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Poor tumor response to epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors (TKIs) is a sig-
nificant challenge for effective treatment of head and neck squamous cell carcinoma (HNSCC). Therefore, 
strategies that may increase tumor response to EGFR TKIs are warranted in order to improve HNSCC patient 
treatment and overall survival. HNSCC tumors are highly glycolytic, and increased EGFR signaling has been 
found to promote glucose metabolism through various mechanisms. We have previously shown that inhibi-
tion of glycolysis with 2-deoxy-d-glucose (2DG) significantly enhanced the antitumor effects of cisplatin and 
radiation, which are commonly used to treat HNSCC. The goal of the current studies is to determine if 2DG 
will enhance the antitumor activity of the EGFR TKI erlotinib in HNSCC. Erlotinib transiently suppressed 
glucose consumption accompanied by alterations in pyruvate kinase M2 (PKM2) expression. 2DG enhanced 
the cytotoxic effect of erlotinib in vitro but reversed the antitumor effect of erlotinib in vivo. 2DG altered the 
N-glycosylation status of EGFR and induced the endoplasmic reticulum (ER) stress markers CHOP and BiP 
in vitro. Additionally, the effects of 2DG + erlotinib on cytotoxicity and ER stress in vitro were reversed by 
mannose but not glucose or antioxidant enzymes. Lastly, the protective effect of 2DG on erlotinib-induced 
cytotoxicity in vivo was reversed by chloroquine. Altogether, 2DG suppressed the antitumor efficacy of erlo-
tinib in a HNSCC xenograft mouse model, which may be due to increased cytoprotective autophagy mediated 
by ER stress activation.

Key words: Epidermal growth factor receptor (EGFR); Head and neck squamous cell carcinoma 
(HNSCC); Erlotinib; 2-Deoxy-d-glucose (2DG); Endoplasmic reticulum (ER) stress; Autophagy

INTRODUCTION

The majority of head and neck squamous cell carci-
noma (HNSCC) tumors upregulate epidermal growth fac-
tor receptor (EGFR) signaling, which is associated with cell 
proliferation, survival, motility, and poor clinical prognosis 
(1,2). Various drugs that inhibit EGFR signaling have been 
developed for cancer therapy such as monoclonal antibod-
ies (e.g., cetuximab, panitumumab) and tyrosine kinase 
inhibitors (TKIs) that target the cytoplasmic tyrosine kinase 
domain (e.g., gefitinib, erlotinib, lapatinib) (3). While these 
agents have been effective in the treatment of non-small cell 
lung cancer (NSCLC), currently only cetuximab is FDA 
approved for use in HNSCC. However, response rates in 
HNSCC to cetuximab as a single agent are quite low (13%) 

and of limited duration (2–3 months) (4–6). Additionally, 
low response rates (4–11%) have been observed in clini-
cal trials with the TKIs gefitinib and erlotinib in HNSCC 
patients (5,7). In contrast, EGFR TKIs appear to be quite 
effective against NSCLC tumors, but only in tumors that 
harbor sensitizing EGFR mutations (4,6), which are rare 
in HNSCC. Therefore, further characterizations of strate-
gies that increase tumor response to EGFR TKIs are war-
ranted in order to improve HNSCC patient treatment and 
overall survival.

HNSCC tumors are highly dependent on glucose 
metabolism for energy production and regulation of 
cell death (8). Increased EGFR signaling promotes glu-
cose metabolism through various mechanisms including 
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increased Akt-dependent glycolysis (9), stabilization of 
the SGLT1 glucose transporter (10,11), increased STAT3 
signaling (via HIF1 and GLUT1) (12–15), and increased 
pyruvate kinase M2 (PKM2) activity (16). EGFR inhi-
bition was shown to downregulate glycolysis accompa-
nied by suppression of key glycolytic enzymes including 
hexokinase-II (HKII) and PKM2 (17). Glycolysis inhibi-
tion has been shown to selectively induce cancer cell death 
while sparing normal untransformed cells by increasing 
mitochondrial oxidative stress (18). Additionally, inhibi-
tion of glycolysis with 2-deoxy-d-glucose (2DG) signifi-
cantly enhanced the antitumor effects of various drugs 
and chemotherapy agents including cisplatin and radia-
tion, which are important components of standard of care 
therapy in HNSCC (19,20). The goal of the current studies 
is to determine if 2DG will enhance the antitumor activity 
of the EGFR TKI erlotinib in HNSCC cells in vitro and in 
vivo. Here we show that 2DG enhanced HNSCC tumor 
cell response to erlotinib in vitro but not in vivo and that 
endoplasmic reticulum (ER) stress induction of autophagy 
may be involved in the observed results in vivo.

MATERIALS AND METHODS

Cells and Culture Conditions

FaDu, Cal-27, and SCC-25 human HNSCC cells were 
obtained from the American Type Culture Collection 
(ATCC, Manassas, VA, USA). SQ20B HNSCC cells 
(21) were a gift from Dr. Anjali Gupta (Department of 
Radiation Oncology, The University of Iowa). FaDu, 
Cal-27, and SQ20B cells were maintained in Dulbecco’s 
modified Eagle’s medium (DMEM) containing 4 mM 
of l-glutamine, 1 mM of sodium pyruvate, 1.5 g/L of 
sodium bicarbonate, and 4.5 g/L of glucose with 10% 
fetal bovine serum (FBS; Hyclone, Logan, UT, USA). All 
HNSCC cell lines are EGFR positive and are sensitive to 
EGFR inhibitors. All cell lines were authenticated by the 
ATCC for viability (before freezing and after thawing), 
growth, morphology, and isoenzymology. Cells were 
stored according to the supplier’s instructions and used 
over a course of no more than 3 months after resuscitation 
of frozen aliquots. Cultures were maintained in 5% CO

2
 

and air humidified in a 37°C incubator.

Drug Treatment

Erlotinib (ERL) was obtained from Cayman Chemical. 
2DG and tunicamycin (TUN) were obtained from Sigma-
Aldrich. d(+)-mannose (MAN) was obtained from Acros 
Organics. Salubrinal (SAL) was obtained from Tocris. 
Dimethyl sulfoxide (DMSO) or PBS was used as vehicle 
control. Drugs were added to cells at final concentrations 
of 5 µM of ERL, 20 mM of 2DG, 20 mM of MAN, 1 µM 
of SAL, and 1 µg/ml of TUN. The required volume of each 
drug was added directly to complete cell culture media on 
cells to achieve the indicated final concentrations.

Glucose Consumption

Glucose consumption was determined by measuring 
glucose concentration in the media before and 24, 48, and 
72 h post-drug treatment using a Bayer AscensiaTM Elite 
Glucometer with Bayer Ascensia Elite Blood glucose test 
strips. The amount of glucose consumed was normalized 
to cell number.

Reverse Transcriptase-Polymerase Chain Reaction

Total RNA was extracted from treated cells after indi-
cated time points using the RNeasy mini kit (Qiagen). 
The cDNA was amplified from 800 ng of total RNA using 
iScript cDNA synthesis kit (Bio-Rad). Thermocycler con-
ditions 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 
PKM2: GCTGCAGTGGGGCCATAATCGT and CCTC 
GGGCCTTGCCAACATTCA, and human 18S: CCTTG 
GATGTGGTAGCCGTTT and AACTTTCGATGGTAGT 
CGCCG. The assay was performed in a 96-well optical 
plate, with a final reaction volume of 20 µl, including syn-
thesized cDNA (20 ng), oligonucleotide primers (100 µM 
each), and 2× 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 and 30 s, 
95°C for 15 s, and 60°C for 1 min for 40 cycles. Results 
were analyzed using 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 analyzed. 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 (analyzed in duplicate or triplicate) were nor-
malized on the basis of the abundance of the 18S transcript, 
and the fold difference (relative abundance) was calculated 
using the formula 2−DDCT and was plotted as the mean.

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-pPKM2, anti-PKM2, anti-CHOP, 
anti-GRP78/BIP, anti-pEGFR (Y1086), anti-EGFR, anti-
LC3B-I/II, and anti-b-actin (Cell Signaling). Antibody 
binding was detected by using an ECL Chemiluminescence 
Kit (Thermo Scientific).

Cell Survival Assays

HNSCC cells were seeded in a 96-well plate (2 × 103 
cells/well) and incubated overnight under standard cell 
culture conditions (i.e., 95% relative humidity, 37oC, 
and 5% CO

2
) before treating them with indicated drugs 
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for 48 h. Cell viability was measured by incubating with 
Prestoblue™ cell viability reagent (Invitrogen, USA) for 
20 min at 37oC according to the manufacturer’s proto-
col. Clonogenic survival was determined as previously 
described (22). Individual assays were performed with 
multiple dilutions with at least four cloning dishes per data 
point, repeated in at least three separate experiments.

Tumor Cell Implantation

Female 4- to 5-week-old athymic nu/nu nude mice were 
purchased from Harlan Laboratories (Indianapolis, IN, 
USA). Mice were housed in a pathogen-free barrier room 
in the Animal Care Facility at the University of Iowa and 
handled using aseptic procedures. All procedures were 
approved by the IACUC committee of the University of 
Iowa and conformed to the guidelines established by the 
NIH. Mice were allowed at least 3 days to acclimate prior 
to beginning experimentation, and food and water were 
made freely available. Tumor cells were inoculated into 
nude mice by subcutaneous injection of 0.1-ml aliquots 
of saline containing 4 × 106 FaDu cells into the right flank 
using 26-gauge needles.

Tumor Measurements

Mice started drug treatment 1 week after tumor inocu-
lation. Mice were evaluated daily, and tumor measure-
ments were taken three times per week using Vernier 
calipers. Tumor volumes were calculated using the for-
mula: tumor volume = (length × width2)/2, where the length 
was the longest dimension, and the width was the dimen-
sion perpendicular to length.

In Vivo Drug Administration

2DG was obtained from Sigma-Aldrich and dis-
solved in water. Erlotinib (Tarceva) was obtained from 
the pharmacy at the University of Iowa Hospitals and 
Clinics and suspended in water before administration. 
Mice were divided into four groups (n = 6 mice/group). 
ERL group: ERL was suspended in water and admin-
istered orally 12.5 mg/kg every day for 2 weeks; 2DG 
group: 2DG was administered IP 500 mg/kg every day 
for 2 weeks; ERL + 2DG group: mice were administered 
ERL orally 12.5 mg/kg and 500 mg/kg 2DG IP every 
day for 2 weeks; control group: mice were administered 
orally and IP 100 µl water every day for 2 weeks. Mice 
were euthanized via CO

2
 gas asphyxiation when tumor 

diameter exceeded 1.5 cm in any dimension.

Statistical Analysis

Statistical analysis was done using GraphPad Prism 
version 5 for Windows (GraphPad Software, San Diego, 
CA, USA). Differences between three or more means 
were determined by one-way ANOVA with Tukey post-
tests. Linear mixed effects regression models were used to 

estimate and compare the group-specific change in tumor 
growth curves. All statistical analyses were performed at 
the p < 0.05 level of significance.

RESULTS

Erlotinib Transiently Affects Glucose Consumption 
in HNSCC Cells

The effect of ERL on glucose consumption of HNSCC 
cells was determined by treating FaDu, Cal-27, SCC25, and 
SQ20B cell lines with a clinically relevant dose of 5 µM 
of ERL (23) and measuring the amount of glucose con-
sumed in the media per cell after 24 h. ERL significantly 
decreased glucose consumption after 24 h in all HNSCC 
cells compared to the DMSO-treated control cells (Fig. 
1A). To investigate if this decrease in glucose consump-
tion was associated with a change in expression of PKM2, 
which is known to be essential for glucose metabolism in 
tumor cells (14), SCC25 cells were treated with ERL for 
24 and 48 h, and the relative mRNA and protein levels 
were assessed. ERL significantly decreased mRNA (Fig. 
1B) and protein (Fig. 1C) expression of PKM2 at both 24 
and 48 h, suggesting that ERL may decrease glucose con-
sumption and glycolysis by suppressing PKM2 expression. 
Surprisingly, the initial suppression of glucose consump-
tion by ERL after 24 h (Fig. 1A) was not retained after 48 
h, and glucose levels were fully restored after 72 h (Fig. 
1D). Additionally, ERL treatment induced significant cyto-
toxicity after 24 h with no further increase in cytotoxicity 
after 48 and 72 h of treatment, which supports our prior 
results (24) showing the rapid development of ERL drug 
tolerance in these cell lines. Altogether, these results indi-
cate that ERL transiently suppresses glucose consumption 
and suggests a compensatory mechanism may be involved 
in the restoration of glucose consumption rates despite the 
presence of ERL.

2DG Enhances the Efficacy of ERL In Vitro 
but not In Vivo

To determine if the efficacy of ERL can be enhanced 
by inhibiting glucose uptake, HNSCC cells were treated 
with the glycolytic inhibitor 2DG with or without ERL 
and analyzed for clonogenic survival. 2DG at 20 mM was 
chosen for the current studies to ensure that a physiologi-
cally relevant ratio of 2DG/glucose (ratio 0.8) was used 
to inhibit glucose metabolism in the HNSCC cells grown 
in DMEM that contained 25 mM of glucose (25). 2DG 
significantly enhanced the in vitro cytotoxicity of ERL in 
FaDu and Cal-27 cells but not SCC-25 cells (Fig. 2A). In 
the SQ20B cell line, 2DG as a single agent was equally as 
effective as 2DG + ERL (Fig. 2A). The in vivo activity of 
2DG and ERL in FaDu tumor-bearing athymic nude nice 
was examined. The results showed that the administration 
of ERL significantly suppressed tumor growth compared 
to the control as expected; however, 2DG did not enhance 
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the antitumor activity of ERL (Fig. 2B). Surprisingly, 
2DG suppressed the antitumor activity of ERL as shown 
by the 2DG + ERL-treated tumors growing at a similar 
rate to the control-treated tumors (Fig. 2B). The combi-
nation of 2DG + ERL also did not significantly increase 
the median survival of the mice compared to the other 
treatment groups [14.5 days (2DG + ERL) vs. 8.5 (CON), 
10 (2DG), 11.5 (ERL) days] (Fig. 2C). These results sug-
gested that 2DG enhances the efficacy of ERL in vitro 
but not in vivo.

2DG Induces Markers of ER Stress

2DG has been previously reported to not only inhibit 
glucose metabolism but also induce ER stress through 
inhibition of protein glycosylation, which contributes to 
the toxicity of 2DG in vitro (26–28). To determine if ER 
stress was playing a role in the effects of 2DG and/or ERL, 
we initially investigated changes in the expression of the 
ER stress markers CHOP and GRP78 in response to drug 
treatment in FaDu, Cal-27, and SQ20B cells (Fig. 3). The 
SCC-25 cell line was excluded for the remainder of these 

studies since 2DG did not enhance ERL-induced cyto-
toxicity in this cell line (Fig. 2A). In Cal-27 and SQ20B, 
2DG + ERL treatment increased the expression of CHOP 
(Fig. 3A) and GRP78 (Fig. 3B), which was comparable 
to that of tunicamycin (positive control). In FaDu cells, 
2DG + ERL treatment induced both CHOP (Fig. 3A) and 
GRP78 (Fig. 3B); however, 2DG and ERL treatment alone 
also increased GRP78 expression (Fig. 3B). Pretreatment of 
all cell lines with MAN, an agent that blocks 2DG-induced 
ER stress without affecting its inhibition of glycolysis, 
reversed CHOP and GRP78 expression that was induced 
by 2DG and 2DG + ERL (Figure 3A, B), suggesting that 
2DG + ERL treatment increases ER stress in HNSCC cells.

Suppression of ER Stress Reverses Drug-Induced 
Cell Killing

To determine if ER stress was involved in 2DG + ERL-
induced cell killing, FaDu, Cal-27, and SQ20B cell lines 
were pretreated with 20 mM of MAN for 2 h before 
2DG + ERL treatment and analyzed for changes in cell 
viability. MAN significantly rescued Cal-27 and SQ20B 

Figure 1. Erlotinib suppresses glucose consumption in HNSCC cells. (A) Glucose concentrations in the cell culture media of FaDu, 
Cal-27, SCC-25, and SQ20B HNSCC cells were measured before and after 24 h DMSO (CON) or erlotinib (ERL) treatment. (B, C) 
SCC-25 cells were treated with DMSO or ERL for 24 and 48 h then analyzed for PKM2 mRNA levels by RT-PCR (B) and protein 
levels by Western blot (C). (D, E) FaDu cells were treated with DMSO or ERL, and glucose concentrations (D) and clonogenic survival 
(E) were measured 24, 48, and 72 h after treatment. Glucose concentrations were normalized to cell number. NSF, normalized surviv-
ing fraction. Error bars represent ± standard error of the mean (SEM) of at least N = 3 experiments. *p < 0.05 versus DMSO.
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cells (but not FaDu) from 2DG + ERL-induced cell kill-
ing (Fig. 4A). However, when FaDu cells were further 
analyzed using a clonogenic assay, we observed that 
MAN significantly rescued FaDu cells from 2DG + ERL-
induced cytotoxicity (Fig. 4B). The ER stress suppres-
sor SAL, which is a selective inhibitor of eukaryotic 
translation initiation factor 2 subunit a (eIF2a) dephos-
phorylation, also significantly rescued FaDu cells from 
2DG + ERL-induced cytotoxicity (Fig. 4B), suggesting 
that ER stress may be responsible for the 2DG + ERL-
induced cytotoxicity observed in vitro (Fig. 3A).

2DG Alters EGFR Expression

Given that N-linked glycosylation is important for 
EGFR expression and activity (29,30) and 2DG is known 
to induce ER stress by inhibition of N-linked glycosylation 
(27), we determined if 2DG altered the expression of EGFR 
in FaDu, Cal-27, and SQ20B cells. Using FaDu cells, we 
showed that ERL decreased the phosphorylation of EGFR 
and its downstream pathway protein Akt as expected 
(Fig. 5A). However, 2DG and 2DG + ERL resulted in the 
separation of the total (unphosphorylated) EGFR band, 
accumulation of a smaller sized EGFR (~150 kDa), and 
decreased amounts of the full-length EGFR (170 kDa) com-
pared to the control (Fig. 5A). 2DG caused a similar effect 
to the phosphorylated EGFR (pEGFR) band compared to 
the control but, more importantly, 2DG + ERL completely 
inhibited EGFR phosphorylation even more so than ERL 
alone (Fig. 5A). Similar results with respect to phospho-
rylated EGFR were observed in Cal-27 and SQ20B cells 
(data not shown). We further analyzed the potential effects 
of 2DG with or without ERL on EGFR glycosylation by 
resolving the cell lysates from drug-treated cells for 15 min 
longer (1 h vs. 45 min) to allow for further separation of the 
EGFR bands (Fig. 5B, C). Again, 2DG + ERL partially or 
completely suppressed expression of the full-length EGFR 
compared to the control or ERL-treated cells in all cell 
lines (Fig. 5B, C). However 2DG + ERL also increased the 
expression of two smaller EGFR bands at around 150 and 
140 kDa (Fig. 5B, C) depending on the cell line analyzed. 
FaDu cells appeared to express the 140-kDa band in all 
treatment groups (Fig. 5B, C). The observed changes in 
EGFR expression induced by 2DG + ERL were reversed 
by pretreatment with MAN, suggesting that ER stress may 
be involved. Tunicamycin (positive control)-treated cells 
dramatically decreased the expression of the 170-kDa band 
and consistently induced the expression of the smaller 140-
kDa band in all cell lines (Fig. 5C). Altogether these results 
suggest that 2DG + ERL alters EGFR expression by dis-
rupting EGFR N-linked glycosylation and ER stress.

2DG and ERL Induce Autophagy

Various studies have previously shown that autophagy 
can act as a prosurvival mechanism when stimulated by F
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stressful cellular conditions such as chemotherapy and ER 
stress (31–33). To determine if 2DG + ERL-induced ER 
stress activates autophagy, we analyzed the HNSCC cells 
for the conversion of the microtubule-associated protein 
light chain 3B (LC3B) from unconjugated LC3B-I to its 
lipidated form LC3B-II. 2DG and 2DG + ERL increased 
LC3B-II and/or LC3B-I compared to the other treatment 
groups, indicating the induction of autophagy (Fig. 6A). 

The observed drug-induced increases in LC3B-1/LC3B-II 
were suppressed when the cells were pretreated with 
MAN (Fig. 6A), suggesting that ER stress was respon-
sible for autophagy induction. To investigate whether the 
decreased antitumor efficacy of 2DG + ERL in vivo was 
due to the induction of a protective autophagy mecha-
nism, athymic nude mice bearing FaDu xenografts were 
treated with the autophagy inhibitor chloroquine (CLQ) 

Figure 3. 2-Deoxy-d-glucose (2DG) induces markers or ER stress. (A) FaDu, Cal-27, and SQ20B cells were pretreated with mannose 
(MAN) for 2 h before treatment with 2DG and/or ERL then analyzed for CHOP (A) and GRP78/BIP (B) expression. Cells were treated 
with saline as a negative control (CON) and tunicamycin (TUN) as a positive control. b-Actin was used as a loading control.

Figure 4. Suppression of ER stress reverses drug-induced cell killing. (A) FaDu, Cal-27, and SQ20B cells were pretreated with mannose 
(MAN) for 2 h before treatment with 2DG + ERL then analyzed for cell viability. (B) FaDu cells were pretreated with MAN or salubrinal 
(SAL) for 2 h before treatment with 2DG + ERL then analyzed for clonogenic survival. Cells were treated with saline as a control (CON). 
Error bars represent ± standard error of the mean (SEM) of at least N = 3 experiments. *p < 0.05 versus CON, ¥p < 0.05 versus 2DG+ERL.
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alone or in combination with 2DG and/or ERL. This 
experiment was terminated at day 9 instead of day 15 as 
shown previously (Fig. 2B) because the tumors reached 
our euthanization criteria (1.5 cm in any direction) more 
rapidly than the prior experiment. For clarity, only the 
tumor volumes for each treatment group at day 9 are shown 
in Figure 6B. As demonstrated previously in Figure 2B, 
2DG reversed the antitumor effect of ERL, and the growth 
of 2DG + ERL-treated tumors was not affected compared 
to the control (Fig. 6B). However, CLQ combined with 
2DG + ERL demonstrated smaller tumor volumes at day 
9 compared to CON-, CLQ-, and 2DG + ERL-treated 
tumors, suggesting that the autophagy may play a role in 
reducing the efficacy of 2DG + ERL (Fig. 6B). Overall, 
our data suggest that 2DG reduces the antitumor efficacy 
of ERL by inducing ER stress-mediated autophagy and 
that the use of glycolytic inhibitors in combination with 
EGFR inhibitors is not supported by our findings.

DISCUSSION

The relationship between EGFR and glucose metabo-
lism has been previously established through various 
mechanisms (9–17). However, the finding that the sup-
pression of glucose uptake by ERL treatment was tran-
sient and was restored by 48–72 h was not expected and 
implies that a compensatory mechanism may be involved. 
Additionally, ERL-induced cytotoxicity was significantly 
increased after 24 h but not after 48–72 h, suggesting that 
there may be some correlation between glucose consump-
tion and drug tolerance. Glycolytic inhibition is known to 
induce autophagy, which is a self-degradation phenome-
non activated under conditions of stress that acts as a cell 
survival or cell death mechanism depending on the cell 
type, stress type/duration, and other factors (27,34,35). 
We have previously shown that ERL induces cytopro-
tective autophagy after 48 and 72 h and that suppression 
of select autophagy genes could increase the efficacy of 
ERL in vitro (24). Perhaps intracellular glucose levels 
were restored after 48 h during the process of autophagy 
resulting in ERL drug tolerance. Furthermore, a study by 
Weihua et al. demonstrated that EGFR independent of its 
kinase activity can maintain basal intracellular glucose 
levels in the presence of low glucose conditions by inter-
acting with the sodium/glucose transporter 1 (SGLT1), 
resulting in the prevention of autophagic cell death (11). 
Although this line of research is beyond the scope of this 
work, it is possible that ERL may induce the interaction 
between EGFR and SGLT1, which would explain the res-
toration of glucose levels observed in our HNSCC cells.

In an effort to prevent the restoration of glucose lev-
els in the presence of ERL, 2DG, which is a known gly-
colytic inhibitor, was utilized to determine if this agent 
would sensitize HNSCC cells to ERL-induced cytotoxic-
ity. 2DG mimics glucose deprivation because it competes F
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with glucose for uptake by GLUT transporters into the 
cell, but is only able to undergo the first step in glyco-
lysis (mediated by hexokinase) into its phosphorylated 
product: 2DG-6-phosphate (36). 2DG treatment results 
in a reduction in pyruvate and a deficiency in NADPH 
since 2DG-6-phosphate can only undergo the first step in 
the pentose phosphate pathway (PPP) to generate 2DG-
6-phosphoglaconalactone and one molecule of NADPH 
from NADP+, but cannot be metabolized further (36). As 
a result, 2DG increases oxidative stress by shifting from 
aerobic glycolysis to mitochondrial oxidative metabo-
lism and suppressing antioxidant enzymes that depend on 
NADPH such as glutathione reductase and thioredoxin 
reductase (37). As mentioned before, our group has dem-
onstrated previously that 2DG induces oxidative stress, 
leading to cell killing and sensitization of tumor cells to 
various chemotherapy agents and radiation in vitro and 
in vivo (19,20,38–40). Here we show that 2DG effec-
tively enhanced the antitumor efficacy of ERL in the 
majority of our HNSCC cell lines; however, we were 
unable to detect any involvement of oxidative stress as 
measured by the percentage of oxidized glutathione (data 
not shown). Additionally, we were unable to rescue any 
of the observed cytotoxic effects induced by 2DG + ERL 
using antioxidant enzymes such as superoxide dismutase 
(SOD) and catalase (CAT) (data not shown).

A lesser known feature of 2DG is its role in ER stress, 
which is a process that occurs when there is a compromise 
in the protein folding capacity of the ER (27). Under condi-
tions of cellular stress, including starvation, hypoxia, and 
defective protein degradation, ER stress may occur (41). 
As a result, misfolded proteins aggregate and signal the 

unfolded protein response (UPR) characterized by a reduc-
tion in global protein synthesis and synthesis of proteins 
involved in folding including the chaperone BiP/Grp78 
(41). When ER stress is so extensive that the cell cannot 
restore homeostasis, the protein CHOP is upregulated, 
resulting in apoptotic cell death (41). Indeed, we observed 
that 2DG and 2DG + ERL induced the expression of both 
BiP/Grp78 and CHOP in our HNSCC cell lines (Fig. 3). 
MAN, which is the main sugar of the oligosaccharide chain 
in N-linked glycosylation, reversed 2DG + ERL-induced 
ER stress (Fig. 3) and cell death (Fig. 4), suggesting that 
ER stress, rather than oxidative stress or glycolytic inhi-
bition, was associated with the observed effects. Due to 
2DG’s structural similarity to MAN, 2DG interferes with 
oligosaccharide synthesis, leading to abnormal N-linked 
glycosylation of proteins and resulting in ER stress 
(26,27). N-glycosylation is also an important characteris-
tic of EGFR and is necessary for normal EGFR function 
such as conformation, ligand binding, and tyrosine kinase 
activity (42,43), which suggests that 2DG treatment would 
disrupt EGFR function and signaling. We saw that 2DG 
treatment altered the glycosylation status of EGFR in all 
cell lines tested, and it is likely that the glycosylation status 
of numerous other proteins was altered by 2DG treatment, 
leading to ER stress.

The finding that 2DG reversed, instead of enhanced, 
the cytotoxicity of ERL in vivo was another unexpected 
find. Other studies have shown that in NSCLC cells bear-
ing a T790M mutation, which renders these cells resis-
tant to reversible EGFR TKIs such as ERL and gefitinib, 
2DG enhanced the effect in vivo of afatinib, which is 
a second-generation irreversible EGFR TKI that targets 

Figure 6. 2-Deoxy-d-glucose (2DG) and erlotinib (ERL) induce autophagy. (A) FaDu, Cal-27, and SQ20B cells were pretreated with 
mannose (MAN) for 2 h before treatment with 2DG and/or ERL then analyzed for LC3BI/II expression. Cells were treated with saline as a 
negative control (CON) and tunicamycin (TUN) as a positive control. b-Actin was used as a loading control. (B) FaDu cells were injected 
into the right flank of athymic nu/nu mice (n = 6) and treated with 2DG in combination with ERL (2DG/ERL) with or without chloroquine 
(CLQ) for 9 days. Saline was administered as a control (CON). Tumor growth was measured using Vernier calipers. Error bars repre-
sent ± standard error of the mean (SEM) of N = 6 mice. *p < 0.05 versus CON, ¹p < 0.05 versus CLQ, ¥p < 0.05 versus 2DG/ERL.
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the T790M mutation (44). Given this finding, it is pos-
sible that 2DG may overcome ERL resistance instead of 
enhancing ERL efficacy.

Although ER stress appeared to be responsible for 
2DG + ERL-induced cell killing in vitro, ER stress may 
also induce autophagy, which may act as a protective 
mechanism in vivo in our cell model (34). In support of 
this, 2DG has been found to induce autophagy mediated 
by ER stress (and not glucose deprivation) (26,27). We 
observed that 2DG and 2DG + ERL did induce autophagy 
as observed by increased LC3BI/II expression compared 
to the other groups, and these effects were all reversed 
by MAN. We confirmed the possible mechanism of 
autophagy in vivo by showing that CLQ could reverse 
the effects of 2DG on ERL treatment. These findings 
illustrate the “double-edged sword” nature of ER stress 
in that ER stress was associated with drug-induced cell 
death in vitro; however, this same ER stress is able to 
induce cytoprotective autophagy in vivo. It is also pos-
sible that other unknown immune response mechanisms 
could be responsible for the vast difference in the in vitro 
and in vivo results. Nevertheless, based on these results, 
the use of 2DG as an adjuvant to ERL-based therapy is 
not supported by these studies.
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