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Abstract. Epidermal growth factor receptor (EGFR) is highly 
expressed in colorectal carcinomas and, as a result, it leads to 
the activation of downstream mammalian target of rapamycin 
(mTOR) kinase pathways for cancer growth and progression. 
Clinical and preclinical studies, however, have shown that 
inhibition of epidermal growth factor receptor (EGFR) and 
mammalian target of rapamycin (mTOR) alone is not sufficient 
to treat colorectal carcinomas. In search of effective combi-
nation therapies, we show here that simultaneous targeting 
of EGFR with its inhibitor, erlotinib and mTOR with its 
inhibitor, rapamycin inhibits the phosphorylation and activa-
tion of downstream phosphatidylinositol 3-kinase (PI3K), Akt, 
mTOR and extracellular-signal-regulated kinase 1/2 (Erk1/2) 
pathways, resulting in the inhibition of cell cycle progres-
sion and the growth of both KRAS wild-type and mutated 
colorectal carcinoma cells. This study has demonstrated the 
principle that the combination of erlotinib and rapamycin may 
provide an effective therapy for colorectal carcinomas.

Introduction

Colorectal carcinoma is one of the most common cancers 
and the fourth leading cause of cancer-related deaths world-
wide (1). Studies of cancer signaling pathways have resulted 
in the generation of novel therapeutic agents that target the 
signaling pathways for the treatment of colorectal carcinomas 
(2). Epidermal growth factor receptor (EGFR), a member of 

the receptor tyrosine kinase family is highly expressed in 
colorectal carcinomas, resulting in the activation of down-
stream cell growth pathways involved in cancer growth and 
progression (3). EGFR can be therapeutically targeted by at 
least two approaches: i) small molecular inhibitors such as 
gefitinib and erlotinib that interfere with the ATP-binding site 
on EGFR and ii) neutralizing antibodies including cetuximab 
and panitumumab that target the extracellular domain of 
EGFR and interfere with ligand binding of the receptor (4). 
Clinical trials of the antibodies have shown some response 
in approximately 10% of patients with metastatic colorectal 
carcinomas (5-7) and lung carcinoma association with EGFR 
amplification, but not mutations (5). In contrast, gefitinib 
and erlotinib have shown no such response in clinical trials 
(8). The mechanisms of cancer resistance to EGFR-targeted 
therapeutics include the activation of redundant downstream 
kinase pathways in colorectal carcinoma. Current efforts have 
therefore focused on development of combination therapies 
targeting the redundant cell growth pathways in colorectal 
carcinomas (9,10).

EGFR can activate downstream phosphatidylinositol 
3-kinase (PI3K) and Akt through interaction with intracellular 
adaptors, growth factor receptor-bound protein 2 (Grb2) and 
Grb2-associate binder 1 (Gab1), driving cancer progression 
(11) and metastasis (12). In addition, point mutations in the 
p110α subunit of PI3K have been identified in colorectal carci-
nomas (13) and the mutated (mt) p110α can directly activate the 
PI3K/Akt pathway (14). EGFR can also activate the mitogen-
activated protein kinase/extracellular-signal-regulated kinase 
1/2 (Erk1/2) pathway through the small G-protein, RAS (15). 
KRAS is a human homologue of the Kirsten rate sarcoma-2 
virus oncogene and its mutation in colorectal carcinomas 
correlates to poor prognosis of the cancer patients (16). 
Colorectal carcinomas with wild-type (wt) KRAS respond to 
panitumumab better than KRAS-mutated (mt) carcinomas (17). 
The American Society of Clinical Oncology has suggested 
testing KRAS mutations in colorectal carcinomas to predict 
their response to EGFR antibodies (18).

Mammalian target of rapamycin (mTOR) is a serine and 
threonine kinase and downstream effector of the PI3K/Akt 
pathway that links EGFR with cell growth (19,20). mTOR 
exists in two distinct functional complexes: mTORC1 and 
mTORC2 (21). mTORC1 controls protein translation through 
the phosphorylation and activation of eukaryotic translational 
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initiation factor 4E (eIF4E) binding protein (4E-BP1) and 
p70S6 ribosomal kinase (S6K) (22). mTORC1 is sensitive 
to rapamycin treatment (21) whereas mTORC2 is insensi-
tive to rapamycin except with prolonged treatment (23). The 
rapamycin analog, RAD-001 is currently in clinical trials for 
colorectal carcinoma therapy; however, a recent study suggests 
that targeting of mTOR alone may not be sufficient enough to 
inhibit cancer growth because inhibition of mTOR activates 
the PI3K/Akt pathway for cancer growth (24). In this study, 
we show that combination treatment with the EGFR inhibitor, 
erlotinib, and the mTOR inhibitor, rapamycin, inhibits the 
PI3K/Akt, Erk1/2 and mTOR pathways and thereby the cell 
cycle progression of colorectal carcinoma cells.

Materials and methods

Reagents and antibodies. Erlotinib and rapamycin were 
purchased from LC Laboratories (Woburn, MA) and prepared 
as stock solutions in DMSO. Epidermal growth factor (EGF) 
was purchased from Peprotech (Rocky Hill, NJ). The antibodies 
to EGFR, phospho-EGFR (Tyr1068), mTOR, phosphor-mTOR 
(Ser2448), Akt, phosphor-Akt (Ser473), and ribosomal protein 
S6 (rpS6), phosphor-rpS6 (Ser235/236), Erk1/2 and phosphor-
Erk1/2 (Thr202/Tyr204) were from Cell Signaling Technology 
(Danvers, MA). Horseradish peroxidase (HRP)-conjugated 
goat anti-mouse and goat anti-rabbit antibodies were from 
Jackson IR Laboratories (West Grove, PA). Protease inhibitor 
mixture, Triton X-100 and other chemicals were purchased 
from Sigma-Aldrich. The chemiluminescence detection 
system was from Amersham Biosciences (Piscataway, NJ).

Colorectal carcinoma cell lines. Human colorectal carcinoma 
cell lines DLD-1, HCT-8, HT-29 and HCT-116 were purchased 
from American Type Culture Collection (ATCC; Rockville, 
MD). DLD-1 and HCT-8 were grown in RPMI-1640 medium 
(Invitrogen, Carlsbad, CA) and HT-29 and HCT-116 were 
cultured in McCoy's 5A medium (Invitrogen). The medium 
was supplemented with 10% fetal bovine serum (FBS) and 1% 
penicillin-streptomycin. Cells were maintained in a humidi-
fied 5% CO2 and 37˚C incubator.

Cell viability assay. Cell viability was determined by the acid 
phosphatase assay (25). In brief, cells were plated in a 96-well 
plate at 8x103 cells/well in 200 µl of 10% FBS-containing 
medium. After 24-h incubation, the medium was replaced 
with 1% FBS medium with erlotinib or vehicle (DMSO) in 
the presence or absence of EGF (50 ng/ml). After incubation 
for the times indicated in the Results, cells were washed with 
phosphate-buffered saline (PBS) and 100 µl buffer containing 
0.2 M sodium acetate (pH 5.5), 0.2% (v/v) Triton X-100 and 
20  mM p-nitrophenyl phosphate (Sigma 104 phosphatase 
substrate) was added to each well. The plates were incubated 
at 37˚C for 1.5 h and the reaction was stopped by the addi-
tion of 10 µl 1 M NaOH to each well and the color developed 
was measured at 405 nm by a microplate reader (Bio-Rad 
Laboratories, Hercules, CA).

Flow cytometry analysis of the cell cycle. Cells were seeded 
in 6-well plates at a density of 5x105 cells/well. After 24 h 
incubation, cells were grown for 24 h in 1% FBS medium 

supplemented with or without EGF (50 ng/ml) in the presence 
or absence of DMSO as a control, erlotinib (1 µM), and/or 
rapamycin (100 nM). After treatment, cells were harvested, 
washed with PBS, and fixed by incubation in 1% paraformal-
dehyde and then in 70% ethanol solution at 4˚C. The fixed cells 
were washed and the washed cell pellets were stained using a 
propidium iodide-RNase solution (PBS containing 20 µg/ml 
propidium iodide, 20 µg/ml DNase-free RNase A, and 0.1% 
Triton X-100) for 30 min at 20˚C in the dark. The cell cycle 
status was analyzed with a flow cytometer using the ModFit 
LT software (Verity Software House Inc., Topsham, ME).

Western blotting. Western blotting was carried out based on the 
protocols reported earlier (25). In brief, cells were harvested in 
lysis buffer consisting of 20 mM Tris pH 7.4, 150 mM NaCl, 
1% NP-40, 10% glycerol, 1 mM EGTA, 1 mM EDTA, 5 Mm 
sodium pyrophosphate, 50  mM sodium fluoride, 10  mM 
β-glycerophosphate, 1 mM sodium vanadate, 0.5 mM DTT, 
1 mM PMSF, 2 mM imidazole, 1.15 mM sodium molybdate, 
4 mM sodium tartrate dihydrate, and 1X protease inhibitor 
cocktail (Sigma). Following 30-min incubation in lysis buffer 
at 4˚C, lysates were cleared by centrifugation at 18,000 x g 
15  min 4˚C. The supernatant was collected and protein 
concentrations were determined by the Bradford protein assay 
following the manufacturer's protocol (Bio-Rad Laboratories). 
Equal amounts of protein were separated through SDS-PAGE 
gels and transferred onto nitrocellulose membranes (Bio-Rad 
Laboratories). The membranes were incubated overnight 
at 4˚C with a primary antibody and then for 1  h with an 
HRP-conjugated secondary antibody. The membranes were 
developed by chemiluminescence.

Statistical analysis. Data are presented as means ± standard 
deviation (SD) and were analyzed statistically by the t-test.

Results

Erlotinib inhibits the EGFR downstream PI3K/Akt, Erk and 
mTOR pathways. Upon EGF binding, EGFR is phosphorylated 
and activated, leading to the activation of the downstream, PI3K/
Akt, mTOR and Erk1/2 kinases pathways. To examine which 
of the kinase pathways are activated by EGFR in colorectal 
carcinomas, we grew colorectal carcinoma cell lines in 1% 
FBS culture medium containing 50 ng/ml of EGF. To deter-
mine whether KRAS mutations affect the kinase pathways, we 
selected colorectal carcinoma cell lines that have been found to 
carry either wt KRAS (HT-29, HCT-8) and mt KRAS (DLD-1, 
HCT-116) (26). After 24 h in culture, the cells were lysed and 
examined by western blotting for the phosphorylation of EGFR 
and downstream kinases. Non-phosphorylated EGFR, Akt, 
mTOR, and Erk1/2 were detected in the cells before and after 
EGF treatment in KRAS wt HT-29 and HCT-8 cells (Fig. 1A); 
the results suggest that EGF does not stimulate the expression 
of the kinase proteins. In contrast, however, phosphorylated 
(p-) EGFR, p-Akt, p-mTOR and p-Erk1/2 were detected in 
the cells treated with EGF (Fig. 1A), suggesting that EGF 
stimulates the phosphorylation and activation of EGFR and 
downstream kinases, PI3K/Akt, mTOR and Erk1/2 in KRAS 
wt colorectal carcinoma cells. To determine whether inhibi-
tion of EGFR can block EGF-stimulated downstream kinases, 
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we treated the cells with various doses of the EGFR inhibitor, 
erlotinib. Western blot analysis showed that treatment with 
erlotinib significantly reduced p-EGFR, p-Akt, p-mTOR and 
p-rpS6 in these cell lines (Fig. 1A). These data suggest that 
inhibition of EGFR can block EGF-induced phosphorylation 
and activation of EGFR and downstream PI3K/Akt, mTOR 
and Erk1/2 in KRAS wt colorectal carcinoma cells.

Prior to EGF treatment KRAS mt DLD-1 and HCT-116, 
cells expressed p-mTOR and p-rpS6 but not p-Akt and 
p-Erk1/2 (Fig. 1B). This suggests that the mTOR pathway is 
constitutively activated in KRAS mutant colorectal carcinoma 
cells. This was also noticed in the KRAS wt HCT-8 cell line 
(Fig. 1A). These KRAS mt cell lines were then treated with 
EGF; western blots detected p-EGFR, p-Akt and p-Erk1/2 in 
the cell lines after EGF treatment, suggesting that EGF treat-
ment activates the PI3K/Akt and Erk1/2 pathways in KRAS mt 
colorectal carcinoma cells. The experiment was repeated in 
the presence of erlotinib. Western blotting showed that erlo-
tinib treatment led to the reduction of p-Akt and p-Erk1/2 but 
not p-mTOR and p-rpS6 in these KRAS mt cell lines (Fig. 1B). 
Taken together, the data suggest that inhibition of EGFR by 
erlotinib can block EGF-stimulated PI3K/Akt, Erk1/2 and 
mTOR in KRAS wt carcinoma cells but not of the mTOR 
pathway in KRAS mt carcinoma cells.

Erlotinib treatment inhibits cell cycle progression. The find-
ings that erlotinib treatment blocks the activation of EGFR 
downstream kinase pathways suggest that erlotinib treatment 
may inhibit the growth of colorectal carcinoma cells. To test 
this hypothesis, we grew colorectal carcinoma cell lines in the 
presence of 50 ng/ml of EGF and various doses of erlotinib 
for 24 h. Cell viability analysis showed that erlotinib treat-
ment inhibited the growth of both KRAS wt and mt cell lines 
(Fig. 2A). To explore the molecular basis of erlotinib action, 
we treated these cell lines with erlotinib and analyzed the cell 
cycle of the treated cells. Flow cytometry analysis showed 

that erlotinib treatment resulted in a dramatic increase of 
the number of cells in the G0/G1 phase but a decrease of 
the number of cells in the S phase (Fig.  2B and C). The 
percentage of the cells in the S phases, was decreased from 
22 to 12% in HT-29, from 18 to 4% in DLD-1, from 24 to 6% 
in HCT-8 and from 14 to 7% in HCT-116 cells. These results 
suggest that erlotinib treatment inhibits cell cycle progres-
sion of colorectal carcinoma cells regardless of KRAS status, 
consistent with the report from a clinical trial that KRAS 
mutation has no effect on treatment of colorectal carcinomas 
by another EGFR inhibitor, gefitinib (8).

Inhibition of the mTOR pathway does not inhibit cell growth. 
The finding that mTOR is activated constitutively in three of 
the four colorectal carcinoma cell lines suggests the possibility 
that inhibition of mTOR may inhibit the growth of the cells. To 
test this hypothesis, we grew colorectal carcinoma cell lines 
for 24 h in medium containing 50 ng/ml EGF in the presence 
or absence of various doses of mTOR inhibitors, rapamycin. 
The cell viability assay revealed the rapamycin treatment did 
not significantly affect the growth of KRAS wt HT-29 and 
HCT-8 and KRAS mt DLD-1 and HCT-116 cell lines (Fig. 3A). 
Western blot analysis revealed a complete inhibition of p-rpS6 
in KRAS wt HCT-8 cells and a partial inhibition of p-rpS6 
in KRAS mt DLD-1 cells; however, p-Akt remained present 
and slightly increased in rapamycin-treated KRAS wt and mt 
cell lines (Fig. 3B). This is consistent with a recent report that 
inhibition of mTOR may lead to activation of the PI3K/Akt 
pathway (24).

Simultaneous targeting of EGFR and mTOR inhibits cell 
growth. Inhibition of mTOR alone does not prevent the 
growth of colorectal carcinoma cells in part due to the acti-
vation of the PI3K and Erk1/2 pathway; thus, we thought to 
examine whether simultaneous targeting of EGFR and mTOR 
suppresses these kinase pathways and inhibits cancer growth. 

Figure 1. Erlotinib treatment inhibits EGFR downstream kinase pathways. Colorectal carcinoma cell lines with wild-type (wt) KRAS (A) and mutant (mt) 
KRAS (B), as indicated on the top of the panel, were untreated or treated with 50 ng/ml of EGF and erlotinib in the doses as indicated on the top of the panels. 
The cells were then examined by western blotting with antibodies to the phosphorylated (p-) and unphosphorylated EGFR and downstream kinase pathway 
proteins as indicated to the left of the panels with their molecular weights indicated to the right of the panels. Actin was used as a protein-loading control.
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To this end, we treated colorectal carcinoma cell lines with 
erlotinib and rapamycin, alone or in combination. The treated 
cells were further examined by a cell viability assay and the 
results showed that the combination treatment significantly 
inhibited the cell growth of all the cell lines as compared to 
erlotinib treatment alone (Fig. 4A). Flow cytometry analysis of 
the cell cycle further revealed that the combination treatment 
dramatically inhibited the cell cycle progression of both KRAS 
wt and mt cell lines (Fig. 4B and C). Western blot analysis 
showed that the combination treatment either eliminated or 
significantly reduced p-EGFR, p-Akt, p-mTOR, p-rpS6 and 
p-Erk1/2 expressed in both KRAS wt and mt cell lines (Fig. 5). 
These results suggest that simultaneous targeting of EGFR and 
mTOR can block the PI3K/Akt, Erk1/2 and mTOR pathways 
in colorectal carcinoma cells and thus inhibits the cell cycle 
progression of these cancer cells.

Discussion

Recent advances in cancer biology have identified signaling 
pathways involved in the formation and progression of 
colorectal carcinomas, leading to the development of signaling 
pathway-targeted therapies for colorectal carcinomas (2). 
EGFR and mTOR are overexpressed in colorectal carcinomas 
(3,27); however, targeted inhibition of EGFR and mTOR alone 
does not provide effective treatment of colorectal carcinomas 
(8,24). The data presented here show for the first time that 
simultaneous inhibition of EGFR and mTOR results in inhibi-
tion of the phosphorylation and activation of PI3K/Akt, Erk1/2 
and mTOR pathways in colorectal carcinoma cells, leading 
to the inhibition of the cell cycle progression and growth of 
colorectal carcinoma cells. The combination of EGFR and 
mTOR inhibitors may thus provide an effective treatment of 
carcinomas.

Stimulation of EGFR with EGF activates EGFR down-
stream cell growth pathways in colorectal carcinoma cells; 
however, inhibition of EGFR with its small molecular inhibi-
tors and naturalizing antibodies as single agents has not shown 
any significant tumor response in patients with colorectal and 
lung cancers (5-8,28). In this study, we show that EGFR stimu-
lation can activate multiple cell growth pathways including 
PI3K/Akt, Erk1/2 and mTOR and thus drives cancer progres-
sion. Interestingly, mTOR is constitutively activated in one of 

Figure 2. Erlotinib inhibits colorectal carcinoma cell growth. (A) Colorectal 
carcinoma cell lines were treated with various doses of erlotinib for 24 h 
and examined by cell viability of the inhibition of cell growth. The experi-
ments were repeated three times and data were presented as mean ± SD and 
analyzed statistically by the Student's t-test. *P<0.05; **P<0.001. (B) These 
cell lines were treated with 1 µM of erlotinib for 24 h and subjected to flow 
cytometry cell cycle analysis. The population of G0/G1, S and G2/M phase 
cells are presented as percentages. (C) The experiments in (B) were repeated 
three times and the percentages of cells in the G1 phase are presented as 
means ± SD and analyzed statistically by the Student's t-test. **P<0.001.

Figure 3. Rapamycin inhibits the mTOR pathway. (A) Colorectal carcinoma 
cell lines were treated with rapamycin with the doses indicated in the bottom 
of the panel and analyzed by a cell viability assay. The data are presented as 
means ± SD and statistically analyzed. (B) KRAS wt HCT-8 and KRAS mt 
DLD-1 cell lines were treated with 50 ng/ml of EGF and various doses of 
rapamycin as indicated on the top of the panel for 24 h. The untreated and 
treated cells were examined by western blotting with the antibodies to the 
proteins indicated on the left and molecular weights on the right of the panel.
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the two KRAS wt but in two of two KRAS mutant colorectal 
carcinoma cells. Inhibition of EGFR can block the mTOR 
pathway in KRAS wt but not in KRAS mutant colorectal 
carcinoma cells.

There are two mTOR complexes and both of the complexes 
are overexpressed in colorectal carcinomas (27); however, 

treatment with the mTOR inhibitor, rapamycin fails to inhibit 
the growth of colorectal carcinoma cells as evident in this 
study. This is in part due to the activation of PI3K/Akt and 
Erk1/2 pathways that drive cancer progression, as shown in 
this study. In addition, rapamycin mainly targets the mTOR 
complex 1 (mTORC1) (21); however, a recent study shows that 

Figure 4. The combination of erlotinib and rapamycin inhibits cell growth. (A) Colorectal carcinoma cell lines were treated for 24 h with erlotinib (E) alone or 
in combination with 1 nM of rapamycin (E+R). The cells were then analyzed by a cell viability assay. The data represent the mean ± SD of three independent 
experiments. The Student's-test was used to analyze the data. **P<0.001. (B) The KRAS mt DLD-1 and HCT-116 cell lines were treated with the combination 
of 1 nM of rapamycin and 1 µM of erlotinib for 24 h and the cell cycle distribution was examined by flow cytometry. The percentages of the cells in each of 
the cell cycle phases are indicated. (C) The experiments described in (B) were repeated three times and the percentage of cells in the G1 phase are presented 
as the mean ± SD and analyzed by the Student's t-test. *P<0.05; **P<0.001.

Figure 5. The combination of erlotinib and rapamycin inhibits multiple kinase pathways. Colorectal carcinoma cell lines were treated with 50 ng/ml of EGF 
in the presence or absence of 1 µM of erlotinib or 1 nM of rapamycin for 24 h. The untreated and treated cells were examined by western blotting for the 
phosphorylated and unphosphorylated EGFR and kinases as indicated on the left of the panel.
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inhibition of mTORC2 results in the inhibition of tumorigen-
esis and progression of colorectal carcinoma (27). This study 
suggests that mTORC2 may be a therapeutic target in treating 
colorectal carcinomas; however, the distinguished functions of 
mTORC1 and mTORC2 in the content of PI3K/Akt pathways 
in colorectal carcinoma cells remain to be clarified.

Preclinical and clinical studies have proved that inhibition 
of EGFR, PI3K/Akt and Erk1/2 or mTOR alone is not suffi-
cient to inhibit cancer cell growth. Combination therapies are 
needed to block the multiple kinase cell growth pathways for 
cancer treatment (9,10). In this study, we show for the first time 
that the combination of the mTOR inhibitor, rapamycin, with 
the EGFR inhibitor, erlotinib, inhibits the phosphorylation and 
activation of multiple kinase pathways, the PI3K/Akt, Erk1/2 
and the mTOR. This combination treatment leads to inhibition 
of cell cycle progression and growth of colorectal carcinoma 
cells. This study therefore suggests that simultaneous targeting 
of EGFR and mTOR may provide an effective treatment of 
colorectal carcinomas through inhibition of multiple kinase 
pathways.
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