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Abstract. Erlotinib treatment in combination with gemcitabine 
is a standard therapy for patients with locally advanced 
pancreatic cancer in many countries, including the US and the 
EU. Since mutations of the K-ras oncogene (KRAS) occur in 
approximately 90% of pancreatic cancers, we examined the 
antitumor activity of erlotinib in combination with gemcitabine 
in KRAS-mutated pancreatic cancer cell lines, HPAC and 
Capan-1, which have the KRAS mutation G12D and G12V, 
respectively. We analyzed the mode of inhibition of in vitro 
tumor cell proliferation by means of a combination index and 
found that a combination treatment of erlotinib plus gemcitabine 
had an additive effect in the two cell lines. We then examined 
the effect of erlotinib and gemcitabine on the phosphorylation 
of epidermal growth factor receptor (EGFR). Erlotinib strongly 
suppressed, while gemcitabine augmented the phosphorylation 
of EGFR, which was completely blocked by erlotinib in the 
two cell lines. An in vivo tumor growth inhibition test was 
then performed using the HPAC tumor xenograft model. The 
combination therapy of erlotinib and gemcitabine resulted in a 
significant inhibition of tumor growth compared with erlotinib 
or gemcitabine monotherapy. To the best of our knowledge, 
this is the first study to show the combination effect of erlotinib 
and gemcitabine in vivo using a xenograft model of a KRAS-
mutated pancreatic cancer cell line.

Introduction

Pancreatic cancer is a particularly lethal disease with an 
annual incidence rate almost identical to the mortality rate. 
At the time of diagnosis, more than 80% of patients usually 
display either locally advanced or metastatic disease. The 
median survival of patients with locally advanced or metastatic 

disease is 9 or 4 months, respectively, and the 5-year survival 
rate is 1-4% (1). In the past 10 years, gemcitabine has replaced 
5-fluorouracil as a standard therapy for advanced disease; 
however, the median survival has only modestly improved 
from 4.4 to 5.6 months (2). Since then, phase III trials of 
novel cytotoxic or biologic agents combined with gemcitabine 
have failed to show any survival improvement compared 
with gemcitabine alone (3). A recent phase III trial (PA.3 
study) compared gemcitabine plus erlotinib, an epidermal 
growth factor receptor (EGFR) inhibitor, with gemcitabine 
alone. The findings showed a significant improvement, with 
a median survival of 6.2 vs. 5.9 months, as well as a 1-year 
survival of 23 vs. 17%, respectively (4). As a result, erlotinib 
in combination with gemcitabine was approved by the U.S. 
Food and Drug Administration in 2005 for the treatment of 
locally advanced or metastatic chemonaive pancreatic cancer.

Human EGFR is a member of the ERBB family of receptor 
tyrosine kinases, consisting of four closely related members: 
EGFR (ERBB1), HER2 (ERBB2), HER3 (ERBB3) and HER4 
(ERBB4). On binding to EGFR, ligands, such as epidermal 
growth factor (EGF) or transforming growth factor α, cause 
receptor dimerization with one of the ERBB family molecules. 
Dimerization of receptors activates the tyrosine kinase located 
at the intracellular domain of the receptor molecules, leading 
to receptor autophosphorylation and the initiation of signal-
transduction cascades involving RAS/RAF/MAPK and PI3K/
AKT, culminating in cell proliferation and survival (5). The 
EGFR signal network, one of the important processes involved 
in tumor progression including cell proliferation, inhibition of 
apoptosis, metastasis and angiogenesis, is often dysregulated 
in cancer cells (6).

Overexpression of EGFR occurs in more than 50% of 
pancreatic cancers and correlates with poor prognosis and 
disease progression (7). The frequency of the EGFR muta-
tion is only 1.5% in pancreatic cancers (8), but 59% in lung 
cancers (9). On the other hand, pancreatic cancer shows the 
highest frequency of K-ras oncogene (KRAS) mutations 
among human cancers (10). KRAS mutations, which consti-
tutively activate RAF/MAPK signaling, are detected in up to 
90% of pancreatic cancers (11). In the PA.3 study, no signifi-
cant correlations were found between outcome and KRAS 
mutations, which were detected in 79% of the erlotinib arm, 
although a favorable trend for erlotinib in patients that carry 
the wild-type KRAS has been observed (12).
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Erlotinib is an orally active, reversible, competitive inhib-
itor of the EGFR tyrosine kinase ATP-binding site and blocks 
the downstream signal transduction of the EGFR associated 
with cancer progression (13). Erlotinib reportedly enhances 
the antitumor activity of gemcitabine in pancreatic cancer cell 
lines with or without a KRAS mutation (14). However, there is 
no in vivo evidence regarding the improvement of antitumor 
activity of a combination therapy of erlotinib and gemcit-
abine in KRAS-mutated pancreatic cancer cell lines (14,15). 
Therefore, the present study aimed to determine whether a 
combination treatment of erlotinib and gemcitabine produces 
an enhanced antitumor activity in a xenograft model using a 
KRAS-mutated pancreatic cancer cell line.

Materials and methods

Chemicals. Erlotinib was provided by F. Hoffman-La Roche 
Ltd. (Basel, Switzerland) and dissolved in DMSO for the 
in vitro study, and in 6% Captisol® (Cydex Inc., Lenexa, KS, 
USA) solution for the in vivo study. Captisol and gemcitabine 
(Eli Lilly, Tokyo, Japan) were dissolved in distilled water and 
saline, respectively.

Tumors. The KRAS-mutated human pancreatic cancer cell 
lines, HPAC and Capan-1, were purchased from the American 
Type Culture Collection (ATCC; Manassas, VA, USA) and 
maintained in ATCC-recommended medium at 37˚C in 5% 
CO2. The HPAC cell lines were maintained in DMEM/F12 
(Invitrogen, Carlsbad, CA, USA) supplemented with 5% 
heat-inactivated fetal bovine serum (FBS; Japan Bioserum, 
Hiroshima, Japan), 0.005 mg/ml transfferin (Invitrogen), 
40  ng/ml hydrocortisone (Sigma-Aldrich, St. Louis, MO, 
USA), 10 ng/ml EGF (Invitrogen) and 0.002 mg/ml insulin 
(Sigma-Aldrich). The Capan-1 cells were maintained in 
IMDM (Sigma-Aldrich) supplemented with 20% FBS.

In vitro cell proliferation-inhibition assays. To evaluate cell 
proliferation inhibition, the tetrazolium dye [3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide] (MTT) (Dojindo, 
Tokyo, Japan) assay was performed. Cells were precultured 
overnight at 37˚C in 96-well clear plates, and the drugs were 
added alone or in combination. After treatment for 4 (HPAC 
cells) or 6 days (Capan-1 cells) at 37˚C, 10 ml of MTT was 
added to each well and incubated for 2-5 h at 37˚C. The optical 
density of each well was measured at 450 and 600 nm with 
a Benchmark Plus microplate reader (Bio-Rad, Hercules, 
CA, USA). Each experiment was performed in duplicate or 
triplicate for each drug concentration and was independently 
performed two or three times. The percentage of cell prolif-
eration was calculated as: [(mean absorbance of drug-treated 
wells - mean absorbance of cell-free wells)/(mean absorbance 
of vehicle wells - mean absorbance of cell-free wells)] x 100. 
The effects of the erlotinib and gemcitabine combination were 
evaluated using a combination index (CI) interpreted as: <1.0, 
synergistic; 1.0, additive and >1.0, antagonistic (16). The CI 
for each fraction-affected value representing the percentage of 
proliferation inhibited by a drug was calculated using the Chou-
Talalay method [the isobologram equation was used mutually 
non-exclusive (α=1)] (16,17). The fraction-affected value (Fa)/
CI plots for the cell lines were constructed in Excel 2003.

Immunoblotting. Cultured cells were washed twice with ice-
cold PBS, scraped and pelleted by centrifugation at 650 x g 
for 2 min at 4˚C. The pellets were lysed in lysis buffer 
(Invitrogen) supplemented with 1 mM PMSF, 1 mM NaF 
and 1 mg/ml aprotinin (all from Sigma-Aldrich) for 5 min on 
ice, followed by sonication. Supernatants were collected by 
centrifugation at 16,000 x g for 10 min at 4˚C. Protein concen-
trations were determined using DC protein assay reagent 
(Bio-rad). Samples of the proteins (50 mg) were diluted with 
Laemmli sample buffer (Sigma-Aldrich) and applied to 7.5% 
XV Pantera gel (DRC, Tokyo, Japan). Separated proteins 
were electrophoretically transferred to 0.22-mm Immobilon 
membranes (Millipore, Tokyo, Japan) and blocked for 1 h at 
room temperature in Superblock blocking buffer (Thermo 
Scientific, Yokohama, Japan). Membranes were incubated 
overnight at 4˚C with antibodies recognizing phospho-
EGFR (Y1068,  and Y845), EGFR and GAPDH (Santa Cruz 
Biotechnology, Santa Cruz, CA, USA). Membranes were 
then washed with TTBS (Thermo Scientific) and probed 
with horseradish peroxidase-conjugated anti-rabbit or anti-
mouse antibody (Santa Cruz Biotechnology) for 2 h at room 
temperature. After three additional washes with TTBS, the 
membranes were incubated in Enhanced Chemiluminescence 
Plus reagent (Amersham Biosciences, Piscataway, NJ, USA) 
and detected by an ImageQuant Imager (GE Healthcare 
Bio-Sciences, Tokyo, Japan).

Human cancer xenograft models. Male 5-week-old BALB-nu/
nu (CAnN.Cg-Foxn1<nu>/CrlCrlj nu/nu) mice were purchased 
from Charles River Japan, Inc. (Yokohama, Japan). The 
animals were housed in a pathogen-free environment under 
controlled conditions (temperature 20-26˚C, humidity 40-70%, 
light-dark cycle 12-12 h). Chlorinated water and irradiated 
food were provided ad libitum. The animals were allowed to 
acclimatize and recover from shipping-related stress for one 
week prior to the study. The health of the mice was monitored 
daily.

A cell suspension of HPAC cells (106 viable cells/mouse) 
was subcutaneously inoculated into the right flank of each 
mouse. Fifteen days after the tumor cell inoculation, the mice 
were randomly divided into four groups of eight mice and 
administered either oral erlotinib (50 mg/kg/day) on days 1-21 
or intravenous gemcitabine (20 mg/kg) on days 1, 8 and 15. 
In the combination therapy, erlotinib and gemcitabine were 
administered at the same dose and schedule as each drug 
alone. Captisol (6%) or saline was administered as the control. 
The drugs were administered following the same schedule as 
the clinical setting (4). Tumor diameter was measured twice 
a week using calipers, and tumor volume was calculated as: 
ab2/2 mm3, where a is the length and b is the width of the 
tumor. Day 1 denotes the first day of treatment and day 22, the 
day on which the drug effects were estimated.

The protocol was reviewed by the Institutional Animal 
Care and Use Committee of Chugai Pharmaceutical Co., Ltd. 
Animal experiments were performed in accordance with the 
‘Guidelines for the Accommodation and Care of Laboratory 
Animals’ of Chugai Pharmaceutical Co., Ltd.

Statistical analysis. The Wilcoxon test was used to detect the 
statistical differences in tumor volume. Probability values 
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<0.05 were considered to be significant. Statistical analysis 
was performed using an SAS preclinical package (version 8.2; 
SAS Institute Inc., Cary, NC, USA).

Results

In vitro anti-proliferative activity of erlotinib in combination 
with gemcitabine in the HPAC and Capan-1 pancreatic cancer 
cell lines. We first determined the proliferation inhibitory 
effect of erlotinib and gemcitabine alone on pancreatic cancer 
cell lines using the MTT assay. The IC50 value for erlotinib was 
1.1 µM for HPAC cells and 3.0 µM for Capan-1 cells. The IC50 
value for gemcitabine was 7.8 nM for HPAC cells and 4.4 nM 
for Capan-1 cells (Fig. 1A and B). The difference between the 
IC50 values found for the two cell lines was only slight for both 
erlotinib and gemcitabine. To evaluate the combination effect 
of erlotinib and gemcitabine, a combination index (CI) was 
determined using the Chou-Talalay method. The CI value was 
nearly equal to 1 for every dose in the two cell lines, suggesting 
that the combination effects of erlotinib and gemcitabine were 
‘additive’ in the two cell lines (Fig. 1C). Thus, the effects of 
erlotinib in combination with gemcitabine were considered 
additive in KRAS-mutated pancreatic cancer cells.

In vitro effects of erlotinib in combination with gemcitabine 
on EGFR signaling in the HPAC pancreatic cancer cell line. 
Fig. 2 shows that 10 µM erlotinib inhibited EGFR phospho-
rylation at the Y845 (Src-dependent phosphorylation) and 
Y1068 (auto-phosphorylation) sites. Gemcitabine (100 nM) 
augmented the phosphorylation levels at Y845 and Y1068 of 
EGFR, and these phosphorylations were completely blocked 
by erlotinib (Fig. 2).

Antitumor effects of erlotinib in combination with gemcitabine 
in the HPAC xenograft model. To evaluate the combination 
effect of erlotinib and gemcitabine on in vivo tumor growth 
inhibition, we conducted xenograft model experiments using 
the HPAC cell line. HPAC tumor growth was significantly 
inhibited by erlotinib and gemcitabine monotherapy (P<0.05, 
Fig. 3). The combination treatment with erlotinib and gemcit-

abine resulted in significantly stronger tumor growth inhibition 
compared to each drug alone (P<0.05) (Fig. 3). Tumor volume 
on day 22 (mean ± SD) was 371±28  mm3 in the combina-
tion treatment group, 634±58  mm3 in the erlotinib group, 
549±66 mm3 in the gemcitabine group and 938±122 mm3 in the 
vehicle group. Significant body weight loss was not observed in 
any treatment group throughout the experiment (Table I). These 
results showed that erlotinib enhanced the antitumor activity of 
gemcitabine without additional toxicity of normal tissue in the 
KRAS-mutated pancreatic cancer xenograft model. 

Discussion

No clinical trial thus far, using combination agents such as 
oxaliplatin, cisplatin, irinotecan, 5-fluorouracil, marimastat 
(matrix metalloproteinase inhibitor) or tipifarnib (farne-
syltransferase inhibitor) with gemcitabine, has produced 
significant survival improvement over gemcitabine alone (3). 
Erlotinib is the first agent to produce a significant improve-

  A   B   C

Figure 1. Effect of erlotinib and gemcitabine on the proliferation of pancreatic cancer cell lines in vitro. The cells were treated with the indicated concentra-
tions of erlotinib (A) or gemcitabine (B) alone for 4 days (HPAC cells, open circles) or 6 days (Capan-1 cells, open triangles), and the proliferation of HPAC 
and Capan-1 cells were determined by the MTT assay. Each point represents the mean ± SD of triplicates. (C) The cells were treated either alone or in 
combination with the indicated concentrations of erlotinib and gemcitabine at a fixed molar ratio for 4 days, erlotinib:gemcitabine = 160:1 (HPAC cells, open 
circles), 80:1 (Capan-1 cells, open triangles), and the viabilities of the cells were determined by the MTT assay. The combination index (CI) for each fraction-
affected value (Fa) was calculated using the Chou-Talalay method. 

Figure 2. Effects of erlotinib in combination with gemcitabine on EGFR sig-
naling in the HPAC pancreatic cancer cell line. HPAC cells were treated with 
10 mM erlotinib and/or 100 nM gemcitabine (GEM) for 3 or 7 h. The cells 
were harvested and immunoblotted for the indicated proteins as described in 
Materials and methods. 
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ment in survival in combination with gemcitabine compared 
with gemcitabine alone (4).

Erlotinib, an EGFR-targeting drug, has been approved in 
many countries for the treatment of non-small-cell lung cancer 
(NSCLC) patients who previously received chemotherapy. 
Recently, the combination therapy of erlotinib with gemcit-
abine has been approved for the treatment of locally advanced 
or metastatic chemonaive pancreatic cancer. In a pre-clinical 
study, Morgan et al demonstrated the therapeutic effect of 
erlotinib in combination with gemcitabine in a mouse xeno-
graft model using the KRAS wild-type human pancreatic 
cancer cell line BxPC-3 (14). However, in the clinical setting, 
the frequency of mutations in the KRAS oncogene can reach 
90% in pancreatic ductal adenocarcinomas (11). Therefore, we 
conducted in vivo experiments using KRAS-mutated pancre-
atic cancer cell lines. The present study showed that erlotinib 
significantly enhanced the antitumor activity of gemcitabine 
in a xenograft model inoculated with the KRAS-mutated 
pancreatic cancer cell line, HPAC. Our results, together with 
those of Morgan et al, are consistent with the results of the 
PA.3 clinical trial (4) and indicate the clinical benefit of a 
combination therapy of erlotinib and gemcitabine for the treat-
ment of pancreatic cancer regardless of KRAS status.

The present in vitro and in vivo experiments showed that 
erlotinib enhanced the antitumor activity of gemcitabine 
against KRAS-mutated cells. However, the mechanism 
involved in the effects of the combination of erlotinib and 
gemcitabine remains unclear. An increase in apoptosis with 
a combination treatment compared with each agent alone in 
head and neck carcinoma has been reported (18). Changes 

in cell cycle distributions may explain the mechanism 
involved in the increase of apoptosis of cancer cells treated 
with a combination of an EGFR inhibitor and gemcitabine. 
Gemcitabine treatment induces an accumulation of the S-phase 
population, which is considered sensitive to erlotinib; thus, the 
combination treatment may enhance antitumor activity.

We found that gemcitabine increased the level of EGFR 
phosphorylation, which was entirely blocked by erlotinib in 
the KRAS-mutated pancreatic cancer cells. EGFR expression 
and its phosphorylation are one of the significant factors 
determining the sensitivity of cells to erlotinib-induced 
growth inhibition (19). Therefore, the increase in EGFR 
phosphorylation by gemcitabine may render cancer cells 
more sensitive to erlotinib. These results suggest that EGFR 
activation may be a survival response in HPAC pancreatic 
cancer cells treated with gemcitabine. Furthermore, the 
inhibition of the gemcitabine-induced phosphorylation of 
EGFR by erlotinib may block this initial survival response 
and promote cytotoxicity from gemcitabine. Phosphorylation 
of EGFR at Y845 in response to gemcitabine was previously 
shown in several pancreatic and head and neck cancer cells 
(14,18). Although the mechanism involved in the increase 
in phosho-EGFR from gemcitabine remains unclear, it is 
plausible that the gemcitabine-mediated degradation of 
Cdc25A phosphatase, which is known to directly regulate 
EGFR phosphorylation levels, is involved (20). Numerous 
studies suggest that EGFR activation induced by cellular 
stress, such as H2O2, UV and chemotherapeutic agents 
including cisplatin, 5-fluorouracil, paclitaxel, doxorubicin and 
irinotecan (14), promotes an anti-apoptotic survival response 
through the activation of the MAPK or Akt signal pathways 
(21,22). Therefore, gemcitabine may also be an agent of 
cellular stress that induces EGFR activation.

Recently, the sequence-specific interactions of erlotinib 
and chemotherapeutic drug combinations were found to 
influence the efficacy of regimens in NSCLC (23). The 
treatment schedule of erlotinib and gemcitabine also affects 
the combination effects. Gemcitabine followed by erlotinib 
enhances the antitumor effects of each drug alone, while 
erlotinib followed by gemcitabine has antagonistic effects 
(14,18). In the present study, erlotinib and gemcitabine were 
administered, not sequentially, but concurrently in both in vitro 

Figure 3. Antitumor activity of erlotinib in combination with gemcitabine 
in the HPAC tumor xenograft model. Nude mice bearing (s.c.) HPAC xeno-
grafts were treated with 50 mg/kg of erlotinib daily (open triangles), 20 mg/
kg of gemcitabine once a week for 3 weeks (open diamonds), a combination 
of the two drugs (closed triangles) and vehicle (open circles). Each point 
represents the mean ± SD of the tumor volume (n=8 per group). Statistical 
differences (P<0.05) on day 22 are shown vs. the control (a), erlotinib (b) and 
gemcitabine (c) (Wilcoxon test). 

Table I. Body weight of mice treated with erlotinib and/or 
gemcitabine in the HPAC tumor xenograft model. 

Group	 Body weight (g)
	 -----------------------------------------------------
	 Day 1	 Day 22

Vehicle (control)	 26.6±1.1	 27.0±1.8
Erlotinib (50 mg/kg)	 26.8±1.0	 26.1±0.8
Gemcitabine (20 mg/kg)	 26.5±1.1	 26.3±1.5
Erlotinib (50 mg/kg)	 27.0±1.0	 26.4±1.5
+ gemcitabine (20 mg/kg)

Values represent the mean ± SD of body weight (n=8 per group) on 
days 1 and 22.
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and in vivo experiments, consistent with the drug treatment 
schedule of the PA.3 clinical trial. The difference in the effects 
between sequential treatment with gemcitabine followed by 
erlotinib and concurrent treatment was not determined in our 
experiments. However, it is plausible that sequential treatment 
may be more effective compared to concurrent treatment, 
since erlotinib immediately increases the G1-phase population 
of the cell cycle (24) leading to a reduction in S-phase entry, 
which is crucial for gemcitabine-mediated cytotoxicity.

In conclusion, we demonstrated that the treatment of 
erlotinib in combination with gemcitabine exerted antitumor 
activity superior to each drug as a monotherapy in the KRAS-
mutated pancreatic cancer model. Our results confirm that 
the combination of erlotinib and gemcitabine has potential 
therapeutic benefits against pancreatic cancers. Our findings 
are useful in the investigation of molecular agents targeted to 
pathways other than EGFR signal cascade in pancreatic cancer 
treated with gemcitabine, as well as in the exploration of new 
combination regimens including erlotinib and gemcitabine for 
more efficacious therapies against pancreatic cancer.
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