti-TWEAK mAb promoted the subcutaneous growth of TWEAK-sensitive, 

Fn14-expressing tumor cells (90). Further studies are required to indicate 

whether the effects of TWEAK are predominantly pro-growth or anti-growth in 

the tumor microenvironment. 
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5) Apoptosis- Although Fn14 lacks a canonical death domain and cannot activate 

the extrinsic apoptotic pathway, TWEAK has been shown to induce an 

apoptotic response in certain cancer cell lines (66). This effect of TWEAK is 

relatively weak, requires prolonged incubation and requires pre-sensitization 

with other pro-apoptotic cytokines (66). Since TWEAK can induce apoptosis in 

certain cell types, TWEAK or Fn14-specific agonistic antibodies can potentially 

be used as a means of therapy against certain tumors (91, 92) .  

Fn14 can also play an important role as a tumor-specific, cell surface marker. Fn14 is 

overexpressed in several solid tumors (see above); elevated Fn14 levels have also been 

shown to correlate with disease progression and poor patient outcome in tumors like gliomas 

(71), esophageal adenocarcinoma (72), breast carcinoma (81), prostatic carcinoma (83), 

gastric cancer (84) and non small cell lung cancer (85), thus making Fn14 a viable target for 

therapy.  

 

The TWEAK-Fn14 Pathway in Breast Cancer 

There have been few detailed reports describing expression and/or functional role of the 

TWEAK-Fn14 system in breast cancer. However, there have been several gene-expression 

profiling studies in which TWEAK and/or Fn14 were shown to be differentially expressed in 

certain types of breast cancer. In 2002 it was reported that TWEAK mRNA is down-

regulated in HER2+ breast cancer cell lines and tissues (93). In a 2007 report describing 

gene expression changes in the involuting mouse mammary gland, Fn14 was shown to be 

upregulated during mammary gland involution as well as breast tumors (twelve out of 

thirteen human breast tumors examined) (94). In a MCF10A model of breast cancer 
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transformation and progression, Fn14 mRNA expression was shown to be up-regulated in 

non-invasive (carcinoma in situ) and invasive breast carcinomas (95). Most recently, Fn14 

was found to be highly expressed in the brain metastases of breast tumors (96). Furthermore, 

Fn14 was identified as one of four proteins (the other three being HER2, GRP94 and 

inhibin) whose combined detection best predicted the occurrence of brain metastases in 

breast cancer patients (96). 

The EpH4 3-D system of in vitro culture is a model system that can accurately predict in 

vivo proliferation and oncogenesis (97). In one of the first studies to analyze the role of 

TWEAK in mammary transformation, a 2005 report described that TWEAK could stimulate 

branching morphogenesis in Eph4 mammary epithelial cells in a 3-D Matrigel system, 

similar to oncogenic factors such as HGF (97). This branching phenotype was due to an 

increase in proliferation (as measured by ki-67 staining) and a concomitant inhibition of 

differentiation (as measured by a decrease in β-caesin mRNA expression). Furthermore, 

TWEAK could induce both MMP-9 protein and mRNA expression, and MMP-9 was shown 

to be indispensible for inducing the branching phenotype. This report was also one of the 

first to characterize Fn14 mRNA or protein expression in breast tumors. Fn14 expression 

was detected in 52% (10/19) of primary breast tumors samples when measured by IHC, and 

in 58% (35/60) of primary breast tumors when measured by in situ hybridization (97).  

In a landmark study in 2002, a series of 295 primary breast tumors were classified as 

having a gene-expression signature associated with either a poor prognosis or good 

prognosis using a 70-gene prognosis profile and microarray data analysis (98). In a 

collaborative study with Dr. Cunliffe (TGen) we analyzed TWEAK and Fn14 mRNA 

expression in this data set to examine if there was any correlation with clinical prognosis 
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indicators and/or intrinsic subtypes of breast cancer (81). Good prognosis indicators 

included lymph node-negative disease and well-differentiated tumor status. Poor prognosis 

indicators included metastases, > 4 positive lymph nodes and ER- status. High levels of 

TWEAK and Fn14 expression positively correlated with indicators of poor prognosis and 

this correlation was statistically significant. Also, low Fn14 expression showed strong and 

negative correlation with indicators of good prognosis in this study (Table 1).    

In this same report, TWEAK and Fn14 mRNA expression was also analyzed with respect 

to the five intrinsic subtypes of breast cancer mentioned previously (11). TWEAK 

expression did not correlate with any intrinsic subtype. However, Fn14 mRNA expression 

strongly correlated with the HER+/ER- subtype (Figure 11). This observation was further 

validated by immunohistochemical analysis of Fn14 expression in a breast tissue microarray 

(TMA) consisting of 233 patient samples, also stained for HER2 and ER. Fn14 expression 

was rarely seen in normal breast tissue (Figure 12B). However, Fn14 expression was seen in 

73.8% (172/233) of breast tumor specimens and 58% of Fn14-positive tumors (100/172) 

also stained positive for HER2; this association was statistically significant with a P value of 

0.0005 (Figure 12A) (81). Moreover, 100 of the 121 HER2-positive tumors (~83%) stained 

positive for Fn14 (Figure 12A) (81). Representative examples of Fn14, HER2 and ER 

stained breast tumor specimens from two patients are shown in Figure 12B.  
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Table 1. Correlation of Fn14 and TWEAK expression levels with 
clinical indicators of prognosis in breast tumors. Gene expression levels 
for TWEAK and Fn14 mRNA were transformed via thresholding and 
plotted as average expression thresholds. The significance of association 
between threshold values and clinical variables was tested using Fisher’s 
exact test. P values of <0.05 are shown in bold. (Figure from reference 81). 
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Figure 11. Fn14 mRNA expression strongly correlates with the 
HER2+/ER- intrinsic subtype of breast cancer. Gene expression levels for 
Fn14 obtained from the Netherlands Cancer Institute microarray data set 
were analyzed for association with the 5 intrinsic subtypes of breast cancer. 
Average log expression values are shown with standard errors in parenthesis. 
The association between Fn14 expression and the HER2+/ER- subtype was 
statistically significant (P =0.008). (Figure from reference 81). 
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Figure 12. Fn14 and HER2 receptor co-expression in breast cancer. (A) Breast 
TMA immunohistochemistry results showing Fn14 expression in 73.8% (172/233) 
of breast tumor specimens and 82.6% (100/121) of HER2+ breast tumor 
specimens. (B) Fn14, HER2 and ER staining on specimens from patients with 
ER+ (#1) or ER- (#2) breast cancer. Fn14 antibody staining of a normal breast 
sample is shown on the left. (Figure from reference 81). 
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Finally, in this same earlier report, we examined TWEAK and Fn14 mRNA expression in 

a panel of breast cancer cell lines and found that both mRNAs were elevated in triple-

negative, highly invasive breast cancer cell lines such as MDA-MB-231, MDA-MB-436 and 

MDA-MB-468 (81). Fn14 protein expression was also elevated in these cell lines; however, 

Fn14 expression was only weakly detected in ER+ cells such as MCF7, T47D, ZR751 and 

BT474, which are poorly invasive in vitro (81). Thus, there was a positive correlation 

between Fn14 expression levels and the invasive potential of certain breast cancer cell lines. 

Fn14 gene levels were then manipulated in these two groups of cell lines (the high and low 

Fn14 expressors). Ectopic expression of full-length Fn14 (but not a signaling-deficient, 

cytoplasmic tail deletion mutant lacking the TRAF-binding site) in MCF7 and T47D cells 

increased Matrigel invasion (81). Similarly, transient as well as stable Fn14 depletion, as well 

as expression of the signaling-deficient mutant, in MDA-MB-231 cells decreased Matrigel 

invasion (81). Also, TWEAK treatment of MDA-MB-231 and MDA-MB-436 cells, as well 

as ectopic Fn14 expression in MCF7 cells activated the NFκB signaling pathway and this 

was shown to be critical for Fn14-mediated MCF7 cell invasion. Thus, this was the first 

report to characterize Fn14 expression in the intrinsic subtypes of breast cancer and 

document the role of Fn14 in breast cancer cell invasion. 
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HYPOTHESES AND SPECIFIC AIMS 

Our previous work studying the role of Fn14 in breast cancer demonstrated a strong 

correlation between Fn14 expression and the HER+/ER- intrinsic subtype. However, a direct 

causal relation between HER2 signaling and Fn14 gene expression has not yet been 

established. HER2 overexpression-induced or HRG-induced HER2 signaling can activate 

gene transcription via several signaling pathways, including the MAPK (99, 100),  PI3K-Akt 

(100, 101) and NF-kB (102) pathways. The Fn14 gene promoter has potential transcription 

factor binding sites for both AP-1 and NF-kB (71, 103). Therefore, we postulated that HER2 

signaling might regulate Fn14 expression. Also, studies using cancer cell lines in vitro have 

supported that TWEAK-Fn14 signaling may play an important role in inducing cellular 

migration and invasion in solid tumors, thereby giving rise to the possibility that Fn14 might 

also contribute to HER2-driven cellular motility. 

In consideration of these findings, we hypothesize that HER2 signaling, either 

through HER2 overexpression or HRG:HER3 binding, regulates Fn14 expression via 

the MAPK, AKT and/or NF-kB pathways and that Fn14 contributes to HER2-HER3-

mediated cellular proliferation and motility. To test this hypothesis, we propose the 

following two Specific Aims: 
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Specific Aim 1: To determine whether HER2 overexpression or HRG stimulation can 

increase Fn14 expression and to determine the mechanism (transcriptional or post-

transcriptional) and pathways (MAPK, PI3K/AKT or NF-κB) involved in mediating 

increased Fn14 expression. This will be achieved by the following: 

1.1 : Analyze Fn14 expression in HER2-overexpressing human and murine 

breast tumor specimens. 

1.2 : Analyze Fn14 expression in a panel of HER2-overexpressing human breast 

cancer cell lines by Western blot analysis. 

1.3 : Overexpress HER2 in MCF7 cells that make low levels of HER2 and 

analyze Fn14 protein expression. 

1.4 : Inhibit HER2 signaling in HER2-overexpressing cell lines using 

pharmacological agents or siRNAs and analyze Fn14 protein expression. 

1.5 : Analyze whether HER2-driven Fn14 expression is regulated by a 

transcriptional or a post-transcriptional mechanism using a combination of 

qRT-PCR (to measure changes in Fn14 mRNA level) or pulse-chase assays 

and cycloheximide (CHX) time courses (to measure Fn14 protein decay 

kinetics). 

1.6 : Inhibit MAPK and PI3K/AKT signaling in HER2-overexpressing cell lines 

using pharmacological agents and analyze Fn14 protein expression. 

1.7 : Analyze the role of EGF family ligands in regulating Fn14 expression. 
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Specific Aim 2: To determine whether Fn14 contributes to the enhanced proliferative and 

invasive capacity associated with HER2 overexpression and HRG-triggered signaling and 

the mechanistic basis for these effects. This will be achieved by the following: 

2.1:	   Stable knockdown of Fn14 expression in HER2-overexpressing breast 

cancer cells.	  

2.2:	  Analyze the effect of stable Fn14 knockdown on basal cell migration and 

invasion using scratch wound assays and Matrigel invasion assays, 

respectively. 

2.3:	  Analyze the effect of stable Fn14 knockdown on HRG1-β1-induced cell 

migration and invasion using scratch wound assays and Matrigel invasion 

assays, respectively. 

2.4:	  Analyze the role of MMP-9 as a possible mediator in Fn14-induced cellular 

invasion. 

2.5:	  Analyze whether re-introduction of full-length, wild-type Fn14 into Fn14-

depleted cells can rescue cellular invasion. 

2.6:	  Analyze the effect of Fn14 depletion in HER2-overexpressing breast cancer 

cells on cellular proliferation and tumor growth. 
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MATERIALS AND METHODS 

Cell culture and treatments 

Cell lines were obtained from the following sources: MCF7, BT474, SKBR3, MDA-MB-

453, AU565 and NIH3T3 were purchased from the ATCC (Manassas, VA, USA), 

MCF7/HER2 cells were provided by Dr. Dihua Yu (MD Anderson Cancer Center), 

MCF7/HER2-18 cells were provided by Dr. Anne Hamburger (University of Maryland 

School of Medicine), NIH3T3/HER2 cells were provided by Dr. Peter Choyke (NIH) and 

the MCF7 Ca and LTLT-Ca cells were provided by Dr. Angela Brodie (University of 

Maryland School of Medicine). MCF7, MCF7/HER2, BT474, SKBR3 and MDA-MB-453 

cells were maintained in DMEM (Cellgro, Manassas, VA, USA) and AU565, NIH3T3, 

NIH3T3/HER2 and MCF7/HER2-18 cells were maintained in RPMI 1640 (Cellgro). Both 

cell mediums were supplemented with 10% FBS (HyClone, Logan, UT, USA), 2 mM L-

glutamine and 1% penicillin-streptomycin. MCF7/HER2 and MCF7/HER2-18 cells were 

additionally maintained in 750 or 500 µg/ml G418 (Cellgro), respectively. MCF7/HER2-18 

and SKBR3 cells stably expressing non-silencing control shRNA or Fn14 shRNA were 

maintained in 0.5 µg/ml and 0.2 µg/ml puromycin respectively (Cellgro). Fn14 shRNA-448 

cells expressing Fn14-FL-myc or Fn14-dCT-myc were additionally maintained in 1 µg/ml 

blasticidine (Sigma, St Louis, MO, USA). MCF7 Ca and LTLT-Ca cells were grown as 

previously described (104). Cells were treated with the indicated concentrations of U0126, 

wortmannin (both from Cell Signaling Technology, Beverly, MA, USA), lapatinib (LC 

Laboratories, Woburn, MA, USA), cycloheximide (Sigma), MMP-2/MMP-9 Inhibitor IV 
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(SB-3CT) (Calbiochem, La Jolla, CA, USA), EGF, HB-EGF, BTC, HRG1-α or HRG1-β1 

(all from R & D Systems, Minneapolis, MN, USA). 

 

Immunohistochemistry 

A breast carcinoma tissue microarray slide purchased from US Biomax Inc. (Rockville, MD, 

USA) was stained using the anti-Fn14 mAb P4A8 (provided by Dr. Jennifer Michaelson, 

Biogen Idec Inc.) Paraffin-embedded tissue blocks were sectioned (6-µm thick) onto slides 

and then deparaffinized. Sections were quenched with 3% hydrogen peroxide in methanol 

for 15 minutes, microwaved 5 minutes in H2O, and blocked for 1 hour with Tris-buffered 

saline (0.05 mol/L Tris-HCl, pH 7.6, 0.25 mol/L NaCl) containing 3% goat serum and 0.1% 

Triton X-100. Slides were incubated in rabbit anti-Fn14 antisera or rabbit preimmune sera 

(1:10 dilution) overnight at 4°C. The secondary antibody (biotin-conjugated goat anti-rabbit 

IgG; Jackson Laboratories, Bar Harbor, ME, USA) was applied at a 1:200 dilution in Tris-

buffered saline containing 1% goat serum, followed by streptavidin-conjugated horseradish 

peroxidase (1:500 dilution; Amersham Biosciences, Piscataway, NJ, USA). Sections were 

exposed to diaminobenzidine peroxidase substrate (Sigma) for 5 minutes and counterstained 

with Mayer’s hematoxylin. 

 

Western blot analysis 

Normal mammary gland tissue, mammary tumor tissue samples and cell pellets were 

homogenized on ice using a polytron in protein lysis buffer (20 mM HEPES (pH 7.4), 150 
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mM NaCl, 1% Triton X-100, 10% glycerol, and 1.5 mM MgCl2) containing protease 

(Sigma) and phosphatase (Calbiochem) inhibitors. Following incubation on ice for 30 min, 

homogenates were clarified by centrifugation (13,000 rpm) for 10 min at 4°C. The 

supernatant was retained as the whole-cell lysate for subsequent Western blot analysis. 

Protein concentrations were determined using the BCA protein assay (Thermo Fisher 

Scientific, Rockland, IL, USA). Equal amounts of protein from each tissue or cell lysate 

were subjected to SDS-PAGE and electrotransferred to PVDF membranes (Millipore, 

Billerica, MA, USA). Membranes were blocked, sequentially incubated with the appropriate 

primary antibody (see below) and horseradish peroxidase-conjugated secondary antibody 

(GE Healthcare, Piscataway, NJ, USA), washed, and then immunoreactive proteins were 

detected using the Amersham Enhanced Chemiluminescence Plus kit. The following 

primary antibodies were used: Fn14, p-HER2 (Tyr1248), p-HER3 (Tyr1289), p-Erk1/2 

(Thr202/Tyr204), Erk1/2, p-Akt (S473), Akt, p-p90RSK (Ser380), p90RSK, p-p70 S6 

Kinase (Thr389), p70 S6 Kinase (all from Cell Signaling Technology), Neu, ErbB3, ErbB4 

(all from Santa Cruz Biotechnology, Santa Cruz, CA, USA), EGFR, Myc and tubulin (all 

from Millipore). 

 

FACS analysis 

Flow cytometry was conducted using phycoerythrin-labeled anti-Fn14 mAb ITEM-4 and 

IgG3 isotype control (eBioscience Inc., San Diego, CA, USA). Cells were harvested using 

an enzyme-free cell dissociation solution (Millipore) and ∼106 cells were incubated with 0.5 

µg of phycoerythrin-labeled anti-human Fn14 monoclonal antibody (clone ITEM-4), or 
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mouse IgG3 isotype control for 30 minutes at 4°C. The cells were washed with cold 

fluorescence-activated cell sorter buffer (1× Hank’s Balanced Salt Solution containing 0.5% 

bovine serum albumin and 0.1% sodium azide) and then resuspended in 500 µL 

fluorescence-activated cell sorter buffer containing 0.5 µg/mL propidium iodide (Sigma). 

The stained cells (live gated on the basis of forward and side scatter profiles and propidium 

iodide exclusion) were analyzed on a FACSCaliber (BD Biosciences, San Jose, CA, USA) 

and the data processed using the CellQuest program (BD Biosciences). 

 

RNA isolation and quantitative real-time RT-PCR assays 

Total cellular RNA was extracted using the RNeasy kit (Qiagen, Valencia, CA, USA) and 1 

µg of RNA was converted to cDNA using the ProtoScript AMV LongAmp Taq RT-PCR kit 

(New England Biolabs, Ipswich, MA, USA) according to manufacturer’s instructions. Fn14, 

MMP-9 and GAPDH mRNA levels were quantified using an ABI Prism 7900HT Real-time 

PCR system (Applied Biosystems, Beverly, MA, USA) and the following primers and 

probes: Fn14- Cat. #Hs00171993_m1; MMP-9- Cat. #Hs00234579_m1; GAPDH- Cat. 

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

reaction was performed in triplicate. The reactions contained cDNA, 1X TaqMan Universal 

PCR Master Mix, and human Fn14, MMP-9 or GAPDH-specific primers and fluorescence-

labeled probes (Applied Biosystems Assay-On- Demand Products) in a 25µl total volume 

according to the manufacturer’s instructions (Applied Biosystems). 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 
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PCR reaction curves and Fn14 and MMP-9 mRNA levels were quantitated using the 

comparative Ct method with GAPDH mRNA serving as the reference.  

 

Fn14 half-life measurements 

MCF7 and MCF7/HER2 cells were treated with 20 µg/ml cycloheximide (Sigma) or DMSO 

control and harvested at 1, 2, 3 or 4 h after drug treatment. Western blot analysis of Fn14 

and tubulin expression was conducted as described above and the Fn14 and tubulin levels 

quantitated by densitometry. Fn14 decay was plotted as the natural log of the ratio of 

normalized Fn14 to normalized Fn14 at time 0. Half-life was calculated from the slope of 

each line generated by linear regression analysis using the GraphPad Prism software 

program. 

 

Plasmid DNA and siRNA transient transfections 

Subconfluent MCF7 cells were transiently transfected with 2 or 4 µg of the pcDNA6-HER2 

expression plasmid (provided by Dr. Mien-Chie Hung (MD Anderson Cancer Center)) per 

60 mm dish using the Effectene transfection kit (Qiagen) according to the manufacturer’s 

instructions. Cells were harvested 24 h post transfection for Western blot analysis. For 

siRNA experiments, MCF7, MCF7/HER2, MCF7/HER2-18 or AU565 cells were plated at a 

density of 2 x 105 in 60 mm dishes and 24 h later the cells were transfected with either 

Allstars non-silencing control, luciferase control, HER2 and/or HER3 siRNA duplexes 
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(Qiagen) at a concentration of 25 nM using the Lipofectamine 2000 transfection reagent. 

Cells were harvested 48 h post transfection for Western blot analysis. 

 

Lentiviral transduction and isolation of Fn14-depleted and Fn14-

overexpressing cell lines 

Lentiviral constructs encoding control, non-target shRNA or shRNAs targeting two different 

regions of the Fn14 transcript (Fn14 shRNA#448 and Fn14 shRNA#562) were purchased 

from Sigma. Lentiviral packaging was performed as per manufacturer’s protocol. 

MCF7/HER2-18 cells were transduced with the various lentiviruses and drug-resistant cell 

colonies were selected using puromycin. Positively transduced clones were expanded and 

screened for Fn14 levels by Western blot analysis. In other experiments, Fn14 shRNA-448 

cells were transfected with pcDNA6, pcDNA6-Fn14-FL-myc or pcDNA6-Fn14-dCT-myc 

plasmids (105) using the Effectene transfection kit (Qiagen) and drug-resistant cell colonies 

were selected using Blasticidin. Positively transfected clones were expanded and screened 

for Myc levels by Western blot analysis. 

  

Scratch wound assays 

MCF7/HER2-18 control shRNA and Fn14 shRNA cells were plated in triplicate in 6-well 

cluster dishes and allowed to grow to confluence in normal RPMI growth medium (10% 

FBS) or low serum medium (0.5%) containing HRG1-β1 (200 ng/ml). The confluent cell 

monolayers were scratched in the shape of a cross using a 200 µl pipette tip. Wound closure 
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was monitored over a 24 h time period and photographs were taken at the four intersecting 

edges of the cross using an Olympus camera fitted to the microscope. Wound width at 0 and 

24 h was measured and the difference plotted as percent wound closure.  

 

Invasion assays 

MCF7/HER2-18 control shRNA cells, Fn14 shRNA cells (2 x 105) and Fn14 shRNA-448 

cells transfected with vector, Fn14-FL plasmid or Fn14-dCT plasmid (1 x 105) were 

suspended in RPMI containing 0.5% FBS and seeded in the upper chamber of 24-well BD 

Biocoat Matrigel Invasion Chambers (BD Biosciences). Lower chambers contained RPMI 

with 0.5% FBS and HRG1-β1 (200 ng/ml). After 48 h of incubation the cells were fixed and 

stained in 0.5% crystal violet in methanol. Cells were counted from 25 high-power-fields per 

filter.  

 

Gelatin zymography 

MCF7/HER2-18 control shRNA cells, Fn14 shRNA-448 cells and Fn14 shRNA-448 cells 

transfected with vector, Fn14-FL or Fn14-dCT plasmids were plated in 100-mm dishes, 

serum-starved for 24 h in serum-free RPMI medium and treated with 50 ng/ml HRG1-β1. 

Conditioned media was collected at 0, 12 and 24 h following treatment and concentrated 

using Amicon Ultra-15 Centrifugal Filter Units (Millipore). Protein concentrations were 

determined using the BCA protein assay (Thermo Fisher Scientific). Equal amounts of 

protein were subjected to gelatin zymography using Novex 10% Zymogram gels 
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(Invitrogen, Carlsbad, CA, USA) according to manufacturer’s instructions. Zymogram band 

intensities were quantified by densitometry. 

 

Proliferation assays 

MCF7/HER2-18 and SKBR3 control and Fn14 shRNA cells were plated (2 x 103) in 

triplicate in 96 well plates, in 10% FBS-containing media without antibiotic, in a 100 µl 

volume and allowed to attach overnight. The next day the media was replaced with 100 µl of 

0.5% FBS-containing media. After 72 h, cell viability was measured using MTT assay. MTT 

(Sigma) was diluted 1 to 5 in medium without serum and 25 µl was added to each well of 

the 96 well plate. After 4 h incubation at 37° C, 125 µl of media + MTT was removed from 

each well and 100 µl of 100% DMSO was added to solubilize the MTT-formazan product. 

After thorough mixing with a mechanical plate mixer, absorbance at 540 nm was measured. 

 

Colony formation in soft agar 

Each well of a 24 well plate was coated with a 200 µl suspension of warm 0.75% bacto-agar 

(DIFCO, BD Biosciences) in 10% FBS-containing media. The agar-coated plates were left 

at room temperature for 1-2 h to allow the agar to solidify. Once the base layer had 

solidified, MCF7/HER2-18 and SKBR3 control and Fn14 shRNA cells (5-10 x 103) were 

then seeded in each well in 200 µl of 10% FBS-containing media + 0.4% agar. The plate 

was incubated at 4° C for 5 min followed by overnight incubation at 37° C. Next day 200 µl 

of 10% FBS-containing media was added to each well. Colonies were allowed to form over 
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a period of 1-2 weeks. Once colonies had formed, 100 µl of the vital dye INT (P-

Iodonitrotetrazolium Violet) (1 mg/ml) (Sigma) was added to each well and the plate was 

incubated overnight at 37° C to stain the colonies. Next day the colonies were counted using 

an automated colony counter using a 24 well plate reader. 

 

Xenograft studies 

All animal studies were performed according to guidelines approved by the Institutional 

Animal Care and Use Committee (IACUC) at the University of Maryland, Baltimore. All 

mice were obtained from the National Cancer Institute (Frederick, MD). SKBR3 xenografts 

were established in 5- to 6-week-old BALB/c athymic nude mice. MCF7/HER2-18 

xenografts were established in ovariectomized, 5- to 6-week-old BALB/c athymic nude 

mice supplemented with 0.25-mg 21-day–release estrogen pellets (Innovative Research, 

Sarasota, FL, USA). Mice were inoculated subcutaneously with 3 x 106 cells (MCF7/HER2-

18) or 107 cells (SKBR3) in a 200 µl cell suspension, at one site on one flank. Tumor 

volumes were measured using calipers by taking measurements of tumor length (L) and 

tumor width (W) and using the formula: volume (V) = (W/2)2 X L. Tumor volumes were 

measured bi-weekly over a period of 2-3 weeks (MCF7/HER2-18 xenografts) or 3 months 

(SKBR3 xenografts). At the end of the experiment, mice were euthanized, tumors were 

excised and tumor weight and volume was calculated.  
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Statistics 

All experiments were carried out in triplicate. Results were expressed as mean +/- S.E.M. 

(qRT-PCR, migration assays, invasion assays, colony formation assays) or mean +/- S.D. 

(pulse-chase assays). Student’s t-test (Excel) was used to determine significance. P-values 

less than 0.05 (qRT-PCR, pulse-chase assays, MMP inhibitor invasion assays) or less than 

0.01 (migration assays, invasion assays, colony formation assays) were considered 

significant. 
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SPECIFIC AIM 1 

To determine whether HER2 overexpression or HRG stimulation can 

increase Fn14 expression and to determine the mechanism (transcriptional 

or post-transcriptional) and pathways (MAPK, PI3K/AKT or NF-κB) 

involved in mediating increased Fn14 expression. 
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1.1: Analyze Fn14 expression in HER2-overexpressing human and murine 
breast tumor specimens. 

We first examined the expression of Fn14 in four cases of invasive ductal carcinoma with 

increasing grades of HER2 positivity. Fn14 was expressed at a low level in the HER2-

negative specimen but expression increased with HER2 staining score (Figure 13). 

The mouse mammary tumor virus (MMTV)-c-Neu transgenic mouse model of 

ErbB2/Neu (HER2)-overexpression is considered an excellent model for understanding the 

biology of HER2-driven tumorigenesis in breast cancer. These mice express the Rat neu 

proto-oncogene under transcriptional control of the MMTV promoter/enhancer and develop 

spontaneous mammary tumors and pulmonary metastases after a long latency (27) (106). 

The mammary glands from these mice consists of the ErbB2/Neu tumor and adjacent pre-

neoplastic tissue (Adjacent ErbB2/Neu). ErbB2/Neu mRNA is strongly expressed in the 

ErbB2/Neu tumors and weakly seen in the adjacent ErbB2/Neu tissue, when compared to 

wild-type mammary glands as shown by others through Northern blot analysis (Figure 14) 

(106).  

We analyzed Fn14 expression in the ErbB2/Neu tumors derived from these mice by 

Western blot analysis. Fn14 expression was detected in all of the mammary tumors 

examined with no expression seen in wild-type mammary glands (Figure 15).  
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Figure 13. Fn14 and HER2 co-expression in human breast 
tumors. A breast carcinoma tissue microarray containing 4 cases of 
invasive ductal carcinoma with increasing grades of HER2 positivity 
was analyzed for Fn14 expression by immunohistochemistry. The 
photographs were taken with a 5X (main images) or 20X (insets) 
objective (Aperio GL Scanner). Data provided by Dr. Nhan Tran 
(TGen). 
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Figure 14. Tumor experimental design and mammary Rat neu mRNA 
expression in MMTV-Neu transgenic mice (A) Mammary glands isolated 
from the MMTV-c-Neu transgenic mice included: the tumor itself, a 2mm 
peri-tumoral zone (waste) and the adjacent tissue surrounding the tumor. The 
tumor and adjacent tissue were used for analysis. (B) Expression of Rat neu, 
cytokeratin-8 (epithelial marker) and cyclophilin (loading control) in the 
tumoral tissue was compared to wild-type mammary gland by Northern blot 
analysis. (Figure from reference 106).  
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Figure 15. Fn14 and HER2 co-expression in murine breast 
tumors. Tissue from three MMTV-c-Neu mouse mammary 
tumors and five age-matched wild-type mammary glands was 
analyzed for HER2, Fn14 and tubulin expression by Western 
blotting. 
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1.2: Analyze Fn14 expression in a panel of HER2-overexpressing human 
breast cancer cell lines by Western blot analysis. 

We analyzed Fn14 expression in a panel of human breast cancer cells lines to investigate 

if there was a correlation between HER2 and Fn14 expression. All cell lines chosen 

belonged to the luminal epithelial (Lu) gene cluster (107). It is known that MCF7 and 

BT474 cells are ER+/PR+ while SKBR3, MDA-MB-453 and AU565 cells are ER-/PR- 

(107). MCF7 cells make very low levels of HER2 while all the other cell lines make 

moderate to high amounts of HER2 (107). SKBR3 and BT474 cells show 4- to 8-fold HER2 

gene amplification and 128-fold over-expression of HER2 mRNA (high HER2 expression) 

while MDA-MB-453 cells show 2-fold HER2 gene amplification and 64-fold over-

expression of HER2 mRNA (moderate HER2 expression) (108). However, we did not detect 

any expression of HER2 in the MDA-MB-453 cells (Figure 16), consistent with another 

report that categorized MDA-MB-453 cells as being HER2-negative (107). AU565 cells are 

HER2 gene-amplified as well and are derived from the same patient as SKBR3 cells (107). 

In addition, all cell lines used expressed moderate to high levels of the HER2-binding 

partners HER3 (MCF7, BT474, MDA-MB-453, AU565) or EGFR (SKBR3)  (Figure 16). 

We observed that Fn14 expression levels ranged from low (MDA-MB-453 and BT474) to 

moderate (MCF7 and AU565) to high (SKBR3); thus, there was no significant correlation 

between HER2 expression and Fn14 expression in these cell lines. In addition to full-length 

Fn14, SKBR3 cells also expressed a faster-migrating form of Fn14, the significance of 

which is presently unknown.  
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Figure 16. Analysis of Fn14 and EGFR family member 
expression in breast cancer cell lines. The MCF7, BT474, 
SKBR3, MDA-MB-453 and AU565 breast cancer cell lines 
were analyzed for Fn14, HER1, HER2, HER3, HER4 and 
tubulin expression by Western blotting. 
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1.3: Overexpress HER2 in MCF7 cells that make low levels of HER2 and 
analyze Fn14 protein expression. 

To investigate whether HER2 overexpression in breast cancer cells could directly up-

regulate Fn14 gene expression, we used MCF7 cells since they normally express low levels 

of HER1, HER2, HER4 and Fn14 but relatively high levels of the HER2-preferred binding 

partner, HER3 (Figure 16). Also, the MCF7/HER2 cell line is a well characterized model of 

HER2 overexpression in breast cancer (109). We found that transient transfection of these 

cells with a HER2 expression plasmid increased Fn14 protein levels (Figure 17A). We then 

compared Fn14 levels in parental MCF7 cells and a HER2-overexpressing stably-transfected 

MCF7 cell line (MCF7/HER2). HER2 overexpression in this cell line activated both HER2 

and HER3 as shown by Western blotting with phospho-HER2 and -HER3 antibodies (Figure 

17B). Fn14 expression was elevated in the MCF7/HER2 cells, as measured by both Western 

blot analysis (Figure 17C) and FACS analysis (Figure 17D). HER2 overexpression also 

increased Fn14 expression in another stably-transfected MCF7 cell line (MCF7/HER2-18) 

(Figure 17E). 

We also compared Fn14 levels in MCF7 cells stably-transfected with an aromatase 

expression plasmid (MCF7 Ca) versus their HER2-overexpressing letrozole-resistant 

counterpart (LTLT Ca) (104) and in parental murine NIH3T3 fibroblasts versus a HER2-

overexpressing stably-transfected NIH3T3 cell line. In both cases, HER2 overexpression 

increased Fn14 levels (Figure 18).  
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Figure 17. Transient and stable HER2 overexpression in MCF7 breast 
cancer cells increases Fn14 protein expression. (A) MCF7 cells were 
transiently transfected with 2 or 4 µg of a HER2 expression plasmid. Cells were 
harvested at 24 h post-transfection and Fn14, HER2 and tubulin expression 
analyzed by Western blotting. (B and C) MCF7 and MCF7/HER2 cells were 
analyzed for HER2, HER3, p-HER2, p-HER3, Fn14 and tubulin levels by 
Western blotting. (D) MCF7 and MCF7/HER2 cells were subjected to FACS 
analysis using an anti-Fn14 mAb (MCF7 cells: dark dashed line; MCF7/HER2 
cells: dark solid line) or isotype control IgG (MCF7 cells: light dashed line; 
MCF7/HER2 cells: light dotted line). FACS data provided by Ms. Sharron 
Brown, a laboratory co-worker. (E) MCF7 and MCF7/HER2-18 cells were 
analyzed for Fn14, HER2 and tubulin expression by Western blotting. 
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Figure 18. Fn14 expression is elevated in letrozole-resistant MCF7 cells and 
NIH3T3 cells stably overexpressing HER2. (A) MCF7 cells stably transfected 
with an aromatase expression plasmid (MCF7 Ca) and their letrozole-resistant 
counterpart (LTLT Ca) were analyzed for Fn14, HER2 and tubulin expression by 
Western blotting. (B) Murine NIH3T3 fibroblasts and their HER2 plasmid-
transfectants (NIH3T3/HER2 cells) were analyzed for Fn14, HER2 and tubulin 
expression by Western blotting. 
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1.4: Inhibit HER2 signaling in HER2-overexpressing cell lines using 
pharmacological agents or siRNAs and analyze Fn14 protein expression. 

We tested whether HER2 tyrosine kinase activity was critical for HER2-mediated Fn14 

up-regulation using lapatinib, a tyrosine kinase inhibitor that targets both HER1 and HER2 

(17). Lapatinib treatment of MCF7/HER2 cells inhibited HER2 and HER3 phosphorylation 

and significantly downregulated Fn14 expression (Figure 19A). Since MCF7 cells do not 

express HER1 (Figure 16), the effects of lapatinib must be mediated only via HER2 

inhibition. We also used RNA interference to deplete HER2 and HER3 expression in 

MCF7/HER2 cells. Cells were transiently transfected with control siRNA or HER2 and 

HER3 siRNA alone or in combination. Combined HER2-HER3 knockdown markedly 

inhibited Fn14 expression (Figure 19B). AU565 is a breast cancer cell line that normally 

expresses high levels of HER2 and HER3 (Figure 16) and both HER2 and HER3 tyrosine 

phosphorylation can be detected in these cells (Figure 19C). Lapatinib treatment and 

knockdown of HER2, HER3 or both HER2 and HER3 significantly decreased Fn14 

expression in these cells (Figure 19 C, D). Lapatinib treatment and combined HER2-HER3 

knockdown also decreased Fn14 expression in the MCF7/HER2-18 cell line (Figure 19 E, 

F).  
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Figure 19 (continued next page). Lapatinib treatment or HER2/HER3 
siRNA transfection of MCF7/HER2, AU565 and MCF7/HER2-18 cells 
decreases Fn14 expression levels. (A) MCF7/HER2 cells were serum-starved 
overnight and then either left untreated (NT, no treatment) or treated with DMSO 
vehicle or lapatinib (100 nM) for 8 h. Cells were harvested and Fn14, p-HER2, p-
HER3 and tubulin levels analyzed by Western blotting. (B) MCF7/HER2 cells 
were either left untreated (NT) or transiently transfected with Allstars control, 
HER2 and/or HER3 siRNA duplexes. Cells were harvested 48 h later and 
analyzed for Fn14, HER2, HER3 and tubulin levels by Western blotting. (C and 
D) AU565 cells were treated in the same manner as the MCF7/HER2 cells as 
described above in A and B. 
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Figure 19 (continued). Lapatinib treatment or HER2/HER3 siRNA 
transfection of MCF7/HER2, AU565 and MCF7/HER2-18 cells decreases 
Fn14 expression levels. (E and F) MCF7/HER2-18 cells were treated in the 
same manner as the MCF7/HER2 cells as described above in A and B. 
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1.5: Analyze whether HER2-driven Fn14 expression is regulated by a 
transcriptional or a post-transcriptional mechanism. 

We determined whether HER2 overexpression in MCF7 cells was increasing Fn14 

expression via a transcriptional or post-transcriptional mechanism. Quantitative real-time 

RT-PCR analysis indicated that Fn14 mRNA expression was not significantly increased in 

MCF7/HER2 cells compared to MCF7 cells (Figure 20A). It has been reported that HER2 

overexpression leads to activation of the PI3K-Akt-mTOR pathway resulting in an increase 

in cellular protein synthesis rate (110), but we found that the mTOR inhibitor rapamycin did 

not significantly down-regulate Fn14 expression in MCF7/HER2 cells Therefore, we 

investigated whether HER2 overexpression could be increasing Fn14 protein stability. 

Initially, we tried to measure the half-life of Fn14 protein decay in MCF7 and MCF7/HER2 

cells using metabolic pulse-chase assays, in which cells were labeled with [35 S] Met-Cys 

for 2 h, rinsed and incubated in medium containing unlabeled Met-Cys for up to 8 h prior to 

preparation of cell lysates and immunoprecipitation of Fn14. However, we were unable to 

detect radiolabelled-Fn14 under these experimental conditions. Therefore, we used the 

protein synthesis inhibitor cycloheximide (CHX) as a tool to measure Fn14 protein decay.  

MCF7 and MCF7/HER2 cells were treated with CHX for various lengths of time and Fn14 

levels were monitored by Western blot analysis. We found that Fn14 levels decreased more 

rapidly in the MCF7 cells compared to the MCF7/HER2 cells (Figure 20B, C). Linear 

regression analysis of the Western blot densitometric data indicated that the half-life of Fn14 

was ~ 5-fold longer in MCF7/HER2 cells compared to MCF7 cells (Figure 20D).  
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Figure 20. HER2 overexpression in MCF7 cells increases Fn14 protein 
stability. (A) Parental MCF7 cells (P) and MCF7/HER2 cells (H) were analyzed 
for Fn14 and GAPDH mRNA expression using quantitative real-time RT-PCR. 
Fn14 expression was normalized to GAPDH expression. The values shown are 
the mean +/- SEM of three experiments. (B) MCF7 and MCF7/HER2 cells were 
either left untreated or treated with 20 µg/ml cycloheximide (CHX) and 
harvested at 1, 2, 3, or 4 h after drug treatment. Fn14 and tubulin expression was 
analyzed by Western blotting. (C) The results shown in panel B were quantitated 
by densitometry and Fn14 expression was normalized to tubulin expression at 
each time point. The percentage of Fn14 remaining at each time point was 
plotted on a semi-logarithmic scale as a function of drug treatment time (MCF7 
cells: solid circles; MCF7/HER2 cells: open circles). (D) Half-life values were 
derived from the data shown in panel C by linear regression analysis. The values 
shown are the mean +/- SD of three experiments. *P< 0.05 by Students t test. 
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1.6: Inhibit MAPK and PI3K/AKT signaling in HER2-overexpressing cell 
lines using pharmacological agents and analyze Fn14 protein expression. 

HER2 overexpression in MCF7 cells leads to constitutive activation of the MAPK 

and PI3K-Akt signaling cascades (Figure 21A). To determine the contribution of these two 

pathways in regulating Fn14 expression, the MEK1/2 inhibitor U0126 (99) and the PI3K 

inhibitor wortmannin (111) were added to MCF7/HER2 cells (Figure 21B) and AU565 cells 

(Figure 21C). Both inhibitors reduced Fn14 expression levels in these cells, but wortmannin 

had the greatest inhibitory effect. 
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Figure 21 (continued next page). U0126 or Wortmannin treatment of 
MCF7/HER2 and AU565 cells decreases Fn14 expression. (A) Parental 
MCF7 (P) and MCF7/HER2 (H) cells were analyzed for p-ERK, ERK, p-p90 
RSK, p90 RSK, p-Akt, Akt, p-p70 S6K, and p70 S6K levels by Western 
blotting. 
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Figure 21 (continued). U0126 or Wortmannin treatment of MCF7/HER2 
and AU565 cells decreases Fn14 expression. (B) MCF7/HER2 cells were 
serum-starved overnight (0.5% FBS) and treated with DMSO vehicle, U0126 
(0.1 or 1 µM) or Wortmannin (WRMN; 0.1 or 1 µM) for 6 h and analyzed for 
Fn14, p-Erk, p-Akt and tubulin levels by Western blotting. (C) AU565 cells 
were treated in the same manner as the MCF7/HER2 cells as described above 
in B. 

B 

DM
SO

 

0.1 1.0 0.1 1.0      

U0
12

6 

W
RM

N 

Fn14 

Tubulin 

p-Erk 

p-Akt 

Fn14 

Tubulin 

p-Erk 

p-Akt 

DM
SO

 

0.1 1.0 0.1 1.0     

U0
12

6 

W
RM

N 
   

  

C 



69	  
	  

1.7: Analyze the role of EGF family ligands in regulating Fn14 expression. 

HER2 signaling in breast cancer cells can be activated by both HER2 overexpression and 

by ligand engagement of other EGFR family members; and in particular, by HRG1 binding 

to HER3. Therefore, we next evaluated the effects of HRG1 and other EGF family ligands 

on Fn14 expression in MCF7 cells. Serum-starved cells were treated for 4 hours with either 

the HER1 ligand EGF, the HER1/HER4 ligands heparin-binding EGF-like growth factor 

(HB-EGF) and betacellulin (BTC), or the HER3/HER4 ligands HRG1-α and HRG1-β1. 

Each growth factor increased Fn14 expression, but the maximal effect was seen with HRG1-

β1 (Figure 22A). The increase in Fn14 expression in MCF7 cells in response to HRG1-β1 

was both dose-dependent (Figure 22B) and time-dependent (Figure 22C). Also, HRG1-β1 

treatment of MCF7 cells transiently increased Fn14 mRNA levels (Figure 22D). HRG1-β1-

mediated Fn14 up-regulation requires HER3 binding and/or signaling since HER3 depletion 

in MCF7 cells attenuated this stimulatory effect (Figure 22E). Lapatinib pretreatment of 

MCF7 cells also inhibited the HRG1-β1 stimulatory effect, indicating that HER2 signaling, 

most likely via HER2-HER3 heterodimer formation, is required for Fn14 gene induction 

(Figure 22F).  
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Figure 22 (continued next page). HRG1-β1 induces Fn14 gene expression in 
MCF7 cells. (A) MCF7 cells were serum-starved overnight and either left 
untreated or treated with 10 or 100 ng/ml of the indicated growth factors for 4 h. 
Cells were harvested and Fn14 and tubulin expression analyzed by Western 
blotting. (B) Serum-starved MCF7 cells were either left untreated or treated with 
the indicated doses of HRG1-β1 for 4 h. Cells were harvested and Fn14 and 
tubulin expression analyzed by Western blotting. (C) Serum-starved MCF7 cells 
were either left untreated or treated with HRG1-β1 (10 ng/ml) for the indicated 
time periods. Cells were harvested and Fn14 and tubulin expression analyzed by 
Western blotting.  
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Figure 22 (continued). HRG1-β1 induces Fn14 gene expression in MCF7 cells. 
(D) MCF7 cells were serum-starved overnight (0.5% FBS) and then either left 
untreated or treated with HRG1-β1 (10 ng/ml) for the indicated time periods. Cells 
were harvested, RNA was isolated, and Fn14 and GAPDH mRNA expression was 
quantitated using real-time RT-PCR. Fn14 expression was normalized to GAPDH 
expression. The values shown are the mean +/- SEM of three experiments. (E) 
MCF7 cells were transiently transfected with either luciferase control siRNA or 
HER3 siRNA (25 nM). After 48 h of incubation the cells were serum-starved 
overnight and then either left untreated or treated with HRG1-β1 (10 ng/ml) for 4 
h. Cells were harvested and analyzed for Fn14, HER3 and tubulin expression by 
Western blotting. (F) MCF7 cells were serum-starved overnight and then either 
left untreated or treated with HRG1-β1 (10 ng/ml) for 4 h. In some cases the cells 
were first pretreated for 30 min with DMSO vehicle or lapatinib (100 nM). Cells 
were harvested and Fn14, p-HER2, p-HER3 and tubulin expression analyzed by 
Western blotting. 
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SPECIFIC AIM 2 

To determine whether Fn14 contributes to the enhanced proliferative and 

invasive capacity associated with HER2 overexpression and HRG-triggered 

signaling and the mechanistic basis for these effects. 
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2.1: Stable knockdown of Fn14 expression in HER2-overexpressing breast 
cancer cells. 

To determine the functional significance of Fn14 expression in HER2-overexpressing or 

HRG1-β1-stimulated breast cancer cells, we knocked down Fn14 expression in 

MCF7/HER2-18 cells and SKBR3 cells. We established pooled-positive clones in the two 

cell lines by stably transducing them with either a control shRNA or shRNAs targeting 

different regions of the Fn14 transcript (448, 561 and 562) using a lentivirus-based 

approach. Effective Fn14 knockdown in the MCF7/HER2-18 cells (Figure 23A) and SKBR3 

cells (Figure 23B) was confirmed by Western blot analysis. Migration/invasion assays were 

performed using MCF7/HER2-18 clones while growth assays/xenograft studies were 

performed using both SKBR3 and MCF7/HER2-18 clones. For migration, invasion and 

proliferation studies, MCF7/HER2-18 control shRNA #1 and #2, Fn14 shRNA 448#1 and 

Fn14 shRNA 562#1 clonal cell lines were chosen for subsequent experimental analysis. 

These cell lines will subsequently be referred to as control shRNA-1A, control shRNA-1B, 

Fn14-448 and Fn14-562, respectively. For proliferation studies, SKBR3 control shRNA #1, 

Fn14 shRNA 448#2 and Fn14 shRNA 561#2 clonal cell lines were chosen for subsequent 

experimental analysis. These cell lines will subsequently be referred to as control shRNA-

1A, Fn14-448 and Fn14-561, respectively. 
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Figure 23. Stable knockdown of Fn14 expression in HER2-overexpressing 
cells. 	   (A) MCF7/HER2-18 clonal cell lines stably transduced with a control 
shRNA lentivirus (#1 and 2) or two different Fn14 mRNA-targeted shRNA 
lentiviruses (448 # 1 and 2) (562 #1,2,3 and 4) were analyzed for Fn14 and 
tubulin expression by Western blotting.	   (B) SKBR3 clonal cell lines stably 
transduced with a control shRNA lentivirus (#1 and 2) or two different Fn14 
mRNA-targeted shRNA lentiviruses (448 # 1 and 2) (561 #1 and 2) were 
analyzed for Fn14 and tubulin expression by Western blotting. 
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2.2: Analyze the effect of stable Fn14 knockdown on basal cell migration and 
invasion using scratch wound assays and Matrigel invasion assays, 
respectively. 

We first analyzed the migratory potential of the four MCF7/HER2-18 cell lines in 10% 

serum-containing medium using scratch wound assays. Fn14 depletion significantly 

decreased the ability of these cells to close the scratch wound (Figure 24 A, B). We next 

determined the effects of Fn14 depletion on MCF7/HER2-18 cell invasion using modified 

Boyden chambers coated with basement membrane extract (Matrigel). The MCF7/HER2-18 

control shRNA cell lines did not invade through Matrigel when either 10% or 20% serum-

containing medium was used in the bottom chamber as the chemoattractant and the 

incubation period was as long as 72 hours; consequently, we could not evaluate if Fn14 

depletion also reduced basal invasion capacity.	  
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Figure 24. Fn14 depletion reduces MCF7/HER2-18 basal cell migration 
capacity. (A) Confluent monolayers of MCF7/HER2-18 control shRNA- and Fn14 
shRNA-transduced cells were wounded using a pipette tip. Wound closure was 
monitored by microscopy and representative photomicrographs (20X magnification) 
are shown. (B) Wound width was calculated at 0 and 24 h and the difference plotted 
as percent wound closure. The values shown are mean +/- SEM of three 
experiments. **P< 0.01 compared to control shRNA-1A cells by Students t test. 
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2.3: Analyze the effect of stable Fn14 knockdown on HRG1-β1-induced cell 
migration and invasion using scratch wound assays and Matrigel invasion 
assays, respectively. 

HRG1-β1 treatment of MCF7 cells increases Fn14 gene expression (shown above) and 

HRG1-β1 is a potent pro-migratory (46) and pro-invasive (48) factor for these cells. Since 

HRG1-β1 treatment of control MCF7/HER2-18 cells also increases Fn14 expression, 

migration and invasion (Figure 25), we examined whether Fn14 up-regulation was required 

for HRG1-β1-driven cell motility using the control and Fn14-depleted MCF7/HER2-18 cell 

lines. We found that Fn14 depletion attenuated both HRG1-β1-stimulated cell migration 

(Figures 26A, B) and invasion (Figure 26C, D).  
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Figure 25. HRG1-β1 treatment of control MCF7/HER2-18 cells increases 
Fn14 expression, migration and invasion. (A) The MCF7/HER2-18 control 
shRNA-1A and Fn14 shRNA-448 cell lines were serum-starved (0.5% FBS) 
and then either left untreated or treated with HRG1-β1 (50 ng/ml) for the 
indicated time periods. Cells were harvested and Fn14 and tubulin expression 
analyzed by Western blotting. Fn14 up-regulation was also attenuated when 
HRG1-β1 was added to the Fn14 shRNA-562 cell line. (B) Confluent 
monolayers of MCF7/HER2-18 control shRNA-1A cells were wounded using 
a pipette tip and then either left untreated (NT, no treatment) or treated with 
HRG1-β1 (200 ng/ml) for 24 h. Wound closure was monitored by microscopy 
and representative photomicrographs (20X magnification) are shown. (C) The 
same control cell line was plated into invasion chambers and either left 
untreated (NT, no treatment) or treated with HRG1-β1 (200 ng/ml). After 48 h 
of incubation the invasive cells were stained and representative 
photomicrographs (20X magnification) are shown. 
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Figure 26. Fn14 depletion in MCF7/HER2-18 cells reduces HRG1-β1-
stimulated cell migration and invasion. (A) HRG1-β1-stimulated migration of 
the MCF7/HER2-18 control and Fn14 shRNA cell lines was compared using the 
scratch wound assay. Representative photomicrographs (20X magnification) are 
shown. (B) Wound width was calculated at 0 and 24 h and the difference plotted 
as percent wound closure. The values shown are mean +/- SEM of three 
experiments. **P< 0.01 compared to control shRNA-1A cells by Students t test. 
(C) HRG1-β1-stimulated invasion of the MCF7/HER2-18 control and Fn14 
shRNA cell lines was compared using the Matrigel invasion assay. Representative 
photomicrographs (20X magnification) are shown. (D) HRG1-β1-stimulated cell 
invasion was quantitated as described in Materials and Methods. The values 
shown are mean +/- SEM of three experiments. **P< 0.01 compared to control 
shRNA-1B cells by Students t test. 
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2.4: Analyze the role of MMP-9 as a possible mediator of Fn14-induced  
cellular invasion. 

In order to gain insight into the molecular basis for Fn14 regulation of HRG1-β1-

triggered MCF7/HER2-18 cell invasion we first compared HRG1-β1-stimulated HER3, Erk 

and Akt phosphorylation in our control and Fn14-depleted cell lines using Western blot 

analysis. These early HRG1-β1 signaling events occurred normally in the Fn14-depleted 

cells (Figure 27). It has been previously reported that HRG1-β1 treatment of MCF7 cells 

stimulates MMP-9 expression and activity (47) and we found that HRG1-β1-stimulated 

MCF7/HER2-18 cell invasion is reduced when cells are treated with SB-3CT, a specific 

inhibitor of MMP-2/MMP-9 activity (112) (Figure 28A, B). Therefore, we determined 

whether Fn14 depletion had an effect on basal or HRG1-β1-stimulated MMP-9 gene 

expression. Quantitative real-time RT-PCR analysis indicated that basal as well as HRG1-

β1-stimulated MMP-9 mRNA expression was significantly decreased in the MCF7/HER2-

18 Fn14 shRNA-448 cells compared to control cells (Figure 29A). Gelatin zymography 

assays were then performed using conditioned media obtained from the two cell lines in 

order to examine MMP-9 protein levels. We found that the Fn14 shRNA-448 cells had 

reduced basal as well as HRG1-β1-stimulated MMP-9 gelatinolytic activity (Figure 29B). 
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Figure 27. Analysis of HER3, Erk and Akt activation in HRG1-β1-treated 
MCF7/HER2-18 control shRNA and Fn14 shRNA-448 transduced cells. 
MCF7/HER2-18 control shRNA and Fn14 shRNA-448 transduced cells were 
serum-starved (0.5% FBS) and then either left untreated or treated with HRG1-β1 
(50 ng/ml) for the indicated time periods. Cells were harvested and p-HER3, p-Erk 
and p-Akt expression analyzed by Western blotting. 
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Figure 28. Inhibition of MMP activity in MCF7/HER2-18 cells reduces 
HRG1-β1-stimulated Matrigel invasion. (A) MCF7/HER2-18 control 
shRNA-1A cells were plated into invasion chambers and treated with DMSO 
vehicle or MMP-2/MMP-9 Inhibitor 4 (SB-3CT) (20 µM) in the presence of 
HRG1-β1 (200 ng/ml). After 48 h of incubation the invasive cells were stained 
and representative photomicrographs (20X magnification) are shown. (B) 
HRG1-β1-stimulated cell invasion of vehicle- or drug-treated cells was 
quantitated as described in Materials and Methods. The values shown are 
mean +/- SEM of three experiments. *P< 0.05 by Students t test.  
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Figure 29. Fn14 depletion in MCF7/HER2-18 cells reduces HRG1-β1-
stimulated MMP-9 expression and activity. (A) The MCF7/HER2-18 
control shRNA-1 and Fn14 shRNA-448 cell lines were serum-starved and then 
either left untreated or treated with HRG1-β1 (50 ng/ml) for 12 h. Cells were 
harvested, RNA was isolated, and MMP-9 and GAPDH mRNA expression 
was quantitated using real-time RT-PCR. MMP-9 expression was normalized 
to GAPDH expression. The values shown are the mean +/- SEM of three 
experiments. *P< 0.05 by Students t test. (B) The MCF7/HER2-18 control 
shRNA-1 and Fn14 shRNA-448 cell lines were serum-starved and then either 
left untreated or treated with HRG1-β1 (50 ng/ml) for the indicated time 
periods. Conditioned media was collected and concentrated and MMP-
2/MMP-9 activity analyzed using gelatin zymography. 
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2.5: Analyze whether re-introduction of full-length, wild-type Fn14 into 
Fn14-depleted cells can rescue cellular invasion. 

We next investigated whether re-introduction of Fn14 into Fn14-depleted HER2-18 cells 

could rescue the invasion deficit. Fn14 shRNA-448 cells were stably transfected with vector 

alone or a human Fn14 expression plasmid. This plasmid did not include the Fn14 3'-UTR 

and thus ectopic Fn14 expression should not be inhibited by Fn14 shRNA co-expression, 

and this was confirmed by Western blot analysis (Figure 30A). Expression of Fn14 in the 

MCF7/HER2-18 cells resulted in an increase in HRG1-β1-stimulated cell invasion (Figure 

30 B, C). Furthermore, forced expression of the Fn14 protein in the Fn14 shRNA-448 cells 

was also able to increase HRG1-β1-stimulated MMP-9 expression (Figure 30D).	  
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Figure 30. Fn14 overexpression in Fn14-depleted HER2-18 Fn14-448 cells 
rescues Matrigel invasion and MMP-9 activity. (A) Fn14 shRNA-448 cells, 
stably transfected with vector or Fn14-myc plasmid, were analyzed for myc and 
tubulin expression by Western blotting. (B) HRG1-β1-stimulated invasion of the 
vector or Fn14-transfected Fn14 shRNA-448 cells was compared using the 
Matrigel invasion assay. Representative photomicrographs (20X magnification) 
are shown. (C) HRG1-β1-stimulated invasion was quantitated as described in 
Materials and Methods. The values shown are mean +/- SEM of three 
experiments. **P< 0.01 by Students t test. (D) Fn14 shRNA-448 cells stably 
transfected with vector or Fn14-myc plasmid were serum-starved and then either 
left untreated or treated with HRG1-β1 (50 ng/ml) for the indicated time periods. 
Conditioned media was collected and concentrated and MMP-2/MMP-9 activity 
analyzed using gelatin zymography. 

C 

N
o.

 o
f C

el
ls

 In
va

de
d ** 

0 

50 

100 

150 

200 

250 

Vector Fn14 

Myc 

Tubulin 

Ve
cto

r 
Fn

14
-m

yc
 A 

D 

MMP-9 - 

HRG-1!1: 

MMP-2 - 

Fn14-448 

  0    12h  24h    0    12h   24h 

Vector Fn14 

B 

Fn14- 448 

Vector Fn14-FL 



86	  
	  

 

2.6: Analyze the effect of Fn14 depletion in HER2-overexpressing breast 
cancer cells on cellular proliferation and tumor growth. 

We analyzed the effect of Fn14 depletion in MCF7/HER2-18 cells and SKBR3 cells on 

anchorage-independent growth using the MTT assay. The MTT assay measures the rate of 

cellular proliferation and conversely, when metabolic events lead to apoptosis or necrosis, 

the reduction in cell viability. Fn14 depletion had no effect on cell proliferation in normal 

10% FBS-containing media. However, Fn14 depletion in both HER2-18 and SKBR3 cells 

significantly decreased cell proliferation, when experiments were performed under low 

serum (0.5% FBS) conditions (Figure 31).  

We next determined whether Fn14 depletion could have an effect on anchorage-

independent growth by analyzing the ability of Fn14-depleted SKBR3 cells to form colonies 

in soft agar. SKBR3 control shRNA and Fn14 shRNA transduced cells were allowed to form 

colonies over a period of two weeks, after which viable colonies were stained blue with INT 

(P-Iodonitrotetrazolium Violet) dye. Fn14-depleted cells showed a significant decrease in 

colony number (Figure 32). 

We next determined whether Fn14 depletion could have an effect on tumor xenograft 

growth in nude mice. SKBR3 and MCF7/HER2-18 control shRNA and Fn14 shRNA 

transduced cells were injected subcutaneously into the flanks of nude mice (four mice per 

group) and allowed to form xenografts. Tumor volumes were measured bi-weekly using 

calipers by taking measurements of tumor length (L) and tumor width (W) and using the 

formula: volume (V) = (W/2)2 X L. MCF7/HER2-18 xenografts formed relatively quickly 

and reached ~1000 mm3 by 2-3 weeks, while SKBR3 xenografts were slower to develop and 
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only reached a tumor volume of ~ 200 mm3 by around 3 months. At the end of the 

experiment mice were euthanized, tumors were excised and tumor weight and volume was 

calculated. Preliminary results indicate that Fn14 depletion in SKBR3 and MCF7/HER2-18 

cells decreased tumor xenograft growth (Figure 33).  
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Figure 31. Fn14 depletion in MCF7/HER2-18 cells and SKBR3 cells 
reduces basal cellular proliferation. (A) MCF7/HER2-18 and (B) SKBR3 
control shRNA and Fn14-shRNA transduced cells were plated in 96 well 
plates in 10% FBS-containing media. After overnight incubation, media was 
removed and fresh 0.5% FBS-media was added to cells. After 72 h, MTT 
assay was performed and absorbance at 540 nm was measured. Results shown 
are from a single experiment. 
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Figure 32. Fn14 depletion in SKBR3 cells reduces colony formation in 
soft agar. (A) SKBR3 control shRNA and Fn14-shRNA transduced cells in 
a 0.4% agar suspension were plated in agar-coated 24 well plates and 
allowed to form colonies over 2 weeks. Viable colonies were stained using 
INT and counted using a colony counter. The values shown are mean +/- 
SEM of two experiments. *P< 0.05 compared to control shRNA-1A cells by 
Students t test. (B) Representative photomicrographs (40X magnification) of 
INT-stained colonies. 
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Figure 33. Fn14 depletion in MCF7/HER2-18 and SKBR3 cells reduces 
tumor xenograft growth. (A) MCF7/HER2-18 and (B) SKBR3 control shRNA 
and Fn14-shRNA transduced cells were inoculated s.c into the flanks of 
athymic, nude mice (n=4 per group) and allowed to form xenografts. Tumor 
volume was monitored bi-weekly over a period of three weeks (MCF7/HER2-18 
cells) to three months (SKBR3 cells), after which time, mice were euthanized 
and final tumor volumes measured. Results shown are from a single experiment. 
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CONCLUSIONS 

Overexpression of the EGFR family member HER2 occurs in ~25% of all breast cancer 

cases and some HER2+ tumors also express the HER2-preferred binding partner HER3 (34, 

35). HRG1, a ligand for HER3, is also expressed in breast tumors (113, 114).  Both HER2 

overexpression- and HRG1-mediated HER2/HER3 signaling likely contributes to breast 

cancer pathophysiology. In this study, we first extended our earlier findings showing a 

correlation between Fn14 and HER2 expression in human breast tumors (81) by conducting 

IHC analysis of human breast tumor specimens of different HER2 staining scores and by 

Western blot analysis of mammary tumor specimens derived from MMTV-c-Neu transgenic 

mice. We then demonstrated that (1) HER2 overexpression, achieved via plasmid 

transfection of MCF7 breast cancer cells or endogenous HER2 gene amplification in AU565 

cells, activates HER2-HER3 signaling and increases Fn14 expression levels, (2) HRG1-β1 

treatment of MCF7 cells, which also activates HER2-HER3 signaling, can induce Fn14 gene 

expression, and (3) HRG1-β1 treatment of HER2-overexpressing MCF7/HER2-18 cells 

further up-regulates Fn14 levels, and this “super-induction” is required for maximal cell 

migration, invasion and MMP-9 expression. We also provide preliminary evidence 

suggesting that Fn14 depletion decreases proliferation, colony formation and tumor 

xenograft growth of HER2-overexpressing breast cancer cells. 

We identified a direct, mechanistic link between HER2 overexpression and Fn14 up-

regulation in breast cancer cells. First, we found that both transient and stable expression of 

HER2 in MCF7 cells up-regulated Fn14 protein expression. Stable HER2 overexpression in 

MCF7 cells promoted HER2 and HER3 tyrosine phosphorylation (markers of HER2-HER3 

activation), and inhibition of HER2-HER3 signaling using pharmacological (lapatinib) or 
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genetic (siRNA) interventions significantly reduced Fn14 expression. Additionally, we 

observed similar effects in the AU565 breast cancer cell line that naturally expresses high 

levels of HER2 and HER3. We observed that in MCF7/HER2 and MCF7/HER2-18 cells, 

depletion of both HER2 and HER3 was required to decrease Fn14 expression, while in the 

AU565 cells, knockdown of either HER2 or HER3 was sufficient to decrease Fn14 

expression. One possible reason for this effect might be that in the MCF7/HER2 cells, 

HER3 may activated by non-HER receptor tyrosine kinases such as Met (115) in the 

absence of HER2, and this might drive Fn14 expression. We also demonstrated that 

pharmacological inhibition of either the MAPK or PI3K signaling pathways significantly 

decreased Fn14 expression in both MCF7/HER2 and AU565 cells, suggesting a contribution 

of both pathways in regulating Fn14 gene expression. 

HER2 overexpression-induced or HRG-induced HER2 signaling can activate gene 

transcription via several signaling pathways, including the MAPK (99, 100),  PI3K-Akt 

(100, 101) and NF-kB (102) pathways. The Fn14 gene promoter has potential transcription 

factor binding sites for both AP-1 and NF-kB (71, 103). Therefore, we postulated that the 

increase in Fn14 expression in HER2-overexpressing cells was likely due to an increase in 

Fn14 gene transcription; however, we did not observe a significant difference in Fn14 

mRNA levels between the MCF7 and MCF7/HER2 cells. Therefore, we examined the 

possibility that HER2 overexpression was increasing Fn14 protein stability. Initially, we 

tried to measure the half-life of Fn14 protein decay in MCF7 and MCF7/HER2 cells using 

metabolic pulse-chase assays; however, we were unable to detect radiolabelled-Fn14 under 

these experimental conditions. It is possible that the small size of Fn14 and presence of very 

few cysteine/methionine residues might be preventing effective radio-labelling. Therefore, 
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we used the protein synthesis inhibitor cycloheximide (CHX) as a tool to measure Fn14 

protein decay. We compared the rate of Fn14 protein decay in CHX-treated MCF7 and 

MCF7/HER2 cells and found that the half-life of Fn14 was significantly prolonged in 

MCF7/HER2 cells. CHX treatment of cells may be a sub-optimal technique to measure 

protein half-life, as prolonged treatment with CHX decreases cellular viability. However, 

given the fact that we were able to limit CHX treatment to 4 h and were able to detect 

differences in protein turnover in the first hour itself, we feel that this technique holds 

experimental value. The molecular basis for this effect is presently unknown, but HER2 has 

been shown to increase the stability of CXCR4 (111), the androgen receptor (116) and 

survivin (117) by decreasing the ubiquitin-mediated degradation of these proteins. Further 

studies are required in order to ascertain the molecular basis of increased Fn14 protein 

stability in HER2-overexpressing cells. 

The HER2 receptor has no known ligand, but it can be activated following ligand 

engagement of other EGFR family members via receptor heterodimerization (33); therefore, 

we examined the effects of various EGF family members on Fn14 expression in MCF7 cells. 

All of the tested ligands induced Fn14 expression, which was not totally unexpected since 

Fn14 expression is known to increase in response to many different growth factors and 

cytokines (66). HRG1-α and HRG1-β1, ligands for HER3 and HER4, were the two most 

potent inducers of Fn14 expression in MCF7 cells. HRG1-β1 treatment of MCF7 cells 

transiently increased Fn14 mRNA levels, suggesting that ligand engagement was inducing 

Fn14 gene transcription. Also, we found that both HER3 siRNA and lapatinib treatment 

prevented the HRG1-β1-stimulated increase in Fn14 expression observed in these cells, 
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indicating that HRG1-β1-induced Fn14 expression was most likely due to HER2-HER3 

heterodimerization and signaling.  

We generated MCF7/HER2-18 cell lines with normal or reduced Fn14 levels using 

non-silencing or Fn14 shRNA lentiviral constructs in order to investigate the potential role 

of Fn14 in HER2/HER3-activated breast cancer cells. First, we compared the basal 

migration capacity of the control and Fn14-depleted MCF7/HER2-18 cell lines. The 

MCF7/HER2-18 cells with reduced Fn14 levels had less migratory capacity in a scratch 

wound repair assay. This finding is consistent with previous studies demonstrating that Fn14 

depletion reduces prostate (83) and lung (85) cancer cell migration. Second, we examined 

the effect of Fn14 depletion on basal invasion capacity and found that neither the control nor 

Fn14-depleted MCF7/HER2-18 cell lines could invade through a Matrigel barrier. Previous 

studies have also found that parental (81, 118, 107) and HER2-overexpressing (119) MCF7 

cells are poorly invasive. We previously found that ectopic Fn14 expression in MCF7 cells 

increases invasive capacity (81). Our finding that HER2 overexpression in MCF7 cells 

increases Fn14 levels but not invasive capacity indicates that this degree of endogenous 

Fn14 up-regulation is not sufficient to increase MCF7 cell invasiveness under our 

experimental conditions. 

Since HRG1-β1 treatment, like HER2 overexpression, can activate HER2/HER3 

signaling and up-regulate Fn14 gene expression in parental MCF7 cells we investigated 

whether HRG1-β1 treatment of the control shRNA-expressing MCF7/HER2-18 cells might 

increase endogenous Fn14 levels over and beyond the level observed with HER2 

overexpression alone. We found that this was the case; additionally, we showed that HRG1-

β1 treatment of control MCF7/HER2-18 cells, like parental MCF7 cells (120, 121, 122, 49) 
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increased migration and invasion. These findings allowed us to test whether Fn14 up-

regulation was required for HRG1-β-stimulated MCF7/HER2-18 cell migration and 

invasion, and this turned out to be the case. We confirmed that Fn14 levels could regulate 

invasion by showing that ectopic expression of Fn14 in Fn14-depleted MCF7/HER2-18 cells 

stimulated HRG1-β1-mediated cell invasion. 

Numerous studies have demonstrated that HRG1-β1 and HER2/HER3 signaling in 

breast cancer cells can up-regulate MMP-9 production (120, 47, 123) and we found that 

maximal HRG1-β1-stimulated MCF7/HER2-18 cell invasion requires MMP-9 activity. 

Since TWEAK:Fn14 binding can up-regulate MMP-9 expression in various cell types, 

including glioma (78)  and prostate cancer (83) cells, we investigated whether Fn14 levels 

could also modulate MMP-9 production. We found that in comparison to the control 

MCF7/HER2-18 cells, the Fn14-depleted cells had lower basal as well as HRG1-β1-

stimulated MMP-9 expression. This finding is consistent with a recent report showing that 

transient Fn14 depletion in PC-3 prostate cancer cells can decrease basal MMP-9 expression 

(83).   

Finally, we also provide preliminary evidence suggesting that Fn14 depletion in HER2-

overexpressing cells decreases cellular proliferation, colony formation in soft agar and 

tumor xenograft growth. Since TWEAK-Fn14 signaling has been shown to increase survival 

in glioma cells (70) and tumor angiogenesis in nude mice (87), it is likely that these 

mechanisms also contribute to decreased proliferation and tumor xenograft growth that we 

observe in Fn14-depleted, HER2-overexpressing cells. Further studies are required to 

determine whether this is the case and the molecular basis for these effects. 
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In conclusion, we have demonstrated that both HER2 overexpression in MCF7 and 

AU565 breast cancer cells and HRG1-β1 stimulation of parental and HER2-overexpressing 

MCF7 cells increases Fn14 receptor expression, most likely via HER2/HER3 activation and 

stimulation of the MAPK and PI3K signaling pathways (Figure 34). We also found that 

HRG1-β1 treatment of HER2-overexpressing cells promotes cell migration, invasion and 

MMP-9 expression, and these effects are attenuated when Fn14 up-regulation is prevented 

(Figure 34). Our finding that HRG1-β1-mediated Fn14 up-regulation in MCF7/HER2-18 

cells is required for maximal MMP-9 production may explain, at least in part, why HRG1-

β1-stimulated invasion is impaired in the Fn14-depleted cell lines. Taken together, our 

results indicate that Fn14 may play a role in HER2/HER3-driven breast cancer cell 

migration and invasion. Furthermore, since Fn14 and HER2 are frequently co-expressed in 

human breast tumors (81) (Figures 12, 13), agents targeting the Fn14 receptor could be 

particularly beneficial to those HER2+ patients with intrinsic or acquired resistance to the 

current therapeutic agents trastuzumab and lapatinib (124, 125).   
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Figure 34. Model of regulation of Fn14 expression and its role in mediating 
cellular invasion in HER2-overexpressing breast cancer cells. HER2 
amplification and overexpression in breast cancer cells (MCF7/HER2 and AU565 
cells) and HRG binding to HER3 results in the formation of HER2:HER3 
heterodimers (top centre). HER2 overexpression results in increased Fn14 protein 
expression, which can be blocked by HER2 kinase inhibition with lapatinib or with 
HER2 siRNA (top left). This increase in Fn14 expression occurs principally via an 
increase in Fn14 protein stability. HRG1-β1 stimulation of parental and HER2-
overexpressing MCF7 cells also increases Fn14 receptor expression, and this occurs 
via an increase in Fn14 mRNA levels (top right). HER2 overexpression leads to 
activation of the Erk 1/2 and Akt signaling pathways (dark blue arrows), and both 
pathways contribute to the HER2-mediated increase in Fn14 expression. The Erk 
1/2 pathway also plays an important role in the HRG1-β1-induced increase in 
MMP-9 expression in breast cancer cells. Fn14 up-regulation in HER2-
overexpressing MCF7 cells contributes to HRG1-β1-induced cell migration, 
invasion and MMP-9 gene transcription and activity (black arrow). The 
mechanisms underlying Fn14-mediated regulation of MMP-9 expression remain 
undefined and could possibly involve activation of Erk 1/2 or NF-κB signaling 
pathways. 
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