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Introduction
The epidermal growth factor receptor (EGFR) is a 170-kDa 

transmembrane protein with intrinsic tyrosine kinase activity [1].  
Following ligand binding and dimerization, EGFR activation leads 
to phosphorylation and activation of downstream signaling cascades, 
including Ras/Raf/Erk/MAPK and PI3K/Akt that regulate cell 
proliferation, angiogenesis, invasion and metastasis [2].These pathways 
are also implicated in radiation resistance [3]. Overexpression of EGFR 
has been documented in 80 to 90% of patients with head and neck 
squamous cell carcinoma (HNSCC), correlating with an increased risk 
of locoregional recurrence, distant metastasis and mortality [3,4]. Two 
major strategies to inhibit EGFR have undergone intensive preclinical 
and clinical evaluation [2]. The monoclonal antibodies cetuximab and 
panitumumab bind the extracellular domain of EGFR to prevent ligand 
binding, dimerization and receptor activation [5]. Small-molecule 
receptor tyrosine kinase inhibitors erlotinib, gefitinib and lapatinib 
reversibly bind to the intracellular ATP-binding site in the tyrosine 
kinase domain of EGFR, inhibiting receptor autophosphorylation and 
downstream signaling [6].

Combining epidermal growth factor receptor inhibitors with 
radiation has been shown to be more effective than either treatment 
alone for head and neck squamous cell carcinoma in multiple 
preclinical studies [7,8]. However, the majority of patients treated with 
concurrent cetuximab and radiation in a phase III trial recurred in the 
irradiated neck, suggesting that treatment resistance remains a major 
concern [9,10]. 

In addition to the EGFR pathway, cyclooxygenase-2 (COX-2) is 
another promising target in HNSCC [11]. COX-2 is overexpressed 
in head and neck cancers and is implicated in carcinogenesis [12,13]. 

Celecoxib, a selective COX-2 inhibitor has been shown to induce cell 
cycle inhibition, apoptosis, suppression of angiogenesis and decreased 
metastatic potential [14-16]. There is significant crosstalk between 
COX-2 and EGFR signaling pathways and preclinical studies suggest 
that combined inhibition of both pathways results in synergistic growth 
inhibition, decreased angiogenesis and reduced metastatic potential 
[17-24]. The combination of celecoxib and gefitinib was recently tested 
in a phase I trial of 19 patients and shown to be an active and well-
tolerated regimen in recurrent and metastatic HNSCC [25]. Based 
on these compelling preclinical and clinical data, we hypothesized 
that adding celecoxib would further enhance the therapeutic ratio of 
concurrent EGFR-inhibition and radiation for HNSCC.   

Materials and Methods
Cell culture and reagents 

Three HNSCC cell lines, SQ20B, SCC61 and SCC25 were used in this 
study.  Previous studies demonstrated that SQ20B (D0=2.5) is relatively 
radioresistant,  SCC25 (D0=1.4) has intermediate radiosensitivity and  
SCC61 (D0=1.0)  is considered relatively radiosensitive [26]. Cells were 
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Abstract
Targeting epidermal growth factor receptor (EGFR) is a promising approach to increasing radiosensitivity of head 

and neck cancers but treatment resistance remains an important clinical problem. We hypothesize that combined 
EGFR and cyclooxygenase-2 (COX-2) inhibition, using small molecule inhibitors erlotinib and celecoxib, respectively 
would further increase the antitumor activity of radiotherapy. The effects of combinations of celecoxib, erlotinib and 
ionizing radiation (IR) on cell growth, cell cycle progression and apoptosis of head and neck cancer cell lines were 
assessed in vitro by cell viability, clonogenic survival, flow cytometry and Annexin V assays and in vivo. The effects 
of celecoxib, erlotinib and IR on primary and downstream molecular targets were analyzed by immunoblotting & 
ELISA assays. Compared to single or double agent approaches, concurrent celecoxib, erlotinib and IR was the 
most effective regimen at reducing clonogenic survival, increasing apoptosis and inhibiting tumor growth in vivo. 
Concurrent treatment with celecoxib and erlotinib ± IR inhibited multiple prosurvival proteins including p-ERK1/2, 
p-EGFR, p-AKT, p-STAT3, COX-2 and PGE-2. The combination of celecoxib, erlotinib and IR is a promising strategy
to overcoming resistance to combined EGFR inhibition and IR alone.
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cultured in DMEM/ F12 media supplemented with 20% fetal bovine 
serum, 0.4 μg/mL hydrocortisone, 4 mmol/L L-glutamine, 100 units/
mL penicillin and 100 mg/mL streptomycin and incubated in a 37°C, 
5 % CO2, humidified incubator.  Human primary kerationcytes were a 
gift from Dr. Rong Du (Columbia Universtiy, New York, NY)

Experimental treatment

Erlotinib was obtained from OSI Pharmaceuticals while celecoxib 
was obtained from Pfizer, Inc.  Both agents were dissolved in DMSO 
at concentrations of 50mM and 100 mM and stored at -20°C until use.  
Prior to experimental treatment, stock solutions were diluted in culture 
medium to achieve the desired concentration with a final DMSO 
concentration of <0.1%. Treatment was given for 24 hours prior to 
ionizing radiotherapy or sham radiotherapy.  Experimental radiation 
was performed on a 600C 6MV linear accelerator (Varian) at a dose 
rate of 3.55 Gy/minute.  

Immunoblotting analysis

Effects of erlotinib, celecoxib and radiation on cell signaling were 
assessed by immunoblotting. Cells were washed with cold PBS and 
lysed in lysis buffer (Cell Signaling Technology) using a standard 
protocol. The protein concentration was analyzed by a protein assay kit 
with bovine serum albumin standards according to the manufacturer’s 
instructions (Bio-Rad Laboratories). Cell lysates were separated 
by SDS-PAGE and transferred onto a nitrocellulose membrane 
(Hybond-C, Amersham Pharmacia Biotech, Inc.). Following blocking 
with PBS-Tween containing 5 % nonfat dry milk for 1 h, membranes 
were incubated overnight at 4°C with anti–phospho-Tyr 1068-EGFR 
antibody, anti–EGFR antibody, anti–COX-2 antibody, anti–phospho-
ERK1/2 antibody, anti-ERK1/2 antibody, anti–phospho-AKT 
antibody, anti-AKT antibody, anti–phospho-STAT3 antibody, anti–
STAT3 antibody followed by incubation with horseradish peroxidase 
conjugated secondary antibody. All antibodies for in vitro experiments 
were purchased from Cell Signaling Technology. Immunoreactive 
bands were detected by an enhanced chemiluminescence kit. The 
membrane was stripped with stripping buffer (Thermo Scientific) at 
room temperature for 15 min and reprobed with anti–actin antibody 
as a loading control. 

Cell growth assay

Inhibition of cell proliferation was evaluated by 
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; 
Sigma). Briefly, cells were seeded in 96-well tissue culture plates at a 
density of 3×103cells per100 μL/well. Four wells were assigned to each 
experimental treatment. After 24 hours for attachment, cells were 
treated with erlotinib (0-6 µmol/L) and celecoxib (0-100 µmol/L). After 
72 hours of treatment, 10 µL of MTT solution were added to each well 
for two hours incubation. Absorbance at 490 nm was recorded using 
microplate reader. 

Clonogenic assay

The effects of celecoxib, erlotinib and radiation on clonogenic 
survival were analyzed. Cells were seeded into 6-well plates at 
concentration of 1000/well in triplicate. After 24 hours, erlotinib and 
celecoxib were added as either single or double agents with or without 
ionizing. Cells were incubated for 10-14 days to form visible colonies. 
The colonies were fixed in 70% ethanol and stained in Giemsa solution. 
The colonies containing above 50 cells were counted.

Annexin V assay for apoptosis

The effects of drugs and radiation on apoptosis were analyzed. A 
total of 1×105cells were plated in 25cm2 cell culture flasks. Celecoxib, 
erlotinib and radiation was administered 24 hr later. At 72 h after 
radiation, cells were trypsinized and washed with PBS. Pelleted cells 
were stained with both Annexin V-FITC and propidium iodine (PI) for 
15 minutes at room temperature. After incubation, stained cells were 
analyzed using a FACScan flow cytometer with CellQuest software.  

Cell cycle analysis

Cell cycle distribution was analyzed by flow cytometric analysis. 
In brief, cells grown in 25cm2 cell culture flasks were harvested by 
trypsinization and fixed with 70% ethanol. Cells were stained for 
total DNA content with a solution containing 50 μg/mL propidium 
iodide and 100 μg/mL RNase I in PBS for 30 min at 37°C. Cell cycle 
distribution was then analyzed with a FACScan flow cytometer.

Enzyme-linked Immunoassay

We measured prostaglandin E2 (PGE2) concentration in cell 
culture media, the media were collected at 72 hours measured by PGE2 
ELISA kit following the manufacturer’s protocol (Thermo Scientific). 
The PGE2 concentrations were calculated using a standard curve that 
was generated from PGE2 standards provided by the manufacturer. 

Statistical analysis

Results are presented as mean ± standard deviation of at least 
three experiments. Effects of the various treatments (radiation, 
erlotinib and/or celecoxib) on PGE-2 levels, apoptosis, cell cycle and 
clonogenic survival were analyzed statistically using a paired 2-sided 
test compared to controls. In order to determine if treatment effects 
on clonogenic survival are additive or synergistic, three-way analysis 
of variance (ANOVA) with interactions was performed. Tests for 
the effect of radiation (0, 2, 4 or 6 Gy), erlotinib (present or absent), 
celecoxib (present or absent), and their interactions were carried out. 
Data, counts of tumor colonies, were transformed on a log10 scale 
before proceeding with ANOVA.  A p value of <0.05 was considered 
statistically significant.   

Human phase I study

Since both erlotinib and celecoxib are widely used in clinical practice, 
we designed a phase I trial (MSSM GCO 06-0509; NCT00970502) to test 
the hypothesis that celecoxib and erlotinib enhance radiation response 
in patients with radioresistant head and neck cancers. Patients with 
poor prognosis recurrent head and neck cancer who failed previous 
radiation but had no distant metastases were eligible. Following IRB 
approval, between March 2007 and December 2009, 14 patients were 
treated with celecoxib (200 mg BID to 600 mg BID), erlotinib (150 mg 
QD) starting 14 days prior to and concurrent with reirradiation (59.4 
Gy for high risk microscopic disease and 70.4 Gy for gross disease in 
2.2 Gy per fraction). All enrolled patients provided written informed 
consent.   

The starting dose was celecoxib 200 mg BID, escalated to 400 mg 
BID and 600 mg BID using a 3+3 design with an expanded cohort at 
the maximally tolerated dose. Response was assessed by CT and PET 
scans performed every 3 to 4 months.  Post-treatment pathology was 
not routinely obtained.   
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Immunohistochemistry

Pretreatment tumor samples were available in 11 patients, 
embedded into paraffin, and stained with mouse monoclonal human 
anti-Cox2 and anti-EGFR antibodies (Dako, Belgium). Briefly, tissues 
were fixed to glass slides with 10% formalin, deparaffinized in a xylene 
bath, and dehydrated with ethyl alcohol. Prior to immune staining, 
slides were bathed in 95°C water bath and allowed to cool in buffer for 
20 minutes. Slides were blocked in swine serum and primary antibody 
was applied at a 1:100 dilution for 1 hour at room temperature. 
Samples were then stained with secondary, peroxidase-labeled horse 
anti-mouse antibody at a 1:100 dilution for 1 hour at room temperature 
followed by application of DAB chromogen and counterstaining with 
hematoxylin. Slides were scored for COX-2 and EGFR staining by a 
pathologist (M.R.) with subspecialty training in head and neck cancer 
pathology who was blinded to outcome.   

Results
Association between baseline EGFR and COX-2 expression 
and sensitivity to radiation, erlotinib and celecoxib in 
HNSCC cell lines

We first tested the baseline levels of phosphorylated EGFR (p-EGFR)/
EGFR, COX-2, phosphorylated AKT (p-AKT)/AKT, phosphorylated 
ERK (p-ERK)/ERK, phosphorylated STAT3 (p-STAT3)/STAT3 in 
SQ20B, SCC61, SCC25 HNSCC cells. Compared to human primary 
kerationcytes, increased EGFR expression is observed in all three 
cancer cell lines. EGFR levels, activated p-EGFR, p-AKT, p-ERK and 
p-STAT-3 levels were highest in SQ20B cells. In contrast, COX-2 was 
expressed by all three HNSCC cell lines but was markedly decreased 
in SQ20B compared against human primary kerationcytes (Figure 1a). 
Compared to normal kerationcytes, there was increased expression of 
EGFR and decreased expression of COX-2 in SQ20B cells. Among this 
panel of HNSCC, elevated EGFR correlated with radioresistance and 
was inversely correlated with baseline COX-2 levels.  

We then tested sensitivity of HNSCC cells to erlotinib (0 to 6 
µmol/L) and celecoxib (0 to 100 µmol/L). The results showed that 
both drugs reduced cell viability in all three cancer cell lines in a dose-

dependent manner (Figure 1b-c). Neither baseline EGFR nor COX-2 
expression strongly predicted sensitivity to erlotinib or celecoxib.   

Effect of radiation on EGFR and COX-2 signaling pathways

To elucidate the molecular mechanisms of the inhibitory effects 
of erlotinib and celecoxib on irradiated HNSCC cells, we examined 
changes in protein expression levels of p-EGFR/EGFR, p-ERK/ERK, 
p-AKT/AKT and p-Stat3/Stat3 by immunoblotting. Ionizing radiation 
resulted in a significant increase in COX-2 in SQ20B cells while p-EGFR 
was increased in SCC25 cells 72 hours after treatment (Figure 2). Thus 
following radiation, both cell lines demonstrate significantly increased 
activated EGFR and COX-2.  

In SQ20B cells, 3 µmol/L erlotinib with or without 50 µmol/L 
celecoxib resulted in significant decreases in p-EGFR, p-Akt, p-ERK 
and p-Stat3 within 20 minutes of treatment (Figure 2a, left panel). 
At 72 hours after treatment, combined treatment with erlotinib and 
celecoxib was significantly more effective at reducing expression of 
p-EGFR, COX-2 and possibly p-Stat3 than either treatment alone, 
particularly in irradiated SQ20B cells (Figure 2a, right panel and Figure 
3a).  In the SCC25 cells, 3 µmol/L erlotinib with or without 50 µmol/L 
celecoxib also decreased p-EGFR, p-Akt, p-ERK but had no effect on 
p-Stat3 (Figure 2b, left panel). At 72 hours after treatment, combined 
treatment with erlotinib and celecoxib resulted in reduced expression 
of p-EGFR, COX-2 and p-Akt in SCC25 cells (Figure 2b, right panel 
and Figure 3a). Celecoxib alone increased p-EGFR and p-ERK at 72 
hours after treatment in the SCC25 cell line, which was effectively 
reversed by erlotinib (Figure 2b, right panel). In the SCC61 cell line, 
the effects of erlotinib ± celecoxib were limited to reduced COX-2 and 
p-ERK (Figure 2c and Figure 3a). Taken together, these results suggest 
that combined erlotinib and celecoxib effectively inhibit multiple pro-
survival proteins downstream of EGFR following ionizing radiation.  

Combination of erlotinib and celecoxib inhibits radiation-
induced PGE-2 production 

Prostaglandin-2 (PGE2) is a major product of COX-2. To examine 
the effect of celecoxib on downstream targets of COX-2, we measured 
PGE2 levels by enzyme immunoassay in cultured media collected from 

Figure 1: Baseline protein levels and sensitivity to erlotinib and celecoxib. 

a.	 Immunoblotting of proteins relevant to EGFR and COX-2 signaling pathways on untreated  SQ20B, SCC61 and SCC25 head and neck squamous cell lines. These 
levels are compared to WI-38 fibroblasts. Proteins analyzed by immunoblotting are phosphorylated EGFR (p-EGFR)/EGFR, COX-2, phosphorylated AKT (p-AKT)/
AKT, phosphorylated ERK (p-ERK)/ERK, phosphorylated STAT3 (p-STAT3)/STAT3 and actin for control.  

b.	 Cell viability assay assessed by the MTT assay for three HNSCC cell lines, SQ20B, SCC61 and SCC25, treated with erlotinib (0-6 µM) for 24 hours. Each experiment 
was performed in triplicate.  Points represent the mean and error bars represent the standard error.

c.	 Results for the MTT cell viability assay for SQ20B, SCC61 and SCC25 cells treated with celecoxib (0-100 µM) for 24 hours.  Each experiment was performed in 
triplicate.  Points represent the mean and error bars represent the standard error.

A B C
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Figure 2: Effect of single and combination treatment on EGFR-related protein levels in SQ20B, SCC25 and SCC61 cells. The effects of each single treatment (erlotinib, 
celecoxib and ionizing radiation) and the combinations on p-EGFR/EGFR, p-AKT/AKT, p-ERK/ERK, p-STAT3/STAT3 and actin were assessed by immunoblotting. 
We assessed protein levels at 20 minutes and 72 hours after treatment to observe a time course of protein activation.  Differences in protein levels were assessed by 
densitometry and are shown in Supplemental figures.  

a.	 SQ20B
b.	 SCC25
c.	 SCC61

A B

Figure 3: Effect of combination treatment on COX-2 protein levels and PGE-2 levels.  
a.	 The effects of each single treatment (erlotinib, celecoxib and ionizing radiation) and the combinations on COX-2 and actin were assessed by immunoblotting 

at 20 minutes and 72 hours after treatment in SQ20B, SCC61 and SCC25. Differences in protein levels were assessed by densitometry and are shown in 
Supplemental figures.

b.	 The effects of each single treatment (erlotinib, celecoxib and ionizing radiation) and the combinations on PGE-2 concentration assessed by enzyme-linked 
immunosorbent assay in SQ20B, SCC61 and SCC25.  

treated cells. Following 2 Gy of ionizing radiation, PGE-2 production 
increased, particularly in SCC25 cells (p=0.04) with higher baseline 
COX-2 levels. Both 3 µmol/L erlotinib and especially 50 µmol/L 
celecoxib significantly decreased PGE-2 production in all three cell 
lines compared to controls (Figure 3b, p<0.05). Celecoxib was highly 
effective at inhibiting PGE-2 at from 2.5 to 50 µmol/L in all three cancer 
cell lines (supplemental Figure 1).

Erlotinib induces G1 arrest with or without celecoxib or IR

To determine whether growth inhibition of HNSCC by erlotinib 
and celecoxib is due to cell cycle arrest, we performed flow cytometry 
for cell cycle. These experiments demonstrated that 3 µmol/L erlotinib 
both alone or in combination with 50 µmol/L celecoxib or 2 Gy 
radiation, was effective at inducing G1 arrest compared to controls 
(Figure 4, p<0.05). In contrast, neither celecoxib nor radiation had 
significant effects on cell cycle arrest.

Combined erlotinib and celecoxib induces apoptosis in 
combination with IR

To determine the effect of erlotonib and celecoxib on apoptosis, 
we performed the Annexin V assay on cells treated with 50 µmol/L 

celecoxib, 3 µmol/L erlotinib and/or 2 Gy radiation. There was 
significantly increased apoptosis following combined erlotinib, 
celecoxib and IR compared to IR ± single agents (Figure 4, p<0.05).  

Combined erlotinib and celecoxib inhibits clonogenic 
survival in combination with radiation

Based on cell viability data, we performed confirmatory clonogenic 
assays using moderately effective single agent doses of celecoxib 
and erlotinib on SQ20B, SCC61 and SCC25. Clonogenic analysis 
demonstrated that the combination of 25 µM celecoxib and 0.5 
µM erlotinib markedly decreased clonogenic survival compared to 
either drug alone in all three cell lines, particularly in the SQ20B and 
SCC25 cell lines (p<0.05). Further, combined celecoxib and erlotinib 
significantly decreased clonogenic survival in combination with IR (0 
to 6 Gy), particularly in the less radiosensitive SQ20B and SCC25 cell 
lines compared to erlotinib and IR alone (Figure 5, p<0.05).  

Particularly in the SQ20B cell line, combined erlotinib and 
celecoxib had a strongly synergistic effect (p<0.001) in combination 
with radiation. In the SCC25 and SCC61 cell lines, the effects of 
combined therapy were additive rather than supraadditive. Similar 
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Figure 4: Effects of combination treatment on cell cycle arrest and apoptosis (Left panels) . Effects of single treatment (erlotinib, celecoxib and ionizing radiation) and 
combinations therapy on cell cycle head and neck cancer cells assessed by flow cytometry using propidium iodine staining. (Right panels) Effects of single treatment 
(erlotinib, celecoxib and ionizing radiation) and the combinations on apoptosis in head and neck cancer cells assessed by flow cytometry. After 72 hours of treatment, 
adherent and floating cells were collected and incubated with Annexin V-phycoerythrin. Each experiment was performed in triplicate. Each experiment was performed in 
triplicate.  Points represent the mean and error bars represent the standard deviation.      
a.	 SQ-20B
b.	 SCC-25
c.	 SCC-61

trends were observed with higher doses of celecoxib (50 µM), erlotinib 
(3 µM) and radiation (0 to 6 Gy).  

Preliminary clinical responses following erlotinib, celecoxib 
and reirradiation from a human phase I trial 

We have completed patient accrual with 14 patients treated with 
combined erlotinib, celecoxib and reirradiation. At a median follow-up 
of 15 months in surviving patients, 4 patients remain alive and free of 
recurrence, 4 patients had a local failure, 2 patients had a distant failure, 
1 patient had a local and distant failure and 3 patients were free of cancer 
but succumbed to non-cancer related deaths. A durable complete 
response of one patient with unresectable T4bN1 hypopharynx cancer 
who failed prior chemoradiation and surgery is shown (Figure 6a-b). 
This patient had regions that were strongly positive for EGFR and was 

also focally positive for COX-2 (Figure 6c). Although there was no 
specific correlation between baseline EGFR levels and response, all 3 
patients with squamous cell carcinoma that remain alive and free of 
cancer had evidence of positive COX-2 immunostaining. 

Discussion 
EGFR expression is detectable in 80%-90% of HNSCC and is 

further upregulated after exposure to radiation, which contributes to 
radioresistance [1,27]. Recent clinical studies have validated extensive 
preclinical research suggesting that inhibiting EGFR will result in 
clinically significant radiosensitization without significantly increasing 
radiation-induced toxicity [7,9]. In the recently reported randomized 
trial comparing radiotherapy ± cetuximab for stage III-IVB HNSCC, 
the 3-year locoregional control and overall survival with concurrent 
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cetuximab and radiotherapy was 47% and 45% respectively [9]. 
However, cetuximab failed to reduce the risk of distant metastasis 
[9]. Along with emerging preclinical data, these results suggest that 
resistance to EGFR inhibition remains a major impediment to cure for 
many patients with locally advanced HNSCC [10].

This is the first report demonstrating that combined treatment with 
EGFR and COX-2 inhibitors significantly increase radiosensitivity. 
Targeting both EGFR and COX-2 is a conceptually attractive and 
clinically feasible therapeutic approach for HNSCC [25]. Within 20 

minutes of erlotinib administration, reduction in p-EGFR, p-Akt, 
p-ERK was observed.  These changes in protein levels were maintained 
at 72 hours. Combined erlotinib and celecoxib resulted in greater 
inhibition of p-EGFR and p-AKT at 72 hours, particularly in the SCC25 
cell line with high baseline COX-2 expression. In particular, activation 
of AKT has been strongly associated with resistance to therapy [2]. Of 
particular interest, exposure to 2 Gy of ionizing radiation was shown 
to induce multiple prosurvival pathways at 72 hours after treatment 
including p-EGFR, p-ERK, COX-2, PGE-2. Importantly, these were 
all effectively inhibited by erlotinib and celecoxib.  Both celecoxib 
and erlotinib are approved small molecule inhibitors that are in 
routine clinical use.  Prior studies demonstrated supraadditive growth 
inhibition following treatment with EGFR and COX-2 inhibitors in 
HNSCC models [17,24]. Multiple mechanisms appear to be involved 
at the cellular and whole organism levels [18,21-23]. PGE-2 produced 
by COX-2 has been shown to transactivate EGFR, MAPK and Akt by 

Figure 5: Effects of erlotinib, celecoxib and ionizing radiation on clonogenic 
survival in head and neck cancer cells
a.	 SQ-20B
b.	 SCC-61
c.	 SCC-25

A

B

C

A

B

C

Figure 6: Complete clinical and radiographic response following concurrent 
erlotinib, celecoxib and reirradiation in a patient with recurrent head and neck 
cancer who failed prior chemoradiation, total laryngectomy and neck dissection.   

a. Pretreatment CT and PET demonstrated a massive tumor in the 
oropharyngeal wall, reconstructed pharynx and right cervical lymph 
node.   

b. Following combined treatment, the patient had a complete response on 
CT and PET. The patient remains alive and free of recurrent disease 
10 months after treatment.

c. Immunohistochemical staining of pretreatment biopsy samples 
demonstrates focal strong COX-2 positivity and strong EGFR positivity. 



Citation: Fu S, Rivera M, Ko EC, Sikora AG, Chen CT, et al. (2011) Combined Inhibition of Epidermal Growth Factor Receptor and Cyclooxygenase-2 
as a Novel Approach to Enhance Radiotherapy. J Cell Sci Ther S1:002. doi:10.4172/2157-7013.S1-002

Page 7 of 8

Special Issue 1 • 2011
J Cell Sci Ther 
ISSN: 2157-7013 JCEST, an open access journal

activating the cyclic AMP/protein kinase A pathway and promoting 
the expression of the EGFR ligand amphiregulin [21-23]. Further 
PGE-2 may promote tumor progression by inducing myeloid derived 
suppressor cells [28].  

The marked increase in PGE-2 secretion following radiation is a pro-
survival response resulting in transactivation of EGFR, upregulation 
of AKT and promoting resistance to apoptosis [22,29,30]. Our study 
confirms the effect of celecoxib in reducing PGE-2, particularly in 
cells treated receiving concurrent radiation, which translates into 
more effective inhibition of EGFR-resistance pathways including 
ERK, Akt and Stat3. As a result of these significant alterations in cell 
signaling, erlotinib and celecoxib treated cells exhibited decreased 
proliferation, G1 arrest and increased apoptosis. The combination of 
celecoxib, erlotinib and radiation resulted in at least additive inhibition 
of HNSCC cell growth. Moreover, these in vitro observations were 
confirmed in animal models. Further, it should be noted that doses of 
celecoxib tested in vitro are much higher than doses given to patients. 
As a result, it is probable that some of the growth inhibitory effects 
observed at these doses can be attributed to off target effects. However, 
celecoxib is highly effective at inhibiting PGE-2 even at low μM doses 
readily achievable in patients.  

Other potential biological effects of combined inhibition of EGFR 
and COX-2 have been well described in vivo by other investigators 
[18,24]. Celecoxib mediated reduction in VEGF expression and 
angiogenesis inhibition is another potential mechanism of overcoming 
resistance to anti-EGFR monotherapy [29,31]. Further, there is robust 
data that COX-2 inhibitors inhibit myeloid derived suppressor cells 
implicated in tumor-mediated immune suppression and tumor 
vasculogenesis [32]. Recent preclinical data strongly supports a role 
for EGFR and COX-2 in preventing metastasis. An 18-gene signature 
for a mouse model of breast cancer with predilection for lung 
metastasis included the EGFR-receptor ligand epiregulin, COX-2 and 
matrix metalloproteinases 1 and 2 [33].  Provocative preclinical data 
demonstrates that combined celecoxib and cetuximab was effective 
at preventing lung colonization by highly virulent breast cancer cells 
while monotherapy was less effective [19]. Recent data from our 
laboratory suggests an important role for both increased COX-2 gene 
expression and EGFR activation via elevated urokinase plasminogen 
activator receptor in the T-HEp3 head and neck cancer model [34].

Based on these promising in vitro and in vivo data suggesting 
potential benefits of a combined EGFR and COX-2 inhibition strategy, 
our group designed and recently completed accrual of a phase I trial 
of concurrent erlotinib, celecoxib and reirradiation in recurrent head 
and neck cancer (NCT00970502). A prior phase I trial investigating 
concurrent gefitinib and celecoxib in HNSCC demonstrated an 
extremely promising 22% response rate, suggesting a supraadditive 
effect [25]. This study confirmed that concurrent COX-2 and EGFR 
inhibition is feasible and well tolerated and is a highly attractive strategy 
to achieve radiosensitization in patients with HNSCC. Importantly, 
signifcant decreases in urinary PGE-2 have been detected at the FDA 
approved celecoxib dose of 400 mg twice a day [35]. Importantly, 
elevated urinary prostaglandin has recently been associated with poor 
prognosis in smoking-associated HNSCC [36]. Preliminary results 
confirm evidence of significant clinical activity in a subset of patients 
with poor prognosis patients with recurrent head and neck cancer 
that failed prior radiation. The demonstration of complete clinical 
responses in 3 patients with documented COX-2 expression certainly 
supports the notion that celecoxib may enhance sensitivity to combined 

EGFR inhibition and radiation in a subset of treatment refractory 
patients. Consistent with the recent analysis of the Bonner trial, we 
paradoxically observed greater benefit for combined EGFR inhibition 
and radiotherapy in patients with weaker EGFR staining [37]. Further 
exploration of biomarkers that can prospectively predict which patients 
would benefit from novel combinations of radiation, EGFR inhibitors 
and other biological targeted agents is clearly warranted

Acknowledgements

The authors greatly appreciate the statistical support provided by Dr. John 
Mandeli and the technical assistance provided by Dr. Bo Xie. NIH Grant number: 
PO1-AT2002025 for Role of activated EGFR and COX-2 in metastasis development 
and escape from tumor dormancy. This is a grant submitted by Johnny, for which 
Andrew Sikora currently the PI. 

References

1.	 Kalyankrishna S, Grandis JR (2006) Epidermal growth factor receptor biology 
in head and neck cancer. J Clin Oncol 24: 2666-2672.

2.	 Ciardiello F, Tortora G (2008) EGFR antagonists in cancer treatment. N Engl J 
Med 358: 1160-1174.

3.	 Ang KK, Berkey BA, Tu X, Zhang HZ, Katz R, et al. (2002) Impact of epidermal 
growth factor receptor expression on survival and pattern of relapse in patients 
with advanced head and neck carcinoma. Cancer Res 62: 7350-7356.

4.	 Rubin Grandis J, Melhem MF, Gooding WE, Day R, Holst VA, et al. (1998) 
Levels of TGF-alpha and EGFR protein in head and neck squamous cell 
carcinoma and patient survival. J Natl Cancer Inst 90: 824-832.

5.	 Mendelsohn J (1997) Epidermal growth factor receptor inhibition by a 
monoclonal antibody as anticancer therapy. Clin Cancer Res 3: 2703-2707.

6.	 Mendelsohn J, Baselga J (2006) Epidermal growth factor receptor targeting in 
cancer. Semin Oncol 33: 369-385.

7.	 Huang SM, Bock JM, Harari PM (1999) Epidermal growth factor receptor 
blockade with C225 modulates proliferation, apoptosis, and radiosensitivity in 
squamous cell carcinomas of the head and neck. Cancer Res 59: 1935-1940.

8.	 Akita RW, Sliwkowski MX (2003) Preclinical studies with Erlotinib (Tarceva). 
Semin Oncol 30: 15-24.

9.	 Bonner JA, Harari PM, Giralt J, Azarnia N, Shin DM, et al. (2006) Radiotherapy 
plus cetuximab for squamous-cell carcinoma of the head and neck. N Engl J 
Med 354: 567-578.

10.	Wheeler DL, Huang S, Kruser TJ, Nechrebecki MM, Armstrong EA, et al. 
(2008) Mechanisms of acquired resistance to cetuximab: role of HER (ErbB) 
family members. Oncogene 27: 3944-3956.

11.	Lippman SM, Gibson N, Subbaramaiah K, Dannenberg AJ (2005) Combined 
targeting of the epidermal growth factor receptor and cyclooxygenase-2 
pathways. Clin Cancer Res 11: 6097-6099.

12.	Chan G, Boyle JO, Yang EK, Zhang F, Sacks PG, et al. (1999) Cyclooxygenase-2 
expression is up-regulated in squamous cell carcinoma of the head and neck. 
Cancer Res 59: 991-994.

13.	Lin DT, Subbaramaiah K, Shah JP, Dannenberg AJ, Boyle JO (2002) 
Cyclooxygenase-2: a novel molecular target for the prevention and treatment 
of head and neck cancer. Head Neck 24: 792-799.

14.	Masferrer JL, Leahy KM, Koki AT, Zweifel BS, Settle SL, et al. (2000) 
Antiangiogenic and antitumor activities of cyclooxygenase-2 inhibitors. Cancer 
Res 60: 1306-1311.

15.	Shin YK, Park JS, Kim HS, Jun HJ, Kim GE, et al. (2005) Radiosensitivity 
enhancement by celecoxib, a cyclooxygenase (COX)-2 selective inhibitor, 
via COX-2-dependent cell cycle regulation on human cancer cells expressing 
differential COX-2 levels. Cancer Res 65: 9501-9509.

16.	Zhu J, Song X, Lin HP, Young DC, Yan S, et al. (2002) Using cyclooxygenase-2 
inhibitors as molecular platforms to develop a new class of apoptosis-inducing 
agents. J Natl Cancer Inst 94: 1745-1757.

17.	Chen Z, Zhang X, Li M, Wang Z, Wieand HS, et al. (2004) Simultaneously targeting 

http://www.ncbi.nlm.nih.gov/pubmed/16763281
http://www.ncbi.nlm.nih.gov/pubmed/16763281
http://www.ncbi.nlm.nih.gov/pubmed/18337605
http://www.ncbi.nlm.nih.gov/pubmed/18337605
http://www.ncbi.nlm.nih.gov/pubmed/12499279
http://www.ncbi.nlm.nih.gov/pubmed/12499279
http://www.ncbi.nlm.nih.gov/pubmed/12499279
http://www.ncbi.nlm.nih.gov/pubmed/9625170
http://www.ncbi.nlm.nih.gov/pubmed/9625170
http://www.ncbi.nlm.nih.gov/pubmed/9625170
http://www.ncbi.nlm.nih.gov/pubmed/10068277
http://www.ncbi.nlm.nih.gov/pubmed/10068277
http://www.ncbi.nlm.nih.gov/pubmed/16890793
http://www.ncbi.nlm.nih.gov/pubmed/16890793
http://www.ncbi.nlm.nih.gov/pubmed/10213503
http://www.ncbi.nlm.nih.gov/pubmed/10213503
http://www.ncbi.nlm.nih.gov/pubmed/10213503
http://www.ncbi.nlm.nih.gov/pubmed/12840797
http://www.ncbi.nlm.nih.gov/pubmed/12840797
http://www.ncbi.nlm.nih.gov/pubmed/16467544
http://www.ncbi.nlm.nih.gov/pubmed/16467544
http://www.ncbi.nlm.nih.gov/pubmed/16467544
http://www.ncbi.nlm.nih.gov/pubmed/18297114
http://www.ncbi.nlm.nih.gov/pubmed/18297114
http://www.ncbi.nlm.nih.gov/pubmed/18297114
http://www.ncbi.nlm.nih.gov/pubmed/16144906
http://www.ncbi.nlm.nih.gov/pubmed/16144906
http://www.ncbi.nlm.nih.gov/pubmed/16144906
http://www.ncbi.nlm.nih.gov/pubmed/10070952
http://www.ncbi.nlm.nih.gov/pubmed/10070952
http://www.ncbi.nlm.nih.gov/pubmed/10070952
http://www.ncbi.nlm.nih.gov/pubmed/12203806
http://www.ncbi.nlm.nih.gov/pubmed/12203806
http://www.ncbi.nlm.nih.gov/pubmed/12203806
http://www.ncbi.nlm.nih.gov/pubmed/10728691
http://www.ncbi.nlm.nih.gov/pubmed/10728691
http://www.ncbi.nlm.nih.gov/pubmed/10728691
http://www.ncbi.nlm.nih.gov/pubmed/16230415
http://www.ncbi.nlm.nih.gov/pubmed/16230415
http://www.ncbi.nlm.nih.gov/pubmed/16230415
http://www.ncbi.nlm.nih.gov/pubmed/16230415
http://www.ncbi.nlm.nih.gov/pubmed/12464646
http://www.ncbi.nlm.nih.gov/pubmed/12464646
http://www.ncbi.nlm.nih.gov/pubmed/12464646


Citation: Fu S, Rivera M, Ko EC, Sikora AG, Chen CT, et al. (2011) Combined Inhibition of Epidermal Growth Factor Receptor and Cyclooxygenase-2 
as a Novel Approach to Enhance Radiotherapy. J Cell Sci Ther S1:002. doi:10.4172/2157-7013.S1-002

Page 8 of 8

Special Issue 1 • 2011
J Cell Sci Ther 
ISSN: 2157-7013 JCEST, an open access journal

epidermal growth factor receptor tyrosine kinase and cyclooxygenase-2, an 
efficient approach to inhibition of squamous cell carcinoma of the head and 
neck. Clin Cancer Res 10: 5930-5939.

18.	Choe MS, Zhang X, Shin HJ, Shin DM, Chen ZG (2005) Interaction between 
epidermal growth factor receptor- and cyclooxygenase 2-mediated pathways 
and its implications for the chemoprevention of head and neck cancer. Mol 
Cancer Ther 4: 1448-1455.

19.	Gupta GP, Nguyen DX, Chiang AC, Bos PD, Kim JY, et al. (2007) Mediators of 
vascular remodelling co-opted for sequential steps in lung metastasis. Nature 
446: 765-770.

20.	Kao J, Sikora AT, Fu S (2009) Dual EGFR and COX-2 inhibition as a novel 
approach to targeting head and neck squamous cell carcinoma. Curr Cancer 
Drug Targets 9: 931-937.

21.	Lu Z, Ghosh S, Wang Z, Hunter T (2003) Downregulation of caveolin-1 function 
by EGF leads to the loss of E-cadherin, increased transcriptional activity of 
beta-catenin, and enhanced tumor cell invasion. Cancer Cell 4: 499-515.

22.	Pai R, Soreghan B, Szabo IL, Pavelka M, Baatar D, et al. (2002) Prostaglandin 
E2 transactivates EGF receptor: a novel mechanism for promoting colon 
cancer growth and gastrointestinal hypertrophy. Nat Med 8: 289-293.

23.	Tsujii M, DuBois RN (1995) Alterations in cellular adhesion and apoptosis in 
epithelial cells overexpressing prostaglandin endoperoxide synthase 2. Cell 83: 
493-501.

24.	Zhang X, Chen ZG, Choe MS, Lin Y, Sun SY, et al. (2005) Tumor growth 
inhibition by simultaneously blocking epidermal growth factor receptor and 
cyclooxygenase-2 in a xenograft model. Clin Cancer Res 11: 6261-6269.

25.	Wirth LJ, Haddad RI, Lindeman NI, Zhao X, Lee JC, et al. (2005) Phase I study 
of gefitinib plus celecoxib in recurrent or metastatic squamous cell carcinoma 
of the head and neck. J Clin Oncol 23: 6976-6981.

26.	Weichselbaum RR, Beckett MA, Vijayakumar S, Simon MA, Awan AM, et al. 
(1990) Radiobiological characterization of head and neck and sarcoma cells 
derived from patients prior to radiotherapy. Int J Radiat Oncol Biol Phys 19: 
313-319.

27.	Milas L, Fan Z, Andratschke NH, Ang KK (2004) Epidermal growth factor 
receptor and tumor response to radiation: in vivo preclinical studies. Int J Radiat 

Oncol Biol Phys 58: 966-971.

28.	Sinha P, Clements VK, Fulton AM, Ostrand-Rosenberg S (2007) Prostaglandin 
E2 promotes tumor progression by inducing myeloid-derived suppressor cells. 
Cancer Res 67: 4507-4513.

29.	Davis TW, O’Neal JM, Pagel MD, Zweifel BS, Mehta PP, et al. (2004) Synergy 
between celecoxib and radiotherapy results from inhibition of cyclooxygenase-
2-derived prostaglandin E2, a survival factor for tumor and associated 
vasculature. Cancer Res 64: 279-285.

30.	Tessner TG, Muhale F, Riehl TE, Anant S, Stenson WF (2004) Prostaglandin 
E2 reduces radiation-induced epithelial apoptosis through a mechanism 
involving AKT activation and bax translocation. J Clin Invest 114: 1676-1685.

31.	Choy H, Milas L (2003) Enhancing radiotherapy with cyclooxygenase-2 enzyme 
inhibitors: a rational advance? J Natl Cancer Inst 95: 1440-1452.

32.	Gabrilovich DI, Nagaraj S (2009) Myeloid-derived suppressor cells as regulators
of the immune system. Nat Rev Immunol 9: 162-174.

33.	Chiang AC, Massague J (2008) Molecular basis of metastasis. N Engl J Med 
359: 2814-2823.

34.	Aguirre-Ghiso JA (2007) Models, mechanisms and clinical evidence for cancer 
dormancy. Nat Rev Cancer 7: 834-846.

35.	Reckamp KL, Krysan K, Morrow JD, Milne GL, Newman RA, et al. (2006) 
A phase I trial to determine the optimal biological dose of celecoxib when 
combined with erlotinib in advanced non-small cell lung cancer. Clin Cancer 
Res 12: 3381-3388.

36.	Kekatpure VD, Boyle JO, Zhou XK, Duffield-Lillico AJ, Gross ND, et al. (2009) 
Elevated levels of urinary prostaglandin e metabolite indicate a poor prognosis 
in ever smoker head and neck squamous cell carcinoma patients. Cancer Prev 
Res (Phila Pa) 2: 957-965.

37.	Bonner JA, Harari PM, Giralt J, Cohen RB, Jones CU, et al. (2010) Radiotherapy 
plus cetuximab for locoregionally advanced head and neck cancer: 5-year 
survival data from a phase 3 randomised trial, and relation between cetuximab-
induced rash and survival. Lancet Oncol 11: 21-28.

http://www.ncbi.nlm.nih.gov/pubmed/16170038
http://www.ncbi.nlm.nih.gov/pubmed/16170038
http://www.ncbi.nlm.nih.gov/pubmed/16170038
http://www.ncbi.nlm.nih.gov/pubmed/16170038
http://www.ncbi.nlm.nih.gov/pubmed/17429393
http://www.ncbi.nlm.nih.gov/pubmed/17429393
http://www.ncbi.nlm.nih.gov/pubmed/17429393
http://www.ncbi.nlm.nih.gov/pubmed/20025602
http://www.ncbi.nlm.nih.gov/pubmed/20025602
http://www.ncbi.nlm.nih.gov/pubmed/20025602
http://www.ncbi.nlm.nih.gov/pubmed/14706341
http://www.ncbi.nlm.nih.gov/pubmed/14706341
http://www.ncbi.nlm.nih.gov/pubmed/14706341
http://www.ncbi.nlm.nih.gov/pubmed/11875501
http://www.ncbi.nlm.nih.gov/pubmed/11875501
http://www.ncbi.nlm.nih.gov/pubmed/11875501
http://www.ncbi.nlm.nih.gov/pubmed/8521479
http://www.ncbi.nlm.nih.gov/pubmed/8521479
http://www.ncbi.nlm.nih.gov/pubmed/8521479
http://www.ncbi.nlm.nih.gov/pubmed/16144930
http://www.ncbi.nlm.nih.gov/pubmed/16144930
http://www.ncbi.nlm.nih.gov/pubmed/16144930
http://www.ncbi.nlm.nih.gov/pubmed/16172459
http://www.ncbi.nlm.nih.gov/pubmed/16172459
http://www.ncbi.nlm.nih.gov/pubmed/16172459
http://www.ncbi.nlm.nih.gov/pubmed/2394610
http://www.ncbi.nlm.nih.gov/pubmed/2394610
http://www.ncbi.nlm.nih.gov/pubmed/2394610
http://www.ncbi.nlm.nih.gov/pubmed/2394610
http://www.ncbi.nlm.nih.gov/pubmed/14967457
http://www.ncbi.nlm.nih.gov/pubmed/14967457
http://www.ncbi.nlm.nih.gov/pubmed/14967457
http://www.ncbi.nlm.nih.gov/pubmed/17483367
http://www.ncbi.nlm.nih.gov/pubmed/17483367
http://www.ncbi.nlm.nih.gov/pubmed/17483367
http://www.ncbi.nlm.nih.gov/pubmed/14729635
http://www.ncbi.nlm.nih.gov/pubmed/14729635
http://www.ncbi.nlm.nih.gov/pubmed/14729635
http://www.ncbi.nlm.nih.gov/pubmed/14729635
http://www.ncbi.nlm.nih.gov/pubmed/15578100
http://www.ncbi.nlm.nih.gov/pubmed/15578100
http://www.ncbi.nlm.nih.gov/pubmed/15578100
http://www.ncbi.nlm.nih.gov/pubmed/14519750
http://www.ncbi.nlm.nih.gov/pubmed/14519750
http://www.ncbi.nlm.nih.gov/pubmed/19197294
http://www.ncbi.nlm.nih.gov/pubmed/19197294
http://www.ncbi.nlm.nih.gov/pubmed/19109576
http://www.ncbi.nlm.nih.gov/pubmed/19109576
http://www.ncbi.nlm.nih.gov/pubmed/17957189
http://www.ncbi.nlm.nih.gov/pubmed/17957189
http://www.ncbi.nlm.nih.gov/pubmed/16740761
http://www.ncbi.nlm.nih.gov/pubmed/16740761
http://www.ncbi.nlm.nih.gov/pubmed/16740761
http://www.ncbi.nlm.nih.gov/pubmed/16740761
http://www.ncbi.nlm.nih.gov/pubmed/19843689
http://www.ncbi.nlm.nih.gov/pubmed/19843689
http://www.ncbi.nlm.nih.gov/pubmed/19843689
http://www.ncbi.nlm.nih.gov/pubmed/19843689
http://www.ncbi.nlm.nih.gov/pubmed/19897418
http://www.ncbi.nlm.nih.gov/pubmed/19897418
http://www.ncbi.nlm.nih.gov/pubmed/19897418
http://www.ncbi.nlm.nih.gov/pubmed/19897418

	Title
	Corresponding author
	Abstract
	Keywords
	Introduction
	Materials and Methods
	Cell culture and reagents 
	Experimental treatment
	Immunoblotting analysis
	Cell growth assay
	Clonogenic assay
	Annexin V assay for apoptosis
	Cell cycle analysis
	Enzyme-linked Immunoassay
	Statistical analysis
	Human phase I study
	Immunohistochemistry

	Results
	Association between baseline EGFR and COX-2 expression and sensitivity to radiation, erlotinib and c
	Effect of radiation on EGFR and COX-2 signaling pathways
	Combination of erlotinib and celecoxib inhibits radiation-induced PGE-2 production 
	Erlotinib induces G1 arrest with or without celecoxib or IR
	Combined erlotinib and celecoxib induces apoptosis in combination with IR
	Combined erlotinib and celecoxib inhibits clonogenic survival in combination with radiation
	Preliminary clinical responses following erlotinib, celecoxib and reirradiation from a human phase I

	Discussion
	Acknowledgements
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6



