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Abstract
Most head and neck squamous cell carcinomas (HNSCC) overexpress epidermal growth factor
receptor (EGFR) and EGFR inhibitors are routinely used in the treatment of HNSCC. However,
many HNSCC tumors do not respond or become refractory to EGFR inhibitors. Autophagy, which
is a stress-induced cellular self-degradation process, has been reported to reduce the efficacy of
chemotherapy in various disease models. The purpose of this study is to determine if the efficacy
of the EGFR inhibitor erlotinib is reduced by activation of autophagy via NOX4-mediated
oxidative stress in HNSCC cells. Erlotinib induced the expression of the autophagy marker LC3B-
II and autophagosome formation in FaDu and Cal-27 cells. Inhibition of autophagy by chloroquine
and knockdown of autophagy pathway genes Beclin-1 and Atg5 sensitized both cell lines to
erlotinib-induced cytotoxicity, suggesting that autophagy may serve as a protective mechanism.
Treatment with catalase (CAT) and diphenylene iodonium (DPI) in the presence of erlotinib
suppressed the increase in LC3B-II expression in FaDu and Cal-27 cells. Erlotinib increased
NOX4 mRNA and protein expression by increasing its promoter activity and mRNA stability in
FaDu cells. Knockdown of NOX4 using adenoviral siNOX4 partially suppressed erlotinib-induced
LC3B-II expression, while overexpression of NOX4 increased expression of LC3B-II. These
studies suggest that erlotinib may activate autophagy in HNSCC cells as a pro-survival
mechanism, and NOX4 may play a role in mediating this effect.
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Introduction
The epidermal growth factor receptor (EGFR) is a receptor tyrosine kinase that activates
numerous pro-survival signaling pathways (Rocha-Lima et al., 2007). EGFR is activated
when growth factor ligands bind to the ligand binding domain of the receptor resulting in
receptor dimerization and enhancement of intracellular tyrosine kinase activity (Olayioye et
al., 2000). Receptor activation leads to recruitment and phosphorylation of several
intracellular substrates resulting in pro-growth signaling and tumor promoting activities
(Mendelsohn 2002, Mendelsohn and Baselga 2006). Given that EGFR signaling is
upregulated in many cancers including head and neck squamous cell carcinoma (HNSCC)
(Grandis and Tweardy 1993), several drugs that target EGFR have been developed and
approved for cancer therapy. However EGFR-based chemotherapy has limited results in
HNSCC patients due to development of resistance mechanisms including mutations in
EGFR, PTEN and PI3KCA, and amplification or upregulation of other tyrosine kinase
receptor signaling pathways (Harari et al., 2009, Rexer et al., 2009).

Autophagy is a self-degradation phenomenon activated under conditions of stress including
nutrient deprivation, oxidative stress, chemotherapeutic insult and radiation (Mizushima
2005, Mizushima 2009). During this process a double membranous structure is formed
which encloses the cytoplasm along with the components targeted for degradation, then
fuses with lysosome to form an autophagolysosome where the contents are degraded and
recycled for use by the cells under conditions of stress (Tanida 2011). Autophagy has been
implicated as both a tumor suppressor and tumor promoting mechanism depending on the
cell model used, type of stress and duration of stimuli (Bialik and Kimchi 2008, Eisenberg-
Lerner and Kimchi 2009). Additionally, autophagy has been implicated in resistance and
decreased response to chemotherapeutic agents due to its tumor promoting activity (Kondo
et al., 2005).

Previous studies in our lab have shown that the EGFR inhibitor erlotinib increases oxidative
stress via activation of NADPH oxidase 4 (NOX4). NADPH oxidases are a class of
membrane bound enzymes that transfer electrons from NADPH across the membrane
resulting in the formation of reactive oxygen species (ROS) in a variety of cells (Lambeth
2004). Since autophagy may be activated by oxidative stress, the purpose of this study was
to determine if erlotinib activated autophagy as a protective mechanism in HNSCC cells via
NOX4.

Materials and methods
Cell culture conditions

FaDu and Cal-27 human head and neck cancer squamous carcinoma cells (HNSCCs) were
obtained from the American Type Culture Collection (ATCC, Manassas, VA). The cells
were grown in Dulbecco's Modified Eagle's medium (DMEM) containing 10% FBS, 4 mM
L-glutamine, 1 mM sodium pyruvate, 4.5 g/L glucose (DMEM) and gentamycin. Cultures
were maintained in 5% CO2 and in a 37°C incubator.

Drug treatment
Chloroquine (CQ), catalase (CAT) and diphenylene iodonium (DPI) were obtained from
Sigma Chemical Co. Erlotinib (ERL) was obtained from Cayman Chemicals and dissolved
in DMSO. All drugs were used without further purification. Drugs were added to cells at
final concentrations of 100U/mL CAT, 50 nmol/L DPI, 2, 12 and 25 μmol/L of CQ and 5
μmol/L ERL. Catalase was conjugated to polyethylene glycol (PEG) and PEG was used as
the control in the appropriate studies. The required volume of each drug was added directly

Sobhakumari et al. Page 2

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2014 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



to complete cell culture media on cells to achieve the desired final concentrations. All cells
were placed in a 37°C incubator and harvested at the time points indicated.

Western Blot analysis
Cell lysates were standardized for protein content, resolved on 4% to 12% SDS
polyacrylamide gels, and blotted onto nitrocellulose membranes. Membranes were probed
with rabbit anti-LC3B, anti-beclin-1, anti-Atg5, anti-β-actin (Cell Signaling Technologies),
anti-NOX1, anti-NOX2, anti-NOX3, anti-NOX4, anti-DUOX2 (Abcam), anti-NOX5, anti-
DUOX1 (Santa Cruz Biotechnology) antibodies. Antibody binding was detected by using an
ECL Chemiluminescence Kit (Amersham).

Staining autophagosomes with GFP-LC3
Cells were transfected with GFP-LC3 (pSELECT-GFP-LC3) expressing plasmids
(Invivogen) and successfully transfected cells selected in DMEM with zeocin. After
treatment with erlotinib for 48 hours the cells were fixed with 4% paraformaldehyde,
washed with PBS, counter stained with DAPI to visualize nuclei and the fluorescence of
GFP-LC3 was viewed under a fluorescent microscope.

Immunofluorescence staining
Cells were cultured in chamber slides and treated with erlotinib for 48 hours. The media was
then removed and the slides fixed in 4% paraformaldehyde for 30 minutes at room
temperature. Slides were then blocked in 1% BSA in 0.05% Triton X-100/PBS for 30
minutes at room temperature and incubated with rabbit anti-human LC3B antibody (Cell
Signaling Technologies, 1:400 dilution) for 1 hour. Secondary detection was done using
AlexaFluor488 anti-rabbit (Invitrogen) for 1 hour. Nucleus was stained with DAPI. The
chamber wells were detached from the glass slide, mounted with Vectashield Mounting
media (Vector Laboratories) and observed under fluorescence microscope.

Real Time PCR analysis
Total RNA was extracted from cells after treatment at indicated time point using Qiagen
RNeasy mini kit. The cDNA was amplified using iScript cDNA synthesis kit (Bio-rad). The
cDNAs were subjected to RT-PCR analysis with the following 5′-3′primer sets: NOX1
(5′TGGGTTTTCTAAACTACCGTCTCT3′ and 5′TTTAATGCTGCATGACCAACA3′),
NOX2 (5′GGCTTCCTCAGCTACAACATCT3′ and
5′GTGCACAGCAAAGTGATTGG3′), NOX3(5′CACACCATGTTTTCATCGTCTT3′ and
5′GTTTGGCCTCGAACAATCC3′), NOX4 (5′CTCAGCGGAATCAATCAGCTGTG3′
and 5′AGAGGAACACGACAATCAGCCTTAG3′), NOX5
(5′CGTCTGTGCCGGCTTATC3′ and 5′CCAATTCCAGATACAACATGACTG3′) (Prata
et al., 2008), DUOX1 (5′CCGGAGACAAGTTGCAGTC3′and
5′TCTCCAATCTGATCCTTGTTTTC3′), DUOX2 (5′CGGAAGAAGGTGGAGATCAG3′
and 5′TGGAATTGCAGGTAGGTCACT3′) and 18S
(5′CCTTGGATGTGGTAGCCGTTT3′ and 5′AACTTTCGATGGTAGTCGCCG3′). The
assay was performed using 2X SYBR Green/ROX PCR master mix (Bio-Rad). 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, 95°C for 15 s, and 60°C for 1 min for
40 cycles. Results were analyzed using the ABI PRISM 7000 SDS software. The CT values
for the target genes in all of the samples 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. For analysis of miR-25 expression, RNA was
isolated using mirVana microRNA isolation kit (Applied Biosystems) according to
manufacturer's instructions. 250 ng of RNA was reverse transcribed using microRNA
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specific primers; miR-25 (Applied Biosystems; part no-001006) and RNU48 (Applied
biosystems; part no-00403) using the TaqMan microRNA reverse transcription kit (Applied
Biosystems). The reaction was performed using TaqMan universal PCR master mix
(Applied biosystems) according to manufacturer's instructions on the ABI 7900HT. Results
were analyzed using SDS 2.3 (Applied biosystems).

Clonogenic survival assay
Both floating and attached cells from the treated dishes were collected. Attached cells were
collected by trypsinization. Cells were re-plated at a low density of 150-1000 cells/plate and
allowed to grow for 14 days in complete media. Cells were stained with Coomassie Blue
dye, and the colonies on each plate subsequently counted for analysis of clonogenic survival
as previously described (Spitz et al., 1990).

Construction of NOX4 expression plasmids
NOX4 promoter: The NOX4 promoter was cloned from normal keratinocyte genomic DNA.
Approximately 1500 base pairs upstream of the NOX4 transcription start site was chosen as
a representative promoter region. This area possessed numerous putative transcription factor
binding sites as indicated by the Transcription Element Search System (TESS, University of
Pennsylvania). The promoter region was amplified using HotStarTaq Master Mix by
conventional PCR and the following primers (with restriction sites added): 5′ (Sac1):
GAGCTCTATTAAGAGTTGGAGCCATTTTTTAAACCTTTTG and 3′ (Xho1):
CTCGAGGCTGCCCAGACGCCCAG. PCR product was gel purified and cloned into a
pJet1.2 vector using the CloneJET PCR cloning kit (Thermo Scientific, USA). After
sequence validation, the NOX4 promoter was subcloned into pGL4.10[luc2]; a promoterless
vector with multiple cloning site (MCS) directly upstream of a luciferase construct and
confirmed by sequencing.

NOX4 3′UTR Luciferase Vector Constructs: Genomic DNA was isolated using the purelink
genomic DNA isolation kit (Invitrogen) from HEK293 cells (ATCC). The NADPH Oxidase
4 3′UTR was amplified using
3′TTCGTAGTCGACCTGTTGTGGACCCAATTCACTATCC5′ and
5′AGCTCCTCACTAGGGAGTTCTTGAGCGGCCGCATTTTA3′. The amplification
product was cloned in to the pGEM-T Easy Vector (Promega). The vector was propagated
and DNA isolated using a Plasmid Midi kit (Qiagen). A restriction digestion using SALI
(NEB) and NOTI (NEB) endonucleases was carried out on the PsiCheck2 vector (Promega)
and the NOX4 3′UTR plasmid at 37°C for 1hr. These products were purified using a PCR
clean-up kit (Qiagen). The NOX4 3′UTR and the PsiCheck 2 vector were then ligated using
T4 ligase (NEB) at 16°C overnight. This product was purified using a PCR clean-up kit
(Qiagen) and transformed into DH5α Max Efficiency cells (Invitrogen). The product was
then propagated and the DNA isolated with a Plasmid Midi kit (Qiagen). The miR-25
binding site was mutated from position 141 to position 149 of the NOX4 3′UTR using the
Quick Change Multisite Directed Mutagenesis Kit (Agilent Technologies) and with the
primer set 3′GCAGGACTCTAAAGAAGGAATTGCGAAGATTTCTAAGACT 5′ and
5′AGTCTTAGAAATCTTCGCAATTCCTTCTTTAGAGTCCTGC 3′ according to
manufacturer's instructions. The amplification and final product were sequenced using the
Applied Biosystems Model 3730 capillary sequencer.

Plasmid transfection and luciferase assays
The cells were plated in 12 well plates and incubated for 24 hours. Cells were transiently
transfected according to the manufacturer's instructions by incubating the constructs with
Lipofectamine 2000 (2 μl/well; Invitrogen), for 4 hours in case of the pGL4.10 human
NOX4 promoter and 24 hours for the NOX4 3′ UTR construct. To control for transfection
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efficiency of NOX4 promoter plasmid, cells were cotransfected with 0.1 μg/well pRL-TK
Renilla luciferase or construct. The NOX4 3′UTR Luciferase vector expressed Renilla
luciferase. After transfection the cells were allowed to recover for 24 hours and then treated
with either DMSO (control) or 5μM erlotinib for 48 hours. Cells were then washed twice
with PBS and collected into passive lysis buffer (Promega). Luciferase activities were
measured with the Dual Luciferase Reporter Assay System (Promega). Relative light units
were normalized to Renilla activity.

siRNA transfection
Beclin-1, Atg-5 and control siRNA were purchased from Cell Signaling Technologies.
HNSCC cells were transfected with 100 nmol/L siRNA at 80% confluence in reduced serum
Eagle's Minimum Essential Medium for 24 hours. Lipofectamine 2000 (Invitrogen) was
used for transfections following protocols provided by the manufacturer. Biochemical
analyses were done 48 to 72 hours after transfection.

Adenoviral NOX4 manipulation
Adenoviral vectors expressing siRNA against NOX4 (AdsiNOX4) or a scrambled control
were constructed, purified and provided by the University of Iowa Gene Transfer Vector
Core (GTVC) as described previously (Peterson et al., 2009). Construction of
Ad5.CMV.hNOX4WT (NOX4 wild-type) and Ad5.CMV.hNOX4DN(NOX4 dominant-
negative) adenoviruses was done as follows. Wild-type (WT) human NOX4 cDNA
(BC040105.1) was obtained from Open Biosystems (MHS1010-9204787; Huntsville, AL) in
the pCMV-SPORT6 vector. cDNA for the dominant-negative (DN) form of NOX4 lacking
the C-terminal NADPH binding domain was generated by introduction of a stop codon at
amino acid 384 as described previously (Mahadev et al., 2004) using Stratagene
Quickchange XL site-directed mutagenesis (La Jolla, CA) with forward
CTGGACAGAACGATTTCGAGATTAACTACTGCCTCC and reverse
GGAGGCAGTAGTTAA TCTCGAAATCGT TCTGTCCAG primers (nucleotide change
underlined). The entire cDNA for the WT and DN clones were subsequently sequence
verified and subcloned into the pacAd5.CMV.K-NpA shuttle vector (U Iowa GTVC) using
Kpn1/Not1 restriction. Viruses were purified by the U Iowa GTVC using CsCl gradient
centrifugation and dialyzed against buffer containing 3% sucrose/PBS and stored at -80°C.
Each virus was tested for WT revertants and for titer by PCR and A549 plaque assay as
described (Anderson et al., 2000). Cells were transfected with adenovirus (MOI-150) in
serum free media for 24 hours. Media was changed into complete media and allowed to
recover for 72 hours, treated with drug for indicated time period and harvested for
biochemical assays.

Transmission Electron microscopy
Cells were fixed in 2.5% gluteraldehyde in 0.1 M sodium cacodylate for 45 minutes, washed
and post fixed with 1% OsO4 for 30 minutes. The cells were again washed and stained for 5
minutes in 2.5% aqueous uranyl acetate. The samples were dehydrated with graded alcohol
and embedded on Epon resin (Canemco Inc). Ultrathin sections were cut on a Leica EM
microtome, counterstained with 5% uranyl acetate and 0.3% lead citrate and observed under
electron microscope.

Measurement of intracellular ROS levels
Attached cells were trypsinized, resuspended in PBS and labeled with 5-(and-6)-carboxy-2′,
7′ -dichlorodihydrofluorescein diacetate, (DCFH, 10 μg/mL) dissolved in 0.1% DMSO for
15 minutes at 37°C. Labelled cells were analyzed by using a FACSCalibur flow cytometer
[excitation 488 nm, emission 530 nm band-pass filter (DCFH). The mean fluorescence
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intensity (MFI) of 10,000 cells was analyzed in each sample and corrected for
autofluorescence from unlabeled cells.

Statistical analysis
Statistical analysis was done using GraphPad Prism version 5 for Windows (GraphPad
Software, San Diego, CA). Data were compared using two-tailed Students t-test and
differences between 3 or more means were determined by one-way ANOVA with Tukey
post-tests. P values less than 0.05 was considered significant.

Results
EGFR tyrosine kinase inhibitor (EGFR TKI) erlotinib decreased clonogenic survival and
induced autophagy in HNSCC cells

We initially confirmed that erlotinib (5 μM, 48 hours) was capable of decreasing activated
EGFR (pEGFR) expression in FaDu and Cal-27 cells by western blot (Figure 1A). The dose
of 5 μM erlotinib was chosen because it is within the range of plasma levels (0.8 - 6.7 μM)
found in HNSCC patients after being dosed with 150 mg Erlotinib p.o. daily for 3 weeks and
therefore clinically relevant (Soulieres et al., 2004). The effect of erlotinib on clonogenic
survival of FaDu and Cal-27 cells was determined by treating the cells with 5 μM erlotinib
for 24, 48 and 72 hours before analysis by clonogenic survival. Erlotinib significantly
decreased the clonogenic survival of these HNSCC cells at all time points compared to time
0 but there was no significant added cytotoxicity after 24 hours (Figure 1B). To prevent
decreases in drug concentration due to metabolism, fresh erlotinib was added each time
point but the results did not change (data not shown).

In order to investigate autophagy induction, we investigated the effects of erlotinib on LC3B
levels. Shortly after translation LC3B gets cleaved at its C-terminal exposing a glycine side
chain and this form is known as LC3B-I which appears as the upper band (16kD) in a
western blot. When autophagy is induced, a polyethanolamine (PE) group gets conjugated to
the glycine side chain and this conjugated form is called LC3B-II which appears as the
lower band (14kD). During autophagy more LC3B-II forms and gets incorporated into the
autophagosomal membrane. The amount of LC3B-II is closely correlated with the number
of autophagosomes, serving as a good indicator of autophagosome formation and autophagy
induction. Erlotinib increased expression of LC3B-II levels using western blot in both cell
lines after 48 and 72 hours (Figure 1B). Fluorescent imaging showed increased fluorescence
of GFP-LC3 vacuoles in erlotinib treated FaDu and Cal-27 cells (Figure 2). Additionally,
double membraned and organelle enclosing autophagosomes were identified in erlotinib
treated FaDu and Cal-27 cells compared to control cells using transmission electron
microscopy (Figure 3). Taken together these results suggest that the cytotoxic effect of
erlotinib decreased over time and that erlotinib induces autophagy in both FaDu and Cal-27
HNSCC cells.

Inhibition of autophagy sensitizes HNSCC cells to Erlotinib
To examine whether inhibition of autophagy would sensitize HNSCC cells to erlotinib,
chloroquine (CQ), an autophagy inhibitor was used in combination with erlotinib. FaDu and
Cal-27 cells were treated with 2, 12 and 25 μM CQ for 2 hours prior to treatment with
erlotinib and cytotoxicity assayed by clonogenic survival assay. CQ at doses of 12 and 25
μM caused significant cytotoxicity in both cell lines compared to controls (Figure 4). CQ at
2 and 12 μM was able to sensitize Cal-27 cells to erlotinib, while only 2 uM CQ was able to
sensitize FaDu cells to erlotinib (Figure 4). To confirm that enhanced clonogenic killing by
erlotinib was due to inhibition of autophagy we knocked down genes in the autophagy
pathway such as beclin-1 and Atg5, with their corresponding siRNA before treatment with
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erlotinib. Beclin-1 and Atg5 siRNA knockdown increased the clonogenic killing by erlotinib
in both FaDu and Cal-27 HNSCC cells (Figure 5A), and successfully suppressed expression
of Beclin-1 and Atg5 respectively (Figure 5B). These results confirmed that erlotinib
induced autophagy as a protective mechanism and inhibition of autophagy may increase
efficacy to erlotinib in vitro.

NOX enzymes are involved in erlotinib induced autophagy
It has been previously reported that ROS can induce autophagy (Scherz-Shouval and Elazar
2011) and our lab has shown that erlotinib induced hydrogen peroxide (H2O2)-mediated
oxidative stress via NOX4 (Orcutt et al., 2011). To confirm erlotinib induced H2O2 was
responsible for autophagy, FaDu cells were pretreated with 100 U/mL pegylated catalase
(CAT) for 1 hour prior to treatment with erlotinib and LC3B-II expression was measured.
CAT suppressed the erlotinib-induced increase in LC3B-II levels suggesting the
involvement of H2O2 in mediating autophagy in HNSCC cells (Figure 6A). To determine if
NOX enzymes were involved in erlotinib-induced autophagy, FaDu and Cal-27 cells were
treated with diphenylene iodonium (DPI), a flavin enzyme inhibitor and the protein
expression of LC3B-II was analyzed. DPI decreased erlotinib-induced LC3B-II levels in
both cell lines suggesting the role of NOX enzymes in erlotinib induced autophagy (Figure
6B-D). Out of all known NOX enzymes (NOX1-5, DUOX1, DUOX2), erlotinib increased
NOX4 and DUOX2 mRNA compared to control cells (Figure 7A) but only increased NOX4
protein expression (Figure 7B). Taken together these results suggested that NOX enzymes
(NOX4 in particular) may be involved in erlotinib-induced autophagy.

Erlotinib increases NOX4 expression both by promoter activation and 3′UTR stabilization
mechanisms

To further examine the mechanism of induction of NOX4 by erlotinib, two luciferase
expression plasmids containing the NOX4 promoter and 3′UTR of NOX4, were transfected
separately into FaDu HNSCC cells and activity was measured by a luciferase assay after
incubation with DMSO or erlotinib. FaDu cells were used to pursue these studies because of
the greater induction of NOX4 and high transfection efficiency observed in this cell line
compared to Cal-27 cells. Erlotinib caused a significant increase in NOX4 promoter (Figure
7C) and 3′UTR luciferase activity (Figure 8A) compared to control. The 3′ UTR of NOX4
contains a binding site for miR-25 which upon binding degrades the NOX4 mRNA (Fu et
al., 2010). To investigate if the increase in 3′ UTR luciferase activity in the presence of
erlotinib may be due to decreased endogenous miR-25 binding, a mutation in one of the
miR-25 binding sites in the 3′ UTR was introduced. The mutated 3′UTR construct
demonstrated increased luciferase activity of the control conditions by 20% compared to the
wild-type (Figure 8B). Additionally, 3′UTR luciferase activity after erlotinib treatment was
decreased in the mutated 3′UTR construct (Figure 8C). Furthermore, erlotinib decreased
miR-25 expression in FaDu cells (Figure 8D). These results suggest that erlotinib mediated
increases in NOX4 expression may result from both an increase in NOX4 promoter and
increased mRNA stability, the latter via changes in endogenous miR-25 levels.

NOX4 mediates erlotinib induced autophagy
To determine if erlotinib induced autophagy via NOX4, NOX4 was knocked down with
adenoviral siRNA (AdsiNOX4) in FaDu cells and levels of immunoreactive LC3B-II was
analyzed by western blot. AdsiNOX4 successfully suppressed erlotinib-induced NOX4
mRNA and protein expression (Figure 9A) and additionally decreased LC3B-II expression
compared to empty vector transfected cells (Figure 9B). To confirm that NOX4 activity was
responsible for autophagy induction, NOX4 was overexpressed using an adenoviral wild-
type NOX4 construct (AdN4WT). Overexpression of NOX4 showed that expression of
NOX4 mRNA (Figure 10A), NOX4 protein (Figure 10A), LC3B-II (Figure 10B) as well as
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ROS production (Figure 10C) and cytotoxicity (Figure 10D) was increased compared to
EMP-transfected cells. These changes were not observed with overexpression of a NOX4
dominant-negative construct (AdN4DN) although NOX4 mRNA was induced (Figure 10A-
D). These results indicate that NOX4 contributed to erlotinib induced autophagy.

Discussion
These data identify NOX4-mediated autophagy as a mechanism by which HNSCC develop
resistance to cytotoxic effects of erlotinib, and possibly other EGFR inhibitors. EGFR
inhibitors are routinely used in chemotherapy regimens but development of drug tolerance is
a common problem. In support of this we observed that the cytotoxicity of a clinically
relevant dose of erlotinib decreased over time with no additional effect after 24 hours
(Figure 1B). Induction of autophagy has been implicated in numerous studies to promote
survival of drug resistant cancer cells following chemotherapy (Hu et al., 2012, O'Donovan
et al., 2011). We have shown that erlotinib induces autophagy in our head and neck cancer
cell model by immunoblot, immunofluorescence and electron microscopy (Figure 1-3)
which supports earlier reports of the role of autophagy in the mechanism of action of
erlotinib (Fung et al., 2012, Han et al., 2011).

It is controversial whether autophagy is primarily a pro-survival or pro-death phenomenon.
Many studies have shown that autophagy promotes the survival of tumor cells under
conditions of poor nutrient supply in case of rapidly growing tumors and also protects the
cells from cytotoxic chemotherapeutic and radiation insults (Kondo et al., 2005).
Paradoxically, many others have reported that an increase in autophagy enhances the
cytotoxic effects of anticancer agents or radiation (Fung et al., 2012, Shin et al., 2012) and
regress tumor volumes in small animal models (Fung et al., 2012). In our in vitro HNSCC
cell model, we found that inhibiting autophagy by pharmacological or genetic manipulation
sensitizes HNSCC cells to cytotoxic effects of erlotinib (Figure 4, 5) suggesting that it has a
pro-survival role. However, more studies are needed in EGFR-positive tumor models to
determine the consistency of these observations and to determine the safety and efficacy of
the combination of erlotinib and CQ. In fact, a Phase 1 clinical trial utilizing chloroquine
and erlotinib in lung cancer patients has demonstrated that this combination is safe and
tolerated (Goldberg et al., 2012) suggesting that this combination should also be tested in
HNSCC patients.

Previous studies from our lab have shown that erlotinib induced oxidative stress via NOX4
activation and NOX4-mediated oxidative stress was required to induce cytotoxicity of
HNSCC cells (Orcutt et al., 2011). We now show that NOX4 may have both a cytotoxic and
cytoprotective role in EGFR-based chemotherapy implying a dual role for NOX4 (Figure
11). In the present studies, the cytotoxicity of NOX4 was demonstrated by significantly
increased clonogenic cell killing of NOX4WT-transfected cells compared to EMP and
NOX4DN-transfected cells (Figure 10D). In fact overexpression of NOX4DN, which is
functionally inactive (Figure 10C), significantly increased clonogenic survival compared to
EMP (Figure 10D), which further supports the cytotoxic mechanism of NOX4. On the other
hand, the cytoprotective role of NOX4 is demonstrated in these studies by its role in
autophagy. We observed that overexpression of NOX4 increased autophagy (Figure 10B)
and that knockdown of NOX4 was able to suppress erlotinib-induced autophagy (Figure
9B).

Although NOX4 was the focus of these studies, we did observe that both NOX4 and
DUOX2 mRNA was induced with erlotinib treatment in both cell lines (Figure 7). DUOX2
along with DUOX1, both produce H2O2 while the other NOX enzymes are known to
produce superoxide (O2

.-) (Donko et al., 2010, Ohye and Sugawara 2010). Numerous studies
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have shown that NOX4 may produce both H2O2 and O2
.- in various cell models (Ago et al.,

2010, Kuroda et al., 2010, Serrander et al., 2007) however in our previous work, we have
shown that NOX4 produced H2O2 and not O2

.- in FaDu and Cal-27 cells (Orcutt et al.,
2011) suggesting that NOX4-mediated H2O2 may also be responsible for autophagy
induction in the present studies. The role of H2O2 was also confirmed by showing that
catalase was able to suppress erlotinib-induced autophagy (Figure 6A). Although DUOX2
mRNA expression was induced by erlotinib treatment, we could not detect any increase in
DUOX2 protein expression (Figure 7B). It is possible that DUOX2 protein may be induced
and rapidly degraded by proteosomal machinery which may explain why we do not see an
increase in DUOX2 protein expression 48 hours after erlotinib treatment. However, we were
unable to see an increase in protein expression as early as 1 hour after erlotinib treatment
(data not shown). Nevertheless, DUOX2 may play a role in the mechanism of action of
erlotinib and further studies exploring this are ongoing.

ROS is a known inducer of autophagy (Scherz-Shouval and Elazar 2011) and the results of
this work suggest that NOX4-generated H2O2 induces autophagy upon erlotinib treatment.
However the mechanism by which autophagy is induced is not clear. Inhibition of the
mTOR pathway is known to activate autophagy but inhibition of this pathway does not
appear to be the mechanism involved in our cell model (data not shown). It is possible that
erlotinib-induced ROS may deactivate Atg4, which is a redox sensitive cysteine protease
that delipidates LC3B-II and removes it from autophagosomal membranes (Scherz-Shouval
et al., 2007). Additionally, erlotinib may induce endoplasmic reticulum (ER) stress, which
may be responsible for the activation of downstream autophagy. We plan to further
investigate these mechanisms in future studies.

The mechanism by which erlotinib induces NOX4 is not known. However, we have now
shown that erlotinib increases NOX4 by a mechanism involving increased promoter activity
and 3′UTR stabilization in FaDu cells (Figure 7C, 8A). The 3′ UTR of NOX4 contains
binding sites for miR-25, which has been shown to bind to this region and degrade NOX4
mRNA (Fu et al., 2010). We have shown that the increase in 3′UTR stabilization is due to
decrease in miR-25 levels on treatment with erlotinib (Figure 8D). Additionally, transfection
of cells with a mutation in one of the miR-25 binding sites, suppressed the increase in
3′UTR activity induced by erlotinib, suggesting that erlotinib decreases miR-25 binding to
the 3′UTR region of NOX4 (Figure 8B,C).

In summary these studies describes a possible dual role of NOX4 in EGFR-based
chemotherapy. NOX4 induces oxidative stress that is critical for drug mediated cytotoxicity.
Additionally, it also induces autophagy as a protective mechanism perhaps in cells that
survive erlotinib treatment (Figure 11). Therefore, the induction of autophagy may be a
possible mechanism of drug tolerance and supports the use of autophagy inhibitors in
conjunction with EGFR inhibitors to increase the efficacy of HNSCC treatment.
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EGFR Epidermal Growth Factor Receptor

ERL Erlotinib
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LC3 Light chain 3

NOX4 NADPH oxidase 4

HNSCC Head and neck squamous cell carcinoma

ROS Reactive Oxygen Species

DUOX Dual Oxidase

WT Wildtype

DN Dominant negative

UTR Untranslated Region

TEM Transmission Electron Microscopy

GFP Green Fluorescent Protein

CQ Chloroquine

DPI Diphenylene Iodonium

TKI Tyrosine Kinase Inhibitor
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Highlights

• Erlotinib increased LC3B-II and autophagosome formation in HNSCC cells.

• Inhibition of autophagy sensitized HNSCC cells to erlotinib.

• Erlotinib increased NOX4 promoter and 3′UTR luciferase activity.

• Manipulating NOX4 decreases or increases autophagy.
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Figure 1. Erlotinib inhibits activation of EGFR, decreases clonogenic survival and activates
autophagy in HNSCC cells
FaDu and Cal-27 cells were treated with 5μM erlotinib (ERL) for 48 hours and whole cell
lysates analyzed by Western blotting for phosphorylated and total EGFR (p-EGFR and t-
EGFR) levels (A). FaDu and Cal-27 cells were treated with erlotinib (ERL) for 24, 48 and
72 hours and analyzed for clonogenic survival. Data were normalized to corresponding
controls (B). Cells were treated with erlotinib and analyzed for LC3B-II levels at 24, 48 and
72 hours by Western Blotting (C). β-actin used as loading control. *: p<0.05 vs Time 0.
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Figure 2. Erlotinib induced GFP-LC3 fluorescence and formation of autophagosomes in HNSCC
cells
GFP-LC3 expressing FaDu cells were treated with DMSO (CON) or erlotinib (ERL) for 48
hours and LC3B-II expression determined by fluorescence microscopy (A). Cal-27 cells
were treated with 5 μM ERL for 48 hours and LC3B-II expression determined by
immunofluorescence assay (B). Blue- DAPI nuclear stain; Green- LC3B-II expression.

Sobhakumari et al. Page 15

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2014 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Erlotinib induces autophagosome formation in HNSCC cells
FaDu and Cal-27 cells were treated with 5 μM ERL for 48 hours and observed for
autophagosome formation by transmission electron microscopy. Arrows indicate
autophagosomes.
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Figure 4. Chloroquine sensitizes HNSCC cells to erlotinib
FaDu and Cal-27 cells were pre-treated with 2, 12 and 25 μM chloroquine (CQ) for 2 hours,
treated with DMSO (CON) or 5 μM erlotinib (ERL) for 48 hours, then analyzed for
clonogenic survival. Data were normalized to respective controls. Error bars represent the
standard error of the mean for N=3 experiments. *:p<0.05 vs CON, #:p<0.05 vs ERL.
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Figure 5. Knockdown of autophagy genes sensitizes HNSCC cells to erlotinib
FaDu and Cal-27 cells were transfected with scrambled siRNA (siCON), or siRNA targeted
to ATG5 (siATG5) or BECLIN-1 (siBEC1) for 24 hrs. The cells were then treated with
DMSO or 5 μM erlotinib (ERL) for 48 hrs and analyzed by clonogenic assay (A) and
analyzed for ATG5 and BECLIN-1 expression by western blot (B). β–actin used as loading
control. Error bars represent standard error of the mean for n= 3 experiments, *: p<0.05 vs
siCON.
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Figure 6. NADPH Oxidase enzymes (NOX) are involved in erlotinib-induced autophagy
A) FaDu cells were treated with 5 μM erlotinib (ERL) and/or 100 U/mL catalase (CAT) for
48 hours and whole cell lysates analyzed for LC3B-II expression. Equal amounts of PEG
was present in all treatment groups. B) FaDu and Cal-27 cells were treated with DMSO
(CON), 5 μM erlotinib (ERL) and/or 0.05 μM DPI for 48 hrs. Whole cell lysates were
analyzed by Western blot for LC3B-II expression. β –actin was used as a loading control.
Bar graphs shown in (C) and (D) are quantifications (n=3 experiments) of FaDu and Cal-27
western blot bands in (B) respectively. *:p< 0.05 versus control; ¥:p<0.05 versus ERL.
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Figure 7. NADPH oxidase 4 (NOX4) is induced by erlotinib in HNSCC cells
FaDu and Cal-27 cells were treated with DMSO (CON) or 5 μM erlotinib (ERL) for 48
hours and mRNA expression of all NOX enzymes (NOX1-5, DUOX1,2) determined by RT-
PCR (A). Data were normalized to DMSO control which was set at a value of 1. Error bars
represents standard error of the mean of n=3 experiments. FaDu and Cal-27 cells were
treated as mentioned above and protein levels of various NOX enzymes were analyzed by
immunoblotting. β –actin was used as a loading control (B). FaDu cells were transfected
with a NOX4-promoter-luciferase reporter (NOX4-luc) construct before treatment with
DMSO (CON) or 5 μM erlotinib (ERL) for 48 hours and promoter activity measured by
luciferase assay (C). *:p< 0.05 versus NOX4-luc+DMSO.
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Figure 8. Erlotinib induces NOX4 promoter activity and mRNA stabilization
FaDu cells were transfected with NOX4 3′UTR and mutated NOX4 3′ UTR (A-C) luciferase
constructs before treatment with DMSO (CON) or 5 μM erlotinib (ERL) for 48 hours. FaDu
cells were treated with erlotinib (ERL) for 48 hours and mRNA levels of miR-25 analyzed
by RT-PCR (D). Error bars represent the standard error of the mean (SEM) of n =3
experiments. ¥:p<0.05 vs CON; €:p<0.05 vs 3′UTR; #:p<0.05 vs 3′UTR+erlotinib; $:p<0.05
vs DMSO.
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Figure 9. NOX4 knockdown suppresses erlotinib induced autophagy
FaDu cells were transfected with an adenoviral scrambled siRNA control (EMP) or
adenoviral siRNA targeted to NOX4 (siNOX4) before treatment with erlotinib (ERL) for 48
hours (A, B). NOX4 mRNA levels (A) were determined by RT-PCR, and NOX4 protein (A)
and LC3B protein levels (B) were determined by western blotting. Data normalized to
empty vector. β –actin was used as a loading control. Error bars represent the standard error
of the mean (SEM) of n=3 experiments. *:p<0.05 vs EMP.
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Figure 10. NOX4 overexpression induces autophagy
FaDu cells were transfected with an adenoviral empty vector (EMP) and adenoviral vectors
expressing wildtype-NOX4 (N4WT) and dominant-negative NOX4 (N4DN) (A-D). NOX4
mRNA levels (A) were determined by RT-PCR, and NOX4 protein (A) and LC3B protein
levels (B) were determined by western blotting. N4WT and N4DN-induced oxidative stress
was measured by DCFH oxidation (C) and cytotoxicity measured by clonogenic assay (D).
Data were normalized to EMP. β –actin was used as a loading control. Error bars represent
the standard error of the mean (SEM) of n=3 experiments. *:p<0.05 vs EMP.
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Figure 11. Hypothetical role of NOX4 in the mechanism of action of Erlotinib
Erlotinib induces the expression and activity of NOX4 resulting in ROS production. This
ROS production results in cytotoxicity in HNSCC cells but also activates autophagy as a
protective mechanism.
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