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ABSTRACT

The epidermal growth factor receptor (EGFR) is a tyrosine kinase cell surface
receptor, belonging to the ErbB family of receptors, which functions to initiate
downstream signaling pathways resulting in cellular proliferation, differentiation,
migration, adhesion, and metastasis. EGFR is over expressed in numerous types of
cancers including head and neck, breast, colon, lung, renal, and ovarian, and this
overexpression of EGFR has been correlated with poor prognosis and survival rates
specifically in head and neck squamous cell carcinoma (HNSCC). Due to the prooncogenic activity of EGFR (e.g. cell growth, angiogenesis, and metastasis), ameliorating
the function of EGFR makes it an attractive target for chemotherapy. While clinical
therapy with Erlotinib is quite successful, resistance to the chemotherapy agent is highly
prevalent. To date, the molecular mechanism by which cancers become resistant to
Erlotinib remains unclear. These studies identify a novel pathway in head and neck
carcinoma cell lines involving the up-regulation of NADPH oxidase enzymes (NOX),
specifically NOX4 and DUOX2, after Erlotinib treatment, which leads to an increased
production of hydrogen peroxide and finally increased IL-6 production. The IL-6 axis has
been proposed to play a definitive role in the long-term proliferation and survival of
various cancers, and perturbation of this axis by Erlotinib may initiate pro-survival
signals which render the cancers resistant to Erlotinib. Therefore, we put forth a model
of multidrug therapy targeting NOX enzymes and/or IL-6 in combination with Erlotinib
to counteract the potential drug-resistance mechanisms often observed in malignancy.
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INTRODUCTION
Head and Neck Cancer
HNSCC includes cancers of the oral cavity, larynx, pharynx, salivary glands, and
nose/nasal passages. Squamous cell carcinoma of the head and neck (HNSCC) is the
sixth most common neoplasm worldwide [1], with more than 500,000 new patients with
HNSCC being diagnosed each year worldwide [2]. Approximately 7600 deaths from
HNSCC occur annually in the United States [3]. The most common risk factors for
developing HNSCC include alcohol and tobacco use and infection with Epstein Barr and
human papilloma virus (HPV). Actually, 50% of cancers arising in the oropharynx,
particularly in the tonsils and the base of the tongue, contain HPV DNA [4].
Molecular evidence indicates that some, if not all, multiple primary cancers
within the upper respiratory tract derive from a common clonal progenitor cell that
undergoes a common early molecular mutation [1]. Studies have shown that genetic
alterations, such as loss of heterozygosity, microsatellite instability, or both, were
detected in 80% of saliva samples taken from patients with HNSCC [1]. DNA from these
cell samples had the same genetic alterations, such as p53 mutation, inactivation of p16
and pTEN, and amplification of Cyclin D1, identical to those observed in the primary
tumors [4]. Some biomarkers associated with HNSCC include inactivation of CDKN2A
and TP53, and dysregulation of CCND1 [5]. A change most commonly found in HNSCC
is the overexpression of the epidermal growth factor receptor (EGFR). More than 90% of
HNSCC overexpresses EGFR. [1]. EGFR also is commonly overexpressed in other
cancers such as glioblastoma, non-small cell lung, breast, colorectal, bladder, prostate and
ovarian carcinomas. Overexpression of EGFR correlates with poor prognosis, worse
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clinical outcome, and chemoresistance in a large number of the previous listed cancers
[1].
EGFR belongs to the ErbB receptor family of tyrosine kinases. There are four
members of the ErbB family; EGF receptor (EGFR/erbB1), c-erbB2/HER2, c-erbB3/HER3 and c-erbB4/HER4. EGFR is a 170-kd glycoprotein that consists of a
glycosylated, extracellular-ligand binding domain, a transmembrane region, and an
intracellular tyrosine kinase domain. There are many different ligands that are able to
bind to the EGFR extracellular domain such as, epidermal growth factor (EGF),
transforming growth factor–beta (TGF-β), amphiregulin, heparin-binding EGF, and
betacellulin. EGF and TGF-β are believed to be the most important ligands for EGFR [6].
In addition, increased receptor concentration is also associated with an increased
production of EGFR activating ligands by the same tumor. This autocrine pathway leads
to activation of the receptor and secondary down-stream signaling. In the absence of a
ligand, monomeric receptors reside within the cell membrane in an inactive state
distributed rather evenly over the cell membrane. Upon ligand binding, the ErbB
receptors homo- or hetero- dimerize. This leads to activation of the intrinsic kinase
domain, resulting in the auto-phosphorylation of tyrosine residues found within the
cytosplasmic tail. It is now evident that further oligomerization of these receptors occurs
in response to ligand binding and second messenger recruitment. Once dimerization
occurs, the receptors serve as “signaling platforms” by recruiting different receptors and
other secondary messengers [6]. The phosphorylated tyrosine residues serve as binding
sites for a range of proteins. These proteins recognize the phosphorylated tyrosine
residues on the EGFR cytoplasmic tail using their src homology 2 (SH2) domain or
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phosphotyrosine (PTP) binding domain [6]. Important signaling effectors resulting from
EGFR activation include signal transducer and activator of transcription (STAT), SRC
tyrosine kinase, GRB2 (Growth Factor Receptor-Bound Protein-2), Nck (Nck Adaptor
Protein), PLC-Gamma (Phospholipase-C-Gamma), and SHC (Src Homology-2 Domain
Containing Transforming Protein) [6, 7]. These effectors are involved in two main
pathways activated by EGFR: the mitogen-activated protein kinase (MAPK) and the
phosphotidylinositol 3-kinase (PI3K)-AKT pathway [8]. When these pathways are
activated they lead to cell growth, differentiation, proliferation, cell survival, and motility
via up-regulation of transcription factors [9].
The standard of care for patients with HNSCC depends on the stage of the cancer.
The 2005 World Health Organization (WHO) classifications and squamous intraepithelial
neoplasia (SIN) stages are mild (SIN1), moderate (SIN2), or severe dysplasia (SIN3), and
carcinoma in situ (SIN3) for a precursor lesion. This includes squamous cell hyperplasia,
mild dysplasia, moderate dysplasia, or severe dysplasia, needs complete surgical
excision. Patients with carcinoma in situ require more extensive management though,
such as possible radiation.
The prognosis for patients with invasive HNSCC is determined by the stage at
presentation, established based on the extent of the tumor, as well as the presence of
lymph-node metastases and distant metastases. About one third of HNSCC patients
present with early-stage disease, whereas two thirds present with advanced cancer with
lymph node metastases [10]. Long-term survival in HNSCC patients with locoregional
recurrence and distant metastasis remains poor. Primary surgery followed by
chemoradiotherapy, or primary concurrent platinum-based chemoradiotherapy such as

4
cisplatin, are the standard treatment options for patients with locally advanced HNSCC
[1]. Survival outcomes are poor (less than 50% five-year survival rates world-wide) and
the treatment is uniformly morbid. The poor 5-year survival rates have remained
unchanged for more than three decades [4]. Thirty-five to 55% of patients with advancedstage HNSCC remain disease-free 3 years after standard treatment. However,
locoregional recurrence develops in 30% to 40% of patients and distant metastases occur
in 20% to 30% of HNSCCs [4]. Locoregional recurrences often require a combination of
surgery, radiation therapy, and/or chemotherapy, and metastatic disease is treated with
chemotherapy [11-13]. Despite treatment advances, locoregional disease recurrence is
still a major problem in patients with advanced disease [1]. In addition to recurrance,
some patients with HNSCC cannot tolerate cisplatin treatment or they develop resistance
to it. Therefore, targeted therapy for HNSCC is needed [14, 15]
The approaches used to target EGFR signaling include EGFR blocking
monoclonal antibodies targeting the extracellular ligand binding domain, and small
molecular weight EGFR tyrosine kinase compounds [8]. The differing mechanism of
action and toxicity of these agents compared with those of traditional approaches, such as
cisplatin, provide a good reason for evaluating them in combination to attempt to achieve
additive or even synergistic anticancer activity [7]. Treatment of tumors with these
inhibitors affects downstream signaling pathways that are essential for cancer
development and progression [8]. The efficacy of these inhibitors has been shown when
translated from mice to patients in clinical trials. These chemotherapeutics have been
introduced into clinical practice by the development of the EGFR monoclonal antibody
Cetuximab and the EGFR tyrosine kinase inhibitors (TKIs) Erlotinib, Lapatinib, and
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Gefitinib. Cetuximab was approved for treatment in patients with locally or regionally
advanced HNSCC and EGFR-expressing, metastatic, colorectal cancer in 2006 and 2004
respectively [16]. Erlotinib was approved for use in non-small lung cell carcinoma
(NSCLC) in 2004 and pancreatic cancer 2005 [17]. Lapatinib inhibits the tyrosine kinase
domain of both EGFR and the ERBB2 receptor and was approved for HER-2
overexpressing, metastatic breast cancer use in 2007 [18]. Gefitinib was approved for use
in locally advanced and metastatic NSCLC in 2003 [19]. These TKIs are small molecular
weight, hydrophobic molecules that quickly reach their intracellular target. They target
the intracellular kinase domain of EGFR by blocking the ATP-binding pocket thus
preventing autophosphorylation on cytoplasmic tyrosines, and subsequent assembly of
downstream macromolecular signaling complexes [20]. EGFR-targeted TKIs and
antibodies down-regulate PI3K-AKT, MAPK, SRC, and in some cases STAT signaling,
which in turn block proliferation of tumor cell lines and xenografts in nude mice [8].
Although the advanced development of these clinical available EGFR TKIs shows
some efficacy in certain cancers, the issue of poor response and/or constitutive resistance
in a large number of patients and the development of acquired resistance in the
responders remains an important area of research [6]. Various studies examining the
efficacy of these drugs showed varied results in median survival in patients. Cetuximab
trials were done in patients with HNSCC and metastatic colorectal cancer. Median surival
was 49 months with radiotherapy (RT) compared to 29.3 months with RT alone in
HNSCC patients. Median survival was 10.1 months with chemotherapy compared to 7.4
months for chemotherapy alone (Cisplatin and 5-flurouracil) also in HNSCC patients.
Overall survival was 6.1 months with best palliative care compared to 4.6 months for best
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palliative care alone in metastatic colorectal cancer patients [21, 22]. Lapatinib increased
median time-to-progression (TTP) to 23.9 weeks in combination with capecitabine
compared to only 18.3 weeks for capecitabine alone in breast cancer patients [18].
Gefitinib clinical trials failed to show an improvement in overall patient survival [23];
therefore, Erlotinib was developed. When used in clinical trials the median survival
increased from 3.8 months for the placebo to 10.7 months for Erlotinib in NSCLC
patients. In combination with gemcitabine median survival increased to 6.4 months
compared to 6.0 months for gemcitabine alone in pancreatic cancer patients [17, 24].
Overall, although there is a slight improvement in median survival with these inhibitors,
the efficacy can still be improved.
Insight into the molecular events underlying poor efficacy of EGFR inhibitors is
needed for the development of new treatment approaches. The mechanisms of resistance
to EGFR TKIs vary between cancers and some are still uncertain. One mechanism of
resistance is the formation of point mutations within the kinase domain of EGFR such as
the T790M mutation, which decrease the affinity of the TKIs to the binding domain [20].
Some mutations may occur around the binding site, causing extensive conformational
changes, thereby impeding TKIs approach through steric hindrance [20]. The T790M
mutation is a general resistance mutation that reduces the potency of these ATP-TKIs and
that irreversible inhibitors overcome this resistance [25]. Another mechanism of
resistance is activation of EGFR independent, tumor-induced angiogenesis. EGFR
signaling can contribute to the production of several proangiogenic factors in tumors,
including VEGF and basic fibroblast growth factors. Cells that developed acquired
resistance to EGFR TKIs in vivo were shown to have increased VEGF production leading
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to altered angiogenesis and enhanced escape from therapy [26]. Additionally, increased
VEGF receptor 1 (VEGFR1) has also been implicated in the contribution to resistance to
EGFR TKIs [26]. Activation of alternative TK receptors that bypass the EGFR pathway
can lead to resistance. The insulin growth factor receptor (IGF-1R) is ubiquitously
expressed in cancer cells. IGF-1R plays a role in tumor cell proliferation, differentiation,
apoptosis, and metastasis, and it has been strongly associated in cancer cell resistance to
EGFR TKIs. Cancer cell lines resistant to EGFR TKIs have shown to up regulate IGF-1R
levels and hyperphosphorylation as well [27]. Upregulation of IGF-1R resulted in
sustained signaling of PI3K and AKT [28]. Resistance to EGFR TKIs involves cross-talk
between pathways involved in promoting cell growth and survival. Independent or
constitutive activation of intracellular molecular effectors downstream of EGFR can also
lead to EGFR TKI resistance. Patients may acquire resistance through hepatocyte growth
factor (HGF), which activates the MET gene (encodes HGF receptor). This restores
downstream mitogen activated protein kinase (MAPK)/extracellular signal regulated
kinase (ERK)1/2 and phosphoinositide3-kinase (PI3K)/Akt signaling. Also reported has
been activation of STAT3 pathway leading to resistance to TK inhibitors [29].
Cancer and Inflammation
Inflammation has long been shown to be involved in promoting tumor initiation
and tumorigenesis. Tumor initiation is the process that drives normal cells to become
cancerous through the acquisition of a first mutation that provides growth advantages
over neighboring cells. One mutation is usually not sufficient though, and many cancers
require 4-5 mutations [30]. Inflammatory environments can increase mutation rates, and
also enhance proliferation of mutated cells. Activated inflammatory cells produce
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reactive oxygen species (ROS) which are capable of causing DNA damage and genomic
instability. Activated inflammatory cells also secrete cytokines which lead to ROS
production in neighboring epithelial cells [31]. These secreted cytokines also enhance
tumor initiation by transforming the tumor progenitors to more of a stem-cell like
population or by stimulating stem cell expansion. STAT3 is linked to both stem cell
programming and stem cell renewal [31]. p53 mutations, caused by oxidative damage,
have been found in both cancer cells and in inflamed, non-dysplastic, epithelium in colitis
associated cancer [32]. This suggests that chronic inflammation causes genomic changes.
Mutagenesis induced by inflammation may also result from inactivation or repression of
mismatch repair response genes and enzymes [33].
DNA damage is a result of inflammation, and can also be a driver of
inflammation. DNA damage contributes to necrotic cell death, resulting in an infiltration
of inflammatory cells, which promotes tumor development through the secretion of ROS
and cytokines [34]. Many oncogenic proteins can activate signaling pathways which
produce pro-inflammatory cytokines and chemokines (IL-6, IL-8, IL-1β, CCl2, CCl20)
[35]. This secretion of pro-inflammatory cytokines results in inflammatory cell
infiltration. Therefore, the tumor environment contains different cells involved in
inflammation such as the innate immune cells and adaptive immune cells in addition to
the cancer cells and their surrounding stroma [36]. These cells communicate with each
other through the secretion of cytokines acting both as autocrine and paracrine signals.
There are usually both anti-inflammatory and pro-inflammatory cytokines being
produced [37]. In the case of the tumor microenvironment, the balance is usually more on
the side of pro-tumor inflammation. Through the activation of various pathways and
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downstream effectors, such as NF-κB, AP-1, STAT, and SMAD transcription factors,
cytokines control the immune and inflammatory response to either promote anti-tumor
immunity (IL-12, TRAIL) or enhance tumor progression (IL-6, IL-17, IL-23) and
promote cancer cell growth and survival (FasL, TNF-α, EGFR ligands, IL-6) [33].
Most solid tumors trigger an intrinsic inflammatory response which leads to a
buildup of pro-tumorigenic inflammatory mediators and therefore a tumorigenic
microenvironment. These inflammatory mediators (cytokines, chemokines, and growth
factors) are produced by the tumor, stroma, and infiltrating inflammatory cells. As a
result, these inflammatory cells migrate to the tumor because of the active secretion of
the inflammatory mediators. These factors promote tissue remodeling and angiogenesis,
and actively promote tumor cell survival and chemoresistance through autocrine and
paracrine signaling [3, 33].
HNSCCs are highly inflammatory and aggressive in nature, and they express a
number of cytokines and growth factors involved in inflammation. Cytokines regulate
immunity, inflammation, and hematopoiesis. Cytokines include proteins from the
interleukins (ILs), interferons (IFNs), tumor necrosis factors (TNFs), and growth factor
families. They are usually divided into two categories: proinflammatory (IL-1, IL-6, IL-8,
TNF-α, and IFN-γ) and anti-inflammatory (IL-4, IL-10, TGF-B). These cytokines elicit a
secondary response by binding to the receptors and transducing signals to secondary
messengers. The secondary messenger proteins are from the NF-κB, JAK/STAT, and
PI3K/Akt/mTOR pathways which regulate the expression of genes controlling growth,
survival, and chemosensitivity [3, 29].
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Altered expression of these cytokines contributes to malignant transformation of
cancers, including HNSCC. It has been shown that many of these pro-inflammatory
cytokines have been found in HNSCC cell lines in vitro and in patients’ tumor specimens
and serum. These include IL-1 α, IL-6, IL-8, granulocyte macrophage colony stimulating
factor (GM-CSF), growth regulated oncogene-(α) (GRO1), vascular endothelial growth
factor (VEGF), and hepatocyte growth factor (HGF). Increasing these cytokines and
growth factors in serum is associated with cancer progression and recurrence, where as
inhibition leads to chemosensitivity [3]. Overtime, an increase in these factors is
associated with decreased patient survival that had local-regionally advanced HNSCC
undergoing chemotherapy and radiation [3]. GRO1 and IL-8 serve as chemoattractants
for inflammatory cells (neutrophils, macrophage, and monocytes). Their expression
promotes aggressive growth by producing pro-inflammatory cytokines that act on the
cancer cells, resulting in a paracrine signaling cycle. It has also been shown that increases
in IL-6 expression correlates with poor prognosis in HNSCC patients. For example,
patients resistant to chemotherapy have shown significantly higher serum IL-6 levels than
those who did respond [38]. Patients with high IL-6 levels have shown significantly
poorer survival than patients with low IL-6 levels [39]. IL-6 expression may play a role in
the increased pathogenicity of HNSCC by providing a growth advantage [40].
IL-6 Pathway
Interleukin-6 (IL-6) is a pleotropic cytokine with a wide range of biological
activities in immune regulation (B-cell and T-cell differentiation), stimulation of
hematopoetic stem cell proliferation, inflammation, and oncogenesis. IL-6 can upregulate
many proteins such as VEGF and HGF which leads to more aggressive growth and
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metastasis. IL-6 signals through a receptor composed of two different subunits, an alpha
subunit that produces ligand specificity and GP (Glycoprotein) 130, a receptor subunit
shared in common with other cytokines in the IL-6 family. IL-6 comprises four long
alpha-helices termed A, B, C, and D. They are arranged in an up-up-down-down
topology. The IL-6 receptor contains at least one cytokine-binding domain that comprises
two fibronectin type III domains. Site I on the IL-6 cytokine binds specifically to the
receptor bound, non-signaling IL-6 receptor. The complex of cytokine and its receptor
recruits the signaling receptor gp130. Two gp130 receptor molecules homodimerize on
either side of the IL-6Rα. The IL-6 cytokine bound IL-6 receptor also interacts with
gp130 through site II and site III on the cytokine. Soluble forms of cytokine receptors in
vivo are formed either by limited proteolysis of membrane-bound receptors or by
translation from an alternatively spliced mRNA. The soluble forms for IL-6R and gp130
are both present in human serum. The intracellular domain of the gp130 receptor subunit
has several essential motifs involved in signal transduction [41]. The membrane proximal
homology region of the intracellular gp130 domain contains the box1 and box2 motifs
which are important for Janus kinase (JAK) association (gp130 receptor). Jak binds to the
box1 and box2 motifs. The C-terminal tyrosine kinase domain of Jak is preceded by a
pseudokinase, which doesn’t have any kinase activity, but regulates the activity of the
kinase domain. Upon binding of Jak to the gp130 cytosolic domain, it autophosphorylates
itself and phosphorylates the tyrosine residues on the receptor. Once the gp130 tyrosine
residues are phosphorylated STATs can bind which is mediated by their SH2 domains.
Several gp130 motifs mediate STAT phosphorylation on a single tyrosine residue
(Tyr701 in STAT1 and Tyr705 in STAT3). This leads to the formation of active STAT
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dimers. STATs then are actively translocated into the nucleus. Tyrosine phosphorylation
itself is not necessarily required for STAT nuclear translocation though. Dimerized STAT
proteins that are not phosphorylated also accumulate in the nucleus. The STATs, which
are transcription factors, then bind to DNA and induce gene expression. IL-6 signaling
not only leads to activation of JAK/STAT signaling pathway, but also induces the MAPK
pathway. The MAPK pathway activation is mediated through SHP2 (SH2-domaincontaining-tyrosine-phosphatase) binding to the phosphorylated Tyr759 site of gp130.
SHP2 links the Grb2-SOS (growth-factor-receptor-bound protein/Son of Sevenless)
complex to gp130. SHP2 is also becomes tyrosine phosphorylated and interacts with
Grb2. Recruitment of SOS to the receptor complex at the membrane allows Ras
activation with in turn leads to the activation of the Ras-Raf-MAPK cascade [42]. A
negative regulator of the IL-6 pathway is SOCS (suppressor of cytokine signals), which
binds to Jak and inhibits its kinase activity. Because IL-6 is involved in so many various
diseases such as inflammatory, autoimmune, and malignant diseases such as rheumatoid
arthritis; a new therapeutic approach to block IL-6 signal using a humanized anti-IL-6R
antibody has been created called Tocilizumab approved for the treatment of rheumatoid
arthritis in 2010 [43]. Tocilizumab is a novel mAb therapy that competitively inhibits the
binding of IL-6 to its receptor. Tocilizumab binds both to soluble and membrane-bound
IL-6R [43]. Tocilizumab is currently being used in clinical trials for treatment against
patients with KSHV-Associated Multicentric Castleman Disease [44].
Oxidative Stress and NADPH oxidase enzymes
Cancer cells have been shown to be in a state of increased oxidative stress
compared to normal cells, and this is characterized by an increase in superoxide and
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hydrogen peroxide [45]. One theory is that the increase oxidative stress is coming from
alterations in mitochondrial oxidative metabolism originally hypothesized by Warburg in
1956 [46]. The steady increased oxidative stress level may be contributing to the
malignant phenotype of the cancer [45]. This increased ROS has been reported to play a
major role in tumor cell survival through activation of cellular signal transduction
pathways [45]. These up-regulated redox regulated pathways, induced by ROS, lead to
increase cell proliferation, survival, and cellular migration pathways potentially through
the activation of NF-κB [47].
The mitochondria are not the only source of intracellular ROS production;
NADPH oxidase (NOX) enzymes are another source of ROS production in the cell. The
NADPH oxidase enzyme (NOX) family is a group of proteins that transfer electrons
across biological membranes. In general, the electron acceptor is oxygen and the product
of the electron transfer reaction is superoxide or hydrogen peroxide. The function of
NOX enzymes is therefore the generation of reactive oxygen species. There are seven
different NOX enzymes: NOX1-5 and DUOX1 and 2. All seven proteins share highly
conserved structural features: the C-terminal dehydrogenase domain contains binding
sites for FAD and NADPH. The N-terminal transmembrane region consists of six alphahelical domains. Also, most data suggest that the NOX family members are selective for
NADPH over NADH [48]. They can be found in many different tissues types varying
from the colon for NOX1, NOX2 in phagocytes, NOX3 in the inner ear, NOX4 in the
kidney and blood vessels, NOX5 in the lymphoid tissue and testes, and the thyroid for
DUOX1 and 2 [48], and contribute to diseases such as cardiovascular and diabetes [48].
NOX enzymes differ in the subunits and regulatory proteins required for their activation.
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The additional proteins involved in NOX activation include the membrane-bound
p22phox, which helps stabilize the NOX proteins and dock cytosolic factors. The
cytosolic proteins p47phox, p67phox, the small GTPase Rac, and p40phox, together lead
to the activation of the NOX enzyme [48]. The role of p47phox is that of an organizer of
the subunits. The role of p67phox is an activator because it directly binds with the NOX
enzyme [49]. Rac, the GTP binding protein is necessary for activation of the complex
[50], and p40phox works as a modulator [51]. NOX enzymes are involved in many
different physiological functions such as host defense and inflammation, signaling
(inhibition of phosphatases, activation of kinases, and activation of ion channels), gene
expression, cell death and senescence, regulation of cell survival, oxygen sensing,
biosynthesis and protein crosslinking, and others [48].
NOX4 was originally identified as an NADPH oxidase homolog highly expressed
in the kidney. The gene for human NOX4 is located on chromosome 11 and has four
splice variants [48]. In addition to its strong expression in the kidney, NOX4 mRNA is
also found in osteoclasts, endothelial cells, smooth muscle cells, hematopoietic stem
cells, fibroblasts, keratinocytes, melanoma cells, and neurons. It has been found in the
mitochondria, the nucleus, the cytoskeleton, and the endoplasmic reticulum. Because
NOX4 does not require cytosolic subunits for its activation, it has been implicated that
NOX4 is constitutively active. This concept is still under debate because NOX4 activity
can be induced in some situations. An interesting finding of NOX4 that is different from
NOX 1, 2, 3 and 5 is that NOX4 produces hydrogen peroxide instead of superoxide. This
is due to the differences in the extracellular loops. The third extracytosolic loop (E-loop)
of NOX4 is 28 amino acids longer than that of NOX1 or NOX2. The E-loop of Nox4 but
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not NOX1 and NOX2 contains a highly conserved histidine that could serve as a source
for protons to accelerate spontaneous dismutation of superoxide to form H2O2. Mutation
of this conserved histidine residue, but not the other four, switched Nox4 from H2O2 to
superoxide formation Also, exchange of the two cysteine residues in the E-loop caused a
switch from hydrogen peroxide to superoxide production [52]. We have previously
shown that NOX4 is the major source of ROS in ERL induced oxidative stress [53].
DUOX2 is found primarily in the thyroid and then also in the salivary gland,
rectal mucosa, all along the gastrointestinal rract, in airway epithelia, and in prostate.
DUOX proteins have a seventh transmembrane domain at the N terminus. DUOX
isoforms share 50% identity with NOX2. DUOX2 have two N-glycosylation states: the
high mannose glycosylated form found in the endoplasmic reticulum, which runs by gel
electrophoresis at 180 kDa, and a fully glycosylated form found at the plasma membrane
that runs at 190 kDa. When DUOX2 is completely deglycosylated, the molecular mass of
DUOX2 is only 160 kDa [48].
Hypothesis and Aims
Given that TKIs induce inflammation of the skin and we know that inflammation
is involved in tumor progression, this study looked to see if Erlotinib was also inducing
inflammation (using IL-6 as our marker) in vitro and in vivo of HNSCC cells. We
propose that IL-6 mediated inflammation may be leading to poor tumor cell response to
Erlotinib in HNSCC. Additionally, since IL-6 expression may be induced by upstream
redox-regulated pathways, this study will also investigate the role of NOX enzymes in
IL-6 expression.
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Hypothesis: Epidermal Growth Factor Receptor Inhibition induces Interleukin-6 (IL-6)
via NADPH oxidase enzymes leading to increased HNSCC tumor cell survival and
recurrence.
Aim 1: Determine if EGFR inhibition induces IL-6 in vitro and in vivo, and if
manipulation of IL-6 will affect HNSCC cells survival.
Aim 2: Determine if NADPH oxidase enzymes are involved in the expression and
signaling of IL-6.
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MATERIALS AND METHODS
Cells and Culture Conditions: HNSCC cell lines Cal27, FaDu, and SQ20B were
used for this study. FaDu and Cal27 HNSCC cells were obtained from the American
Type Culture Collection (ATCC). SQ20B HNSCC cells were a gift from Dr. Anjali
Gupta (Department of Radiation Oncology, University of Iowa). Lung cancer A549 cells
were a gift from Dr. Frederick Domann (Department of Free Radical and Radiation
Biology, University of Iowa). The rationale behind using these cell lines is that they all
over express EGFR, and SQ20B has a mutated EGFR leading to constitutive activation.
All cell lines were maintained in 1xDulbecco's modified Eagle's medium (DMEM)
containing 4 mmol/L-glutamine, 1 mmol/L sodium pyruvate, 1.5 g/L sodium bicarbonate,
and 4.5 g/L glucose with 10% FBS (Hyclone) and gentamicin sulfate (Cellgro). Cultures
were maintained in 5% CO2 and air humidified in a 37°C incubator.
Drug Treatment: EGFR inhibitor Erlotinib (Tarceva) and IL-6 receptor inhibitor
Tocilizumab (Actemra) were obtained from the inpatient pharmacy at the University of
Iowa Hospitals and Clinics. ERL was provided as a solid tablet which was ground into a
fine powder and subsequently dissolved in 100% dimethyl sulfoxide (DMSO). ERL was
used at 5 µM concentrations as these are chemically achievable to plasma concentrations
of patients treated with the drugs. The half-life of Erlotinib in serum is 36.2 hours.
Tocilizumab was used at varying concentrations 0.25 mg/mL, 0.5 mg/mL, and 1 mg/mL
in vivo and 1, 5, or 10 µM in vitro. Diphenylene iodonium (DPI) was obtained from
Sigma and dissolved in DMSO. DPI was added to cells at final concentration of 0.05 µM.
IgG from human serum was obtained from Sigma, dissolved in water, and used at a
concentration of 1 mg/mL. Recombinant human (E.coli derived) IL-6 was obtained from
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R&D systems, dissolved in 1x DMEM, and used at two concentrations of 50 ng/mL and
100 ng/mL. Hydrogen peroxide (H2O2) solution, 30% (Sigma) was used at a 50 µM
concentration. The required volume of each drug was added directly to complete cell
culture media on cells to achieve the indicated final concentrations.
Reverse Transcriptase-Polymerase Chain Reaction: Total RNA was extracted
from treated cells after indicated time points using the Qiagen RNeasy mini kit (Qiagen).
The cDNA was amplified from 800 ng of total RNA using iScript cDNA synthesis kit
(Bio-Rad). Total RNA was isolated using a Qiagen RNeasy kit (Qiagen) and quantified.
cDNA was synthesized from 800 ng of total RNA, using the iScript cDNA synthesis kit
(Bio-Rad Laboratories). Thermocycler conditions included a 5 min incubation at 25°C, a
30 min incubation at 42°C, and a 5 min incubation at 85°C. The cDNAs were subjected
to qPCR analysis with the following 5′→3′ primers (sense and antisense respectively):
Human IL-6: AGGACTGGAGATGTCTGAGGCTC and
GCGCTTGTGGAGAAGGAGTTC, NOX1: TGGGTTTTCTAAACTACCGTCTCT and
TTTAATGCTGCATGACCAACA, NOX2: GGCTTCCTCAGCTACAACATCT and
GTGCACAGCAAAGTGATTGG, NOX3: CACACCATGTTTTCATCGTCTT and
GTTTGGCCTCGAACAATCC, NOX4: CTCAGCGAATCAATCAGCTGTG and
AGAGGAACACGACAATCAGCCTTAG (Prata et al. Free Radical Research, May
2008; 42(5): 405-414), NOX5: CGTCTGTGCCGGCTTATC and
CCAATTCCAGATACAACATGACTG, DUOX1: CCGGAGACAAGTTGCAGTC and
TCTCCAATCTGATCCTTGTTTTC, DUOX2: CGGAAGAAGGTGGAGATCAG and
TGGAATTGCAGGTAGGTCACT, and human 18S: CCTTGGATGTGGTAGCCGTTT
and AACTTTCGATGGTAGTCGCCG. The assay was performed in a 96-well optical
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plate, with a final reaction volume of 20 μl, including synthesized cDNA (20 ng),
oligonucleotide primers (100 μM each), and 2× SYBR Green/ROX PCR master mix
(Bio-Rad Laboratories). Samples were run on an ABI PRISM Sequence Detection
System (model 7000, Applied Biosystems). PCR conditions were 50°C for 2 min, 95°C
for 2 min and 30 s, 95°C for 15 s, and 60°C for 1 min for 40 cycles. Results were
analysed using the ABI PRISM 7000 SDS software. The denaturation and annealing
steps were carried out for 40 cycles to determine the threshold cycle (CT) values for all of
the genes analysed. Samples were checked for non-specific products or primer/dimer
amplification by melting curve analysis. The CT values for the target genes in all of the
samples (analysed in duplicate or triplicate) were normalized on the basis of the
abundance of the 18S transcript, and the fold difference (relative abundance) was
calculated using the formula 2−ΔΔCT and was plotted as the mean.
Enzyme-linked immunosorbent assay: Levels of IL-6 of treated cells were
determined by ELISA. The culture media of the treated cells were harvested and IL-6
was detected according to the manufacturer’s protocol using the Human IL-6 Quantikine
ELISA Kit (R&D Systems, Minneapolis, MN).
Western blot analysis: Cell lysates were standardized for protein content using the
Bradford assay. Denatured protein (20-25 ug) was then resolved on NuPAGE® 4-12%
Bis-Tris Gels (Invitrogen, CA) (NOX4, STAT3, and pSTAT3) or NuPAGE® Novex 7%
Tris-Acetate Gel (Invitrogen, CA) (DUOX2), and then transferred electrophoretically to
nitrocellulose membranes (Bio Rad, Hercules, CA, USA). Membranes were then blocked
with 5% BSA in 1xTBS at room temperature for 1 hour. The membranes were then
incubated with monoclonal antibody against STAT3, pSTAT3, β-actin (Cell Signaling),
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DUOX2, or NOX4 (Abcam) in 1X TBST, at 1:1000 concentration, overnight at 4°C.
After washing, the membrane was incubated with an anti-rabbit IgG, HRP-linked
secondary antibody (Cell Signaling) at a 1:10000 dilution for 1 hr at room temperature.
ECL (GE Healthcare) was used for western blotting detection.
Clonogenic survival assay: After 2 days of treatment with indicated drugs, 100 to
1000 cells were seeded in 60 mm dishes and colonies were allowed to grow for 14 days
in complete media. Colonies were stained with Coomassie Blue dye, and the colonies on
each plate will be subsequently counted for analysis of clonogenic survival. The number
of colonies for treated cells was normalized to those corresponding for untreated cells. At
least three biological independent experiments were performed.
siRNA Transfection: Silencing RNA (siRNA) to DUOX2 (Santa Cruz) was used
to knockdown DUOX2 and a SignalSilence Control siRNA (unconjugated) (Cell
Signaling) was used as the control. At 70% confluence, cells were incubated with OptiMEM media (Invitrogen). Lipofectamine 2000 reagent was used according to
manufacturer’s protocol (Invitrogen) for transfection of cells with the indicated siRNA at
the suggested concentration. After 24 hrs, the medium will be changed to 1xDMEM with
10% serum and 24 hrs was waited before cells were treated with indicated drugs.
Adenoviral siRNA infection: Cells in serum free media were infected with an
adenoviral siRNA NOX4 (AdsiNOX4) (100 MOI) or an adenoviral siRNA control with
GFP (AdsiGFP) (100 MOI) both obtained from Diakalov et al. [54]. The siRNA was then
made into an adenovirus in Gene Transfer Vector Core Facility at the University of Iowa.
24 hours after infection cell media was changed to complete media. 24-48 hours later the
cells were treated with the respective drugs.
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In vivo studies: Athymic (nu/nu) mice were housed in the Animal Care Facility at
the University of Iowa and handled by using aseptic procedures. All procedures were
approved by the IACUC committee of the University of Iowa and conformed to the
guidelines established by NIH. Mice were allowed at least 3 days to acclimate before
beginning experimentation, and food and water were made freely available. Tumor cells
were injected into nude mice by subcutaneous injection of 0.1 mL aliquots of saline
containing 2 x 106 FaDu cells into the right flank. When tumors reach 2-3 mm average
diameter the mice were treated with 12 mg/kg Erlotinib oral gavage every day for 10
days or IgG (CON) with or without three different doses of Tocilizumab 0.25 mg/kg, 0.5
mg/kg, or 1 mg/kg i.p. every other day for 10 days. Tumor size was closely monitored
and tumors were measured by Vernier calipers three times weekly. Mean tumor volumes
were calculated and plotted versus time to determine response to therapy. Also, animal
weight was measured three times weekly using a scale. Animals were sacrificed when
tumors reach 1 cm3 in size via CO2 gas asphyxiation. The tumor tissues were harvested
for determination of immunological response.
Microarray: Cal27 cells were treated with Erlotinib or DMSO (CON) for 48
hours. RNA was extracted from the cells using a RNeasy mini kit (Qiagen) and then sent
to the DNA core facility at the University of Iowa to check for RNA purity. RNA
samples were then submitted to the University of Iowa DNA core. The Toll like receptor
signaling pathway PCR array kit (SA biosciences) was used for the FaDu cells. The
Illumina human gene chip HT12v4 was used to look at whole genome changes in the
Cal27 cells. Data was analyzed by Dr. Thomas Bair (University of Iowa DNA core). The
data was run through the GeneGo program
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RESULTS
Effects of Erlotinib treatment on HNSCC gene expression
To determine the effects of Erlotinib (ERL) on gene expression in HNSCC, a
whole genome microarray was performed using Cal27 cells treated with ERL for 48
hours. All the gene changes were then clustered into respective pathways that were
genetically upregulated, using the program GeneGo. The immune response pathway
ranked fifth among the pathways with the most gene expression changes following 48
hour ERL treatment (Table 1). The “immune response pathway” was further delved into
specific pathways under this heading. These pathways were again ranked and positive IL6 regulation production was ranked twelfth among the specific “immune response
pathways” with the most gene expression changes (Table 2). Next, pro-inflammatory
cytokines gene expression was examined using the same GeneGo software. ERL
treatment upregulates pro-inflammatory gene expression in Cal27 cells, which includes
IL-6 (Table 3).
Erlotinib treatment induces IL-6 expression in HNSCC and lung cancer
In order to confirm the results of the microarray, A549, Cal27, FaDu, and SQ20B
cells were treated with ERL for 48 hours and IL-6 mRNA expression was determined by
qRT-PCR. We used the cell line A549 in order to see if IL-6 mRNA levels were
upregulated following Erlotinib treatment in another cancer besides HNSCC. IL-6
mRNA expression increased in all four cell lines compared to DMSO treated cells (CON)
with ERL treatment (Figure 1). To determine if IL-6 mRNA expression peaked before 48
hours of ERL treatment, Cal27, FaDu, and SQ20B cells were treated at specific time
points over a 24 hour period. IL-6 mRNA expression was shown to increase over time
with ERL treatment (Figure 2). FaDu and SQ20B had the highest IL-6 mRNA expression
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after 16 and 24 hours respectively (Figure 1B). Cal27 cells had the highest IL-6 mRNA
expression after 48 hours of ERL treatment (Figure 1). Because ERL induces IL-6
mRNA levels, secretion of IL-6 protein in the media was examined after 48 hour ERL
treatment in all four cell lines using ELISA. IL-6 protein expression increased after 48
hour ERL treatment (Figure 3), noting that SQ20B, which has a constitutively active
EGFR, has higher baseline IL-6 protein expression compared to Cal27 and FaDu. A time
course was performed to determine if IL-6 protein expression peaked before 48 hours of
ERL treatment. Cal27 and SQ20B cells were treated with ERL for 30 mins, 1, 2, 4, 8, 16,
or 24 hours or DMSO (CON) (Figure 4). IL-6 protein levels peaked for Cal27 at 24 hours
(Figure 4) compared to SQ20B IL-6 levels which had the highest expression at 48 hours
(Figure 3). Expression was not measured after 48 hours though. Together these results
show that ERL treatment induces both IL-6 mRNA and protein expression in HNSCC
and A549 cells.
Exogenous IL-6 rescues ERL induced clonogenic killing
Five µM ERL treatment for 48 hours typically results in about 40 to 50 percent
cell death in HNSCC. To determine if exogenous IL-6 could prevent the ERL induced
clonogenic killing, FaDu cells were pre-treated with 2 different concentrations (50 and
100 ng) of IL-6 alone or in combination with ERL and a clonogenic assay was
performed. Although IL-6 alone did not change clonogenic survival significantly, IL-6 in
combination with ERL rescued the ERL induced clonogenic killing (Figure 5). IL-6 is
known to activate the JAK/STAT pathway, so pSTAT3 and STAT3 expression was
determined by western blot after FaDu cells were subjected to the same treatments in the
clonogenic assay. Both doses of IL-6 with and without ERL increased STAT3 activation,
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as shown by the increase in pSTAT3 levels (Figure 6). Erlotinib treatment alone did not
increase pSTAT3 when compared to control (DMSO). This suggests that IL-6 may
promote cellular survival through up-regulation of STAT3.
Inhibition of IL-6 receptor in combination with Erlotinib enhances cell killing in HNSCC
If IL-6 is playing a role in promoting cell survival, then the inhibition of IL-6
signaling should decrease cell survival in HNSCC. Cal27, FaDu, and SQ20B cells have
both autocrine and paracrine IL-6 secretion. Cal27 cells were treated with 1 (T1), 5 (T2),
or 10 (T3) µM of an IL-6 receptor (IL-6R) inhibitor Tocilizumab for 48 hours. To
confirm that Tocilizumab was indeed blocking the IL-6 receptor an IL-6 ELISA was
performed. Increasing doses of Tocilizumab resulted in increased IL-6 concentrations in
the media, proving that the inhibitor was working because IL-6 was not being able to
bind to the receptor (Figure 7). After confirmation that the Tocilizumab was indeed
inhibiting IL-6 R, a clonogenic assay was used to analyze if inhibiting IL-6 signaling in
combination with ERL would decrease cell survival. Cal27, FaDu, and SQ20B cells were
treated with increasing doses of Tocilizumab with or without ERL for 48 hours.
Tocilizumab combined with ERL modestly increased cell killing in Cal27 and FaDu
cells, but this was not the case in SQ20B (Figure 8). This may be due to the increased
basal levels of IL-6 production in the SQ20B cells. This shows that inhibiting IL-6
receptor in combination with Erlotinib further may reduce clonogenic survival compared
to ERL alone but this effect may be cell line specific.
Effect of ERL and Tocilizumab on tumor growth in vivo
The effect of Tocilizumab and ERL on FaDu tumor growth in athymic nude mice
was examined. Tocilizumab alone, in all three concentrations (T1, T2, T3), did not have
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any effect on tumor growth compared to control (CON) (Figure 9). ERL with and without
the highest dose of Tocilizumab, 1 mg/mL (T3), reduced tumor growth (Figure 10). The
combination had the greatest inhibition of tumor growth (Figure 10). The last day of
treatment, day 10, Tocilizumab (T3) in combination with ERL had the smallest tumor
size (Figure 11). Also, ERL combined with T3 showed an increased median and overall
survival (Figure 12). Although Tocilizumab alone did not have an effect on tumor
growth, the highest concentration did increase survival rate (Figure 12) in combination
with ERL. This suggests that Tocilizumab could be used as an additional
chemotherapeutic in combination with ERL to decrease HNSCC tumor growth.
Erlotinib treatment induces NADPH-oxidase enzyme expression in HNSCC
Previous research has shown that ERL treatment induces metabolic oxidative
stress, via hydrogen peroxide production, through NOX4 [53]. In order to confirm
upregulation of NOX4 and to determine if Erlotinib was inducing any other NOX
enzymes, a qRT-PCR was done following treatment of SQ20B cells with ERL for 48
hours. NOX4 mRNA expression was shown to be the only NADPH oxidase enzyme upregulated (Figure 13) following ERL treatment in SQ20B cells. To confirm that ERL
treatment induced NOX4 expression, in Cal27 and FaDu cells, a qRT-PCR and Western
blot were performed. Cal27 and FaDu cells both had an increase in NOX4 mRNA and
protein levels (Figures 14 and 15). Surprisingly, DUOX2 mRNA was also increased
following ERL in A549, Cal27, and FaDu cells (Figure 19). Although DUOX2 mRNA
levels were increased, DUOX2 protein expression in Cal27, FaDu, and SQ20B cells
either decreased or did not change with ERL treatment overtime (Figure 20). Altogether
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this confirms that NOX enzyme mRNA and/or protein expression is being altered
following ERL treatment.
Inhibition of NADPH oxidase enzymes reduces IL-6 levels
In order to examine if NOX enzymes were playing a role in up-regulation of IL-6,
IL-6 qRT-PCR was used following NOX enzyme knock-down or inhibition. FaDu cells
were pre-treated with DPI, a general flavin containing enzyme inhibitor, with or without
ERL, and then IL-6 mRNA expression was determined. In a previous study, 50 nM DPI
treatment had no effect on cell killing [53]. DPI treatment alone decreased IL-6 mRNA
expression compared to control and ERL (Figure 16). The combination treatment (DPI
and ERL) also had a decreased IL-6 fold change compared to control (Figure 16). This
suggests that NOX enzymes may be involved in the up-regulation of IL-6. In order to
determine if NOX4 and/or DUOX2 were important in up-regulation of IL-6, the cells
were treated with siRNA targeted to NOX4 and DUOX2. Cal27 and SQ20B were
infected with an adenoviral siNOX4 alone or in combination with ERL. Reduced NOX4
expression decreased IL-6 mRNA fold change even when used in combination with ERL
(Figure 17). To confirm that NOX4 was knocked down a qRT-PCR was performed
examining NOX4 expression. The adenoviral siNOX4 indeed decreased NOX4 gene
expression in comparison to control (Figure 18). To analyze if DUOX2 also played a role
in upregulation of IL-6, FaDu cells were treated with siRNA targeted to DUOX2
(siDUOX2) with or without ERL. Confirmation of DUOX2 knockdown was confirmed
by qRT-PCR (Figure 21). Toxicity of siDUOX2 was not measured. Knocking down
DUOX2 reduced IL-6 mRNA levels. This suggests that both NOX4 and DUOX2 may be
playing a role in up-regulating IL-6 levels.
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Exogenous Hydrogen peroxide increases IL-6 expression
To examine if the ERL-induced IL-6 up-regulation mediated through NOX is due
to the hydrogen peroxide production. Cal27 cells were treated with 50 µM H2O2 for 30
mins, the media was then changed, and qRT-PCR was done 48 hours later. Treatment of
H2O2 increased IL-6 mRNA expression compared to control (Figure 22). This suggests
that the hydrogen peroxide being produced by the NOX enzymes is inducing IL-6
expression.
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DISCUSSION
The findings of this study identify a potential, novel mechanism behind Erlotinib
resistance in head and neck squamous cell carcinoma. We have shown that Erlotinib
treatment causes up-regulation of IL-6 mRNA and protein. Patients resistant to
chemotherapy have been shown to have significantly higher serum IL-6 levels than those
who did respond [38]. We are showing that treatment of the drug itself is causing an
increase in IL-6 and could be potentiating the chemotherapy resistance seen in patients.
After showing that ERL induces IL-6, we determined that adding IL-6 would increase
clonogenic survival. Exogenous IL-6 in combination with ERL lead to increased
clonogenic survival, and this increased cell survival may be mediated through activation
of STAT3. Although ERL induced cell killing the exogenous IL-6 prevented it. This
could be what is occurring in patients with increased IL-6 levels. The IL-6 is giving the
cancer cells a growth advantage and preventing the chemotherapy induced cancer cell
death. Therefore if IL-6 is increasing clonogenic survival, then inhibition of IL-6 should
combat this.
Inhibition of IL-6, using the IL-6 receptor inhibitor Tocilizumb, in combination
with ERL resulted in increased cell death in vitro. It was not a drastic decrease in cell
survival, but this could be due to other cytokines involved in proliferation (e.g. IL-1, IL8, TNF-α, VEGF). It’s also possible that we did not use a high enough dose because the
dose used in patients is 8 mg/kg [55]. Though, the combination of ERL and Tocilizumab
resulted in decreased tumor growth, and increased survival, in vivo. This shows that
inhibiting IL-6 could be used as an additional chemotherapy to EGFR inhibitors.
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The next question this study set out to answer was how IL-6 was being upregulated. In this study, up-regulation of IL-6 was mediated through NADPH oxidases
producing hydrogen peroxide. ERL induced DUOX2 and NOX4 mRNA levels, and
NOX4 protein. These two enzymes are known to produce ROS in the form of hydrogen
peroxide [48, 52]
NF-κB is a redox sensitive transcription factor molecule. The increase in
oxidative stress, produced by the NADPH oxidase enzymes, may be increasing IL-6
levels. The addition of hydrogen peroxide induced IL-6 mRNA levels. This result agrees
with Zhang et al. study showing that hydrogen peroxide induces both IL-6 mRNA and
protein levels [56]. They show this up-regulation is through the transcription factor NFκB. A future direction is to see if ERL induces NF- κB activation, and to use EGFR TKIs
in combination with NF- κB inhibitors. Inhibition of DUOX2 and NOX4 using
pharmacologic and siRNA resulted in reduced IL-6 mRNA levels. This suggested that
IL-6 was not only being induced by ERL in vitro, but also in vivo.
IL-6 is a cytokine involved in inflammation. Although we did not measure the IL6 levels in ERL treated mice, we used increased macrophages and neutrophils as an
indicator of increased inflammation. In the single ERL treated tumor sample there was
more inflammation compared to the IgG treated tumor. Increased inflammation mediated
by ERL may have been the cause of decrease response to the ERL. This particular tumor
was 0.98 cm3 at treatment day 7 compared to the other ERL treated tumors which
averaged 0.35 cm3. Although IL-6 levels have been correlated with increased
chemotherapy resistance and decreased patient survival. This is the first time it has been
shown that ERL is causing an up-regulation of IL-6 via NOX enzymes. Overall, this
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suggests that in HNSCC chemotherapy with TKI may result in resistance by production
of pro-inflammatory cytokines.
Decreasing cytokine and growth factor levels in serum are associated with
response to therapy, while increasing levels are related to cancer progression and
recurrence. A longitudinal increase in serum levels of these factors is significantly
associated with decreased survival in patients who had local-regionally advanced
oropharyngeal HNSCC undergoing chemotherapy and radiation [57]. Our finding that IL6 activates pSTAT3 replicates the well established IL-6 pathway. EGFR and IL-6
promote expression of genes important in proliferation and cell survival via STAT3, and
our findings show that IL-6 in combination with ERL increased cell survival.
A review by Wang et al. suggests that because there is an upregulation of
inflammatory cytokines in HNSCC, inhibiting these pathways may be important in
treating these cancers in combination with drugs that target other pathways that
contribute to the overall phenotype of HNSCC [3]. Using tocilizumab in combination
with Erlotinib was part of our study, and this got at the suggestion of blocking
inflammatory pathways in combination with blocking pathways that are overexpressed in
HNSCC. The up-regulation of IL-6 may be mediated through one of its transcription
factors, NF-kB. NF-kB is known to be redox regulated and its constitutive activation
leads to proinflammatory responses, metastasis, cellular proliferation, and chemotherapy
and radiation resistance through dysregulation of genes involved in these pathways.
Because NF-kB is redox regulated, an increase in ROS could lead to its activation. One
subject that remains to be explored is if NF-kB is being up-regulated leading to this
increase in IL-6 after ERL treatment. An answer to this would certainly add to our
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hypothesized mechanism. Also, another subject to be investigated is why DUOX2
mRNA is increased, but the protein is being degraded or not changed after ERL
treatment. This may be due to IL-6 up-regulating both a transcription factor for DUOX2
(AP-1) and a proteasome. The up-regulation of AP-1 could lead to increased transcription
of DUOX2 and the increased proteasome activity be causing the degradation of the
DUOX2 protein. The lack of a detailed mechanism is a limitation in this study. Although
we teased out a potential mechanism behind ERL resistance through up-regulation of IL6, IL-6 is not the only cytokine up-regulated with ERL treatment. There are many other
potential mechanist pathways to investigate which are increased after ERL treatment. The
mechanism we propose is ERL treatment leads to an up-regulation of NOX4 and
DUOX2, producing ROS, leading to activation of NF-kB, which activates IL-6 (Figure
14). This IL-6 up-regulation can lead to more NF-kB activation and/or activation of
STAT3. This would result in cellular proliferation, differentiation, and resistance to
chemotherapy.
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Rank

Pathway

P-value

Ratio

1

Cytoskeleton remodeling – WNT, TGF

1.2E-26

107/111

2

Cytoskeleton remodeling – cytoskeleton remodeling

1.2E-21

96/102

3

Cell adhesion - chemokines and adhesion

5.7E-20

93/100

4

Transport - clathrin coated vesicle cycle

8.0E-17

68/71

5

Immune response - HSP60, HSP70/TLR signaling
pathway

1.5E-15

54/54

6

Development - WNT signaling pathway. Part 2

2.9E-16

53/53

7

Development - Regulation of epithelial-to-mesenchymal
transition (EMT)

3.3E-16

62/64

8

Development - TGF-beta receptor signaling

2.3E-15

50/50

9

Cell adhesion - ECM remodeling

2.9E-14

51/52

10

Immune response - IL-1 signaling pathway

1.3E-13

44/44

Table A1: Erlotinib treatment upregulates pathways involved in the immune response in Cal27 HNSCC cell line.
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Rank

Process

P-value

1

Positive regulation of NF-kappaB transcription factor
activity

1.2e-52

2

MyD88-dependent toll-like receptor signaling pathway

3.3e-40

3

Toll-like receptor signaling pathway

2.8e-36

4

Toll signaling pathway

7.8e-33

5

Positive regulation of I-kappaB kinase/NF-kappaB
cascade

1.5E-32

6

Toll-like receptor 1 signaling pathway

8.5e-29

7

Toll-like receptor 2 signaling pathway

3.6e-28

8

Response to lipopolysaccharide

4.3e-28

9

Toll-like receptor 4 signaling pathway

3.5e-27

10

Inflammatory response

6.1e-27

11

JNK cascade

6.3e-26

12

Positive regulation of interleukin-6 production

3.8e-25

13

Negative regulation of growth of symbiont in host

8.9e-25

14

I-kappaB phosphorylation

1.5e-24

15

Positive regulation of interleukin-12 production

3.7e-24

Table A2: Erlotinib increases inflammatory molecules mRNA levels in
Cal27 HNSCC cell line.
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Gene
Symbol

Name

Fold
Increase

P-Value

CCL20

Chemokine (C-C motif) ligand 20

2.4

0.0005

CCL28

Chemokine (C-C motif) ligand 28

1.5

0.009

CXCL1

Chemokine (C-X-C motif) ligand 1

1.6

0.024

CXCL16

Chemokine (C-X-C motif) ligand 16

1.4

0.0003

CD74

Cluster of differentiation 74

3.5

0.00002

CD55

Cluster of differentiation 55

3.9

0.00039

IL20RB

Interleukin 20 receptor beta

1.7

0.005

IL32

Interleukin 32

2.8

0.002

IL-6

Interleukin 6

2.2

0.0007

IL8

Interleukin 8

1.9

0.009

CT-1

Cardiotrophin-1

1.9

0.003

VEGFA

Vascular endothelial growth factor A

1.8

.002

TNF

Tumor necrosis factor

1.8

0.01

Table A3: Erlotinib increases mRNA levels of molecules involved in
inflammation in Cal27 HNSCC cell line.
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Figure B1: IL-6 mRNA levels are increased with the EGFR inhibitor Erlotinib.
A549, Cal27, FaDu, and SQ20B cells were treated with 5 µM ERL or DMSO (CON) for
48 hours and then analyzed for IL-6 mRNA levels using qRT-PCR. N=2, mean ± S.D.

IL - 6 m R N A ( F o ld C h a n g e )

37

6

C a l2 7
FaDu
S Q 20B

4

2

0
CON

0 .5

1

2

4

8

16

24

E r lo t in ib t r e a t m e n t t im e ( h o u r s )

Figure B2: IL-6 mRNA levels are increased when treated with the EGFR inhibitor
Erlotinib overtime. FaDu, Cal27, and SQ20B cells were treated with 5 µM ERLor
DMSO (CON) for 30 minutes, 1 hour, 2 hours, 4 hours, 8 hours, 16 hours, and 24 hours
then analyzed for IL-6 mRNA levels using qRT-PCR. N=2, mean ± S.D.
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Figure B3: IL-6 protein levels are increased with Erlotinib treatment. A549, Cal27,
FaDu, and SQ20B cells were treated with 5 µM ERL or DMSO (CON) for 48 hours and
then analyzed for IL-6 concentrations using ELISA. N=2, mean ± S.E.
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Figure B4: IL-6 protein levels are increased when treated with the EGFR inhibitor
Erlotinib overtime. Cal27 and SQ20B cells were treated with 5 µM Erlotinib (ERL) or
DMSO (CON) for 30 minutes, 1 hour, 2 hours, 4 hours, 8 hours, 16 hours, and 24 hours
then analyzed for IL-6 protein levels using ELISA. N=2, mean ± S.E.
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Figure B5: Effects of exogenous IL-6 on EGFR inhibitor Erlotinib induced cell
death. FaDu cells were pre-treated with 50 ng/mL or 100 ng/mL of IL-6 for 1 hour and
then treated with or without 5 µM Erlotinib (ERL) for 48 hours. A clonogenic assay was
then performed. Data normalized to the DMSO control (CON). N=3, mean ± S.D.
*p<0.05 ERL compared to CON. #p<0.05 IL6 with ERL compared to ERL alone.
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Figure B6: IL-6 induces STAT3 activation. FaDu cells were treated with 50 or 100
ng/mL of exogenous IL-6 with or without 5 uM Erlotinib (ERL) or DMSO (CON) for 48
hours. STAT3 and pSTAT3 expression was determined by Western blot assay.
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Figure B7: Increasing doses of IL-6 receptor inhibitor Tocilizumab increases IL-6
protein concentrations in the media. Cal27 cells were treated with 1 µM, (T1), 5 µM
(T2), or 10 µM (T3) of Tocilizumab or IgG (CON) for 48 hours and then analyzed using
an ELISA. N=1, mean ± S.E.
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Figure B8: Effects of increasing concentrations of IL-6 receptor inhibitor with or
without EGFR inhibitor on clonogenic survival. Cal27, FaDu, and SQ20B cells were
treated with 1 µM (T1), 5 µM (T2), or 10 µM (T3) of Tocilizumab or IgG (CON) with or
without 5 µM ERL for 48 hours and then analyzed using a clonogenic assay. N=3, mean
± S.D. *p<0.05 compared to CON.
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Figure B9: Effects of IL-6 receptor inhibitor Tocilizumab on tumor volume.
Athymic (nu/nu) mice bearing FaDu xenograft tumors were treated beginning at an
average tumor volume of 0.02 cm3 with 0.25 (T1), 0.5 (T2), or 1 (T3) mg/mL
Tocilizumab i.p. every day for 10 days. Control mice (CON) received 1 mg/mL IgG i.p.
for 10 days. Data points represent the average values for 9 mice. Error bars represent the
standard deviation.

45

CON
T3

3

T u m o r V o lu m e ( c m )

1 .5

ERL
T 3 /E R L

1 .0

0 .5

*

0 .0
1

3

5

7

10

T re a tm e n t D a y s

Figure B10: Erlotinib in combination with Tocilizumab reduces tumor growth.
Athymic (nu/nu) mice bearing FaDu xenograft tumors were treated beginning at an
average tumor volume of 0.02 cm3 with 1 mg/mL Tocilizumab (T3) and/or 12 mg/kg
ERL for 10 days. Tocilizumab was given i.p. every other day and ERL was given by oral
gavage every day. Control mice (CON) received 1 mg/kg IgG for 10 days. Data points
represent the average values for 9 mice. Error bars represent the standard deviation.
*p<0.05 T3/ERL compared to CON and T3 alone.
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Figure B11: Erlotinib in combination with Tocilizumab reduces tumor growth after
10 days of treatment. Athymic (nu/nu) mice bearing FaDu xenograft tumors were
treated beginning at an average tumor volume of 0.02 cm3 with 1 mg/mL Tocilizumab
(T3) and/or 12 mg/kg ERL) for 10 days. Tocilizumab was given i.p. every other day and
ERL was given by oral gavage every day. Control mice (CON) received 1 mg/kg IgG for
10 days. Bar graphs represent the average values for 9 mice. Error bars represent the
standard deviation. *p<0.05 T3/ERL compared to CON and to T3 alone.
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Figure B12: Erlotinib in combination with Tocilizumab increases survival. Athymic
(nu/nu) mice bearing FaDu xenograft tumors were treated beginning at an average tumor
volume of 0.02 cm3 with 1 mg/mL Tocilizumab (T3) and/or ERL for 10 days.
Tocilizumab was given i.p. every other day and ERL was given by oral gavage every day.
Control mice (CON) received 1 mg/mL IgG for 10 days. Mice with tumors 1 cm3 were
sacrificed. All mice were followed for survival until tumors reached 1 cm3. Kaplan-Meier
survival curves with each treatment group starting with 9 mice.
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Figure B13: Erlotinib induces NOX4 mRNA expression. SQ20B cells were treated
with 5 µM ERL or DMSO (CON) for 48 hours and then analyzed for NOX1, NOX2,
NOX3, NOX4, NOX5, DUOX1, and DUOX2 mRNA levels using qRT-PCR. N=1, mean
± SEM.
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Figure B14: Erlotinib induces NOX4 mRNA expression. Cal27 and FaDu cells were
treated with 5 µM ERL or DMSO (CON) for 48 hours and then analyzed for NOX4
mRNA levels using qRT-PCR. N=2, mean ± S.D.
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Figure B15: Erlotinib increases NOX4 protein levels. Cal27 and FaDu cells were
treated with 5 µM ERL or DMSO (CON) for 48 hours and assayed for NOX4 protein by
Western blot. B-actin was used as a loading control.
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Figure B16: Inhibition of NADPH oxidase enzymes decreases IL-6 mRNA levels.
FaDu cells were pre-treated with 0.05 µM diphenylene iodonium (DPI) for 2 hours and
then treated with or without 5 µM ERL or DMSO (CON) for 48 hours and then analyzed
for IL-6 mRNA levels using qRT-PCR. N=1, mean ± SEM.
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Figure B17: Knockdown of NOX4 decreases IL-6 mRNA levels. Cal27 and SQ20B
cells were infected with an empty adenovirus (CON) or siNOX4 adenovirus (siNOX4) in
reduced serum for 24 hours. Serum was then added and 24 hours later the cells were
treated with 5 µM ERL for 48 hours and then analyzed for IL-6 mRNA levels using qRTPCR. N=1, mean ± SEM.
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Figure B18: Knockdown of NOX4 decreases NOX4 mRNA levels. Cal27 and SQ20B
cells were infected with an empty adenovirus (CON) or siNOX4 adenovirus (siNOX4) in
reduced serum for 24 hours. Serum was then added and 24 hours later the cells were
treated with 5 µM ERL for 48 hours and then analyzed for NOX4 mRNA levels using
qRT-PCR. N=1, mean ± SEM.
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Figure B19: Erlotinib increases DUOX2 mRNA levels. A549, Cal27, FaDu, and
SQ20B cells were treated with 5 µM ERL for 48 hours and then analyzed for DUOX2
mRNA levels using qRT-PCR. N=2, mean ± SEM
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Figure B20: Effects of Erlotinib treatment overtime on DUOX2 protein expression. Cal27, FaDu, and SQ20B cells were treated
with ERL or DMSO (CON) for 1, 12, 16, or 20 hours. DUOX2 protein expression was determined by Western blot assay with β-actin
used as a loading control.
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Figure B21: Knocking down DUOX2 decreases IL-6 and DUOX2 mRNA levels.
FaDu cells were transfected with a scrambled siRNA (CON) or siDUOX2 RNA
(siDUOX2) in OPTI-MEM media for 24 hours. The media was then changed and 24
hours later the cells were treated with 5 µM ERL for 48 hours and then analyzed for
DUOX2 and IL-6 mRNA levels using qRT-PCR. N=1
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Figure B22: Hydrogen peroxide treatment increases IL-6 mRNA levels. Cal27 cells
were treated with 50 µM H2O2 for 30 minutes or H2O (CON) in serum free media. After
30 minutes the serum was changed, and IL-6 mRNA levels were analyzed by qRT-PCR
48 hours later. N=1, mean ± SEM.
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Figure 23: Potential mechanism behind Erlotinib resistance.
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