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A B S T R A C T   

Dietary proanthocyanidins (PAC) consumption is associated with a decreased risk for colorectal cancer (CRC). 
Dysregulation of the epidermal growth factor (EGF) receptor (EGFR) signaling pathway is frequent in human 
cancers, including CRC. We previously showed that hexameric PAC (Hex) exert anti-proliferative and pro- 
apoptotic actions in human CRC cells. This work investigated if Hex could exert anti-CRC effects through its 
capacity to regulate the EGFR pathway. In proliferating Caco-2 cells, Hex acted attenuating EGF-induced EGFR 
dimerization and NADPH oxidase-dependent phosphorylation at Tyr 1068, decreasing EGFR location at lipid 
rafts, and inhibiting the downstream activation of pro-proliferative and anti-apoptotic pathways, i.e. Raf/MEK/ 
ERK1/2 and PI3K/Akt. Hex also promoted EGFR internalization both in the absence and presence of EGF. While 
Hex decreased EGFR phosphorylation at Tyr 1068, it increased EGFR Tyr 1045 phosphorylation. The latter 
provides a docking site for the ubiquitin ligase c-Cbl and promotes EGFR degradation by lysosomes. Importantly, 
Hex acted synergistically with the EGFR-targeted chemotherapeutic drug Erlotinib, both in their capacity to 
decrease EGFR phosphorylation and inhibit cell growth. Thus, dietary PAC could exert anti-CRC actions by 
modulating, through both redox- and non-redox-regulated mechanisms, the EGFR pro-oncogenic signaling 
pathway. Additionally, Hex could also potentiate the actions of EGFR-targeted drugs.   

1. Introduction 

The epidermal growth factor (EGF) receptor (EGFR) has been 
extensively studied for its role in regulating a wide number of biological 
processes such as cell proliferation, survival, differentiation and 
migration [1,2]. In a pathological setting, dysregulation of the EGFR has 
been linked to the carcinogenic process of various epithelial human 
cancers, including colorectal cancer (CRC) [3]. Mechanisms identified in 
the oncogenic uncontrolled activation of the EGFR include gene 
amplification, protein overexpression, mutations and defective EGFR 
downregulation [4]. Such alterations in EGFR regulation leads to 
impaired control of cell apoptosis, enhanced proliferation, treatment 
refractoriness and poor clinical outcome [5]. 

CRC is a major public health concern, being the third most commonly 
diagnosed cancer in males and the second among females worldwide 

[6]. Signaling through the EGFR is frequently up-regulated in CRC, 
representing a promising therapeutic target for the inhibition of 
tumorigenesis in the intestinal tract [7]. EGFR-targeted therapies have 
been developed for the management of advanced CRC or tumors that are 
refractory to chemotherapy [8]. EGFR signaling can be targeted by 
either monoclonal antibodies, as cetuximab or panitumumab [9,10], 
which bind the extracellular domain of EGFR, or tyrosine kinase in-
hibitors, such as erlotinib or gefitinib [11,12], which interfere with the 
ATP-binding site of the EGFR catalytic domain. However, ongoing 
research has intensified efforts to develop adjuvant anti-cancer strate-
gies in order to reduce the harmful side effects of chemotherapies and 
chemoresistance, as well as the risk of cancer development [13]. 

Diet has a major influence on cancer risk. CRC is particularly sus-
ceptible to dietary patterns given that intestinal cells are directly 
exposed to dietary components, and to the long multistep process 
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involved in CRC development, ranging from adenomatous lesions to the 
manifestation of malignant tumors. Furthermore, the intestinal epithe-
lium is exposed to large amounts of dietary phytochemicals. Thus, the 
identification and promotion of long-term dietary consumption of phy-
tochemicals could be a potential strategy in CRC prevention [14,15]. 

Among polyphenols, proanthocyanidins (PAC), oligomers of the 
flavan 3-ols (− )-epicatechin and (+)-catechin, are of raising interest for 
their ability to inhibit oncogenic signals [16–18] and have potential 
beneficial effects against CRC [19–21]. After dietary consumption, large 
PAC are not absorbed and reach the colon in significant amounts [22]. 
PAC oligomers of six subunits (Hex) inhibit in Caco-2 cells the deoxy-
cholic acid acid-induced activation of oncogenic signals, i.e. 
ERK1/2/p38/AP-1 and Akt [23], in part by mitigating NADPH oxidase 
(NOX)-mediated transient O2

.-/H2O2 increases [24]. Hex also inhibits 
tumor necrosis factor alpha (TNF-α) induced activation of transcription 
factor NF-κB [25], which is involved in the crosstalk between inflam-
mation and cancer [26]. Hex was shown to arrest the growth of several 
CRC cell lines and induce apoptosis via the mitochondrial pathway in 
Caco-2 cells [27]. Hex can also regulate cell signaling through selective 
Hex-cholesterol interactions at specialized cholesterol-enriched mem-
brane rafts in Caco-2 cells [28]. Thus, the lipid raft-located and 
redox-sensitive EGFR emerges as a potential molecular target of Hex 
anti-CRC actions. 

Overall, current evidence suggests that Hex could exert anti- 
tumorigenic effects at the gastrointestinal tract, inhibiting pro- 
proliferative pathways upon their interaction with the cell membrane. 
Knowing that a large number of membrane receptors, including the 
EGFR [29], are localized at lipid rafts where many transduction signals 
are initiated [30], and the widely described NOX-dependent redox 
regulation of EGFR activation [31], we investigated if Hex could inhibit 
CRC cell growth through both, the redox-dependent and independent 
modulation of the EGFR signaling pathway. We evaluated the capacity 
of Hex to: (i) inhibit the activation and dimerization of the EGFR upon 
EGF-stimulation, (ii) inhibit EGFR activation by decreasing the pro-
duction of reactive oxygen species (ROS) through NOX modulation, iii) 
prevent the activation of the main downstream signaling pathways, i.e. 
Raf/MEK/ERK1/2 and PI3K/Akt, (iv) modulate the internalization of 
the receptor, (v) promote EGFR degradation and (iv) cooperate with a 
currently used chemotherapeutic drug (Erlotininb) which inhibits EGFR 
activity. The interactions of Hex with the cell membrane and the inhi-
bition of EGF-mediated transient increased production of reactive oxy-
gen species (ROS), could explain the capacity of Hex to modulate EGFR 
activity and downstream events. 

2. Materials and methods 

2.1. Materials 

The human colorectal adenocarcinoma cell line Caco-2 was obtained 
from the American Type Culture Collection (Manassas, VA, USA). Cell 
culture media and reagents were from Gibco (Gaithersburg, MD, USA). 
EGF, human recombinant, was obtained from Corning Inc. (Corning, NY, 
USA). Primary antibodies against EGFR (D38B1) (#4267), p (Tyr 1068)- 
EGFR (#3777), p (Tyr 1045)-EGFR (#2237), c-Raf (#9422), p (Ser 338)- 
c-Raf (#9427), MEK (#9122), p (Ser 217/221)-MEK (#9154), ERK 1/2 
(#9102), p (Thr 202/Tyr 204)-ERK1/2 (#9101), p (Tyr 458/Tyr 199)- 
PI3K (#4228), Akt (#9272), p (Thr 308)-Akt (#9275), c-Cbl (C49H8) 
(#2179), ubiquitin (P4D1) (#3936), secondary antibodies anti-rabbit 
HRP-conjugated (#7074) or biotinylated (#14708) and biotinylated 
ladder (#7727) were from Cell Signaling Technology, Inc. (Danvers, 
MA, USA). Primary antibodies against α-tubulin (sc-9104), flotillin-1 (H- 
104) (sc-25506), LAMP-1 (H-228) (#sc-5570), agarose A/G beads (sc- 
2003) and secondary anti-mouse IgG1 HRP-conjugated (#2969) were 
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Cy 2- conjugated 
donkey anti-mouse IgG (#715-225-150) and Cy3-conjugated goat anti 
rabbit IgG (#111-165-003) were from Jackson ImmunoResearch 

Laboratories, Inc. (West Grove, PA, USA). The protease and phosphatase 
inhibitor cocktail was from Roche Applied Science (Mannheim, Ger-
many). Colored standards and all the other reagents for Western blot 
were from Bio-Rad Laboratories Inc. (Hercules, CA, USA). Mouse 
monoclonal antibody against EGFR Ab-3 (#MS-311-P0), IP-Lysis Buffer 
(#87787), Pierce ECL Western Blotting Substrate and Hoechst 33,342 
were from Thermo Fisher Scientific (Waltham, MA, USA). 3,3′,5,5′- 
dihydroethidium (DHE) was from EMD Millipore (Hayward, CA). 
Apocynin, diphenyleneiodonium (DPI), N-ethylmaleimide, OptiPrep, 
sulphorhodamine B, suberic acid bis(3-sulfo-N-hydroxysuccinimide 
ester) (BS3), tetramethylbenzidine (TMB) and VAS-2870 were from 
Sigma-Aldrich (St. Louis, MO, USA). CellTiter-Glo® Luminescent Cell 
Viability assay was from Promega (Madison, WI). Erlotinib (E− 4007) 
was from LC Laboratories (Woburn, MA, USA). 5-(and-6)-carboxy-2′,7′- 
dichlorodihydrofluorescein diacetate (DHDCF) and Amplex Red 
Hydrogen Peroxide/Peroxidase Assay Kit were from Invitrogen/Life 
Technologies (Grand Island, NY). Hexameric procyanidins (Hex) source 
and characterization was previously described [23]. 

2.2. Cell cultures and incubations 

Caco-2 cells were cultured at 37 ◦C under a 5% (v/v) CO2 in Mini-
mum Essential Medium (MEM) supplemented with 10% (v/v) FBS and 
antibiotics (50 U/ml penicillin, and 50 μg/ml streptomycin), 1 mM so-
dium pyruvate and 1% (v/v) of non-essential amino acids. The medium 
was replaced every 3 days and cells were used for experiments when 
they had reached up to a 60% confluence. Cells were starved in serum- 
free media for 24 h and then cells were incubated in the absence/pres-
ence of 2.5, 5, 10 μM Hex for 30 min at 37 ◦C, without or with subse-
quent stimulation with 10 ng/ml EGF at 37 ◦C for 10 min. 

2.3. Evaluation of cytotoxicity 

To evaluate the cytotoxic activity of Hex and Erlotimib, cell viability 
was assessed using the CellTitle-Glo® Luminiscent Cell Viability assay. 
To assure an exponential growth for the whole duration of the experi-
ment, Caco-2 cells were seeded in 96-well plates at a density of 5 × 103 

cells/well. 24 h later, cells were treated with 0.5–30 μM Hex or Erlotinib 
for 72 h. For each compound, results are expressed as relative percent 
luminescence compared to controls. Hex and Erlotinib concentrations 
that yielded 50% cell inhibition (IC50) were calculated by non-linear 
least-squares curve-fitting (Prism GraphPad Software Inc., San Diego, 
CA). 

2.4. Drug combination studies 

For the combination studies, the two compounds were added at a 
non-constant ratio [32]. Caco-2 cells treated with increasing concen-
trations of Hex (0.5–30 μM) were simultaneously exposed to a fixed 
Erlotinib concentration (IC25). The cytotoxicity of the combination was 
compared with the cytotoxicity of each compound alone using the 
combination index (CI) from the Chou and Talalay method [33], where 
CI < 1, CI = 1, CI > 1 denotes synergism, additive interaction and 
antagonism, respectively. Data analysis were carried out using the 
CompuSyn software (ComboSyn Inc, Paramus, NJ). 

2.5. Protein extraction and western blot analysis 

For the preparation of total cell extracts, after the corresponding 
treatments, cells were rinsed with PBS, scraped and centrifuged. To 
prepare total cell extracts, the pellet was suspended in 40 μL of IP-Lysis 
Buffer containing protease and phosphatase inhibitors. Samples were 
incubated at 4 ◦C for 30 min, and centrifuged at 15,000×g for 30 min. 
Protein concentration in the supernantants was measured using the 
Bradford assay [34]. Aliquots of total cell fractions containing 20–30 μg 
protein were separated by reducing 4–20% (w/v) polyacrylamide gel 
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electrophoresis and electroblotted to PVDF membranes. Colored and 
biotinylated molecular weight standards were ran simultaneously. 
Membranes were blotted for 1 h in 5% (w/v) non-fat milk, incubated 
overnight in the presence of the corresponding antibodies 
(1:500–1:1.000 v/v) in 5% (w/v) BSA in TBS buffer (50 mM Tris, 150 
mM NaCl, pH 7.6), containing 0.1% (v/v) Tween-20. After incubation 
for 90 min at room temperature in the presence of the secondary anti-
body (HRP-conjugated) (1:10.000 v/v), the conjugates were visualized 
by chemiluminescence using an ECL reagent, and detected in a Phos-
phoimager 840 (Amersham Pharmacia Biotech. Inc., Piscataway, NJ). 

2.6. Cell oxidant levels 

Cell oxidant levels were estimated using the probes DCFDA, DHE and 
Amplex red. DCFDA and DHE enter cells, and when oxidized are con-
verted into fluorescent compounds. Caco-2 cells were plated in 96-well 
plates (5 × 104 cells/well), grown up to 60–70% confluency and then 
starved for 24 h prior to the experiments. Cells were then pretreated for 
30 min with or without 5 μM Hex, 1 μM apocynin, 1 μM VAS-2870 or 1 
μM DPI, and subsequently incubated for 0–2 h in the absence or the 
presence of EGF (10 ng/ml). At the different time points, cells were 
added with 20 μM DCFDA or 25 μM DHE, and after 30 min incubation, 
the medium was removed and cells rinsed with PBS. Fluorescence was 
measured, for oxidized DCFDA at λexc: 495 nm; λem: 520 nm, and for 
oxidized DHE at λexc: 518 nm; λem: 605 nm H2O2 released to the me-
dium was measured at the corresponding time points with the Amplex® 
Red Hydrogen Peroxide/Peroxidase Assay Kit following the manufac-
turer’s protocol. To normalize for the number of cells, fluorescence was 
referred to protein content measured by reaction with sulphorhodamine 
B [35]. Fluorescence and absorbance were measured using a Biotek 
Synergy H1 plate reader (BioTek Instruments, Winooski, VT). 

2.7. Receptor dimerization 

Receptor dimerization was measured according to the method of 
Turk and Chapkin [36]. Briefly, cells treated as described above, were 
washed with PBS, and plates were subsequently added with 3 mM BS3 in 
Ca+2/Mg+2-free PBS and incubated on ice for 20 min. BS3 is a bifunc-
tional cross-linking compound that, under the current experimental 
conditions, will form amides by reaction with membrane protein amino 
groups. This reaction was quenched by adding 250 mM glycine in PBS 
and incubating for 5 min on ice. Cells were washed with PBS and sam-
ples processed as usual to obtain total homogenates. Protein concen-
tration was measured and the presence of EGFR dimers was assessed by 
Western Blot analysis. 

2.8. Lipid rafts isolation 

Lipid rafts were isolated using a non-detergent method basically as 
described by Macdonald and Pike [37]. All procedures were carried out 
at 4 ◦C. Caco-2 cells grown in 150 mm2 dishes were serum-starved for 
24 h and treated with or without 5 and 10 μM Hex, and in the absence or 
the presence of 10 ng/ml EGF for the indicated periods of time. Cells 
were collected in Base Buffer (20 mM Tris-HCl pH 7.8, 250 mM sucrose, 
1 mM CaCl2, 2.5 mM MgCl2) containing protease and phosphatase in-
hibitors. Cells were passed 20 times through a 22 g x 3′′ needle and the 
cell homogenates were centrifuged for 10 min at 1.000×g. After col-
lecting the supernatant, the pellet was submitted to another cycle of 

Fig. 1. Cytotoxicity and pharmacological interaction of Hex and Erlotinib 
in Caco-2 cells. (A) Representative curves of growth inhibitory effects of Hex, 
Erlotinib and Hex-Erlotinib in non-fixed combination after simultaneous incu-
bation for 72 h. (B) CI values for Hex-Erlotinib simultaneous combination, 
where CI < 1, C = 1 and CI > 1 represents synergism, additive and antagonistic 
interactions, respectively. Results are shown as mean ± SEM and are the 
average of at least three independent experiments, each run in triplicates. 

Fig. 2. Effects of Erlotinib, Hex and their combination on EGFR phos-
phorylation (Tyr1068). 
Levels of p 
(Tyr1068)-EGFR were measured by Western blot. Caco-2 cells were added with 
100 and 500 nM Erlotinib, 2.5 and 5 μM Hex, and their simultaneous combi-
nation. After 30 min incubation at 37 ◦C, cells were incubated for further 10 
min in the absence or the presence of EGF (10 ng/ml). After Western blots, 
bands were quantified and values for p (Tyr1068)-EGFR referred to total EGFR 
content. Results were referred to control values (1, dashed line). Results are 
shown as mean ± SEM and are the average of at least five independent ex-
periments. Values having different superscripts are significantly different (p <
0.05, One way ANOVA). 
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passage through the needle and centrifugation. Supernatants, resulting 
from the first and the second centrifugation, were combined and added 
with Optiprep to a final 45% (v/v) OptiPrep concentration. Two layers 
of 5% and 35% OptiPrep in Base Buffer, respectively, were poured on 
top of the 45% lysate solution. Lipid rafts were isolated by centrifugation 
in a swinging bucket rotor for 150 min at 53.000×g in a Sorvall RCM120 
GX centrifuge (Thermo Scientific, New York, NY, USA). 200 μL fractions 
were taken from the top to the bottom of the tube and the distribution of 
EGFR and flotillin-1 was evaluated by Western blot. 

2.9. Receptor internalization analysis 

The ability of Hex to induce EGFR internalization was determined by 
a cell-ELISA assay. Caco-2 cells were cultured in 96-well plates and, after 
starvation for 24 h, they were incubated with or without 2.5–10 μM Hex 
and/or 10 ng/ml EGF. Plates were subsequently incubated on ice for 30 
min to allow the binding of the ligand (EGF) to the receptor. Subse-
quently, cells were incubated for 15 min at 37 ◦C to allow EGFR inter-
nalization. After washing, cells were fixed with 2% (w/v) 
paraformaldehyde for 20 min at room temperature and blocked with 1% 
(w/v) BSA in PBS for 1 h at room temperature. The anti-EGFR antibody 
(1:200 v/v in 1% (w/v) BSA) was added and cells incubated for 2 h at 
room temperature. Plates were washed and incubated with a HRP- 
conjugated secondary antibody (1:10.000 v/v) in 1% (v/v) BSA for 
90 min at room temperature. Cells were rinsed with PBS and incubated 
with 100 μL of 3,3′,5,5′-tetramethylbenzidine (TMB) substrate (ready- 
to-use solution) at room temperature in the dark. After 10 min incuba-
tion, the enzymatic reaction was stopped by addition of 100 μl of 1 M 
H2SO4. The absorbance at 450 nm was measured with a microplate 
reader (Wallac 1420 VICTOR2TM PerkinElmer Life Science, Waltman, 
USA). 

2.10. Immunocytochemistry 

The intracellular localization of the receptor was evaluated by 
immunofluorescence staining. Caco-2 cells were cultured on polylysine- 
coated coverslips. Caco-2 cells were starved for 24 h, then treated in the 
presence/absence of 10 μM Hex for 30 min at 37 ◦C, and stimulated with 
10 ng/ml EGF for 10 and 20 min at 37 ◦C. After washing, cells were fixed 
with 4% (w/v) paraformaldehyde for 20 min at 4 ◦C. Fixed cells were 
permeabilized and blocked by incubation with 0.1% (v/v) Triton X-100 
and 0.1% (v/v) donkey serum for 30 min at room temperature. Cover-
slips were incubated overnight at 4 ◦C with primary antibodies against 
EGFR Ab-3 (1:100 v/v) and LAMP (1:500 v/v) in 0.1% (v/v) donkey 
serum. Coverslips were rinsed in PBS and incubated for 2 h at room 
temperature with a Cy2-conjugated donkey anti-mouse IgG (1:500 v/v) 
and Cy3-conjugated goat anti rabbit IgG (1:500 v/v) antibodies for 2 h at 
room temperature. Cell nuclei were stained with Hoechst 33,342 and 
preparations were visualized by laser confocal microscopy using an 
Olympus FV 300 microscope. 

2.11. Co-immunoprecipitation 

To assess the ubiquitination status of the EGFR, Caco-2 cells were 
plated on 100 mm2 dishes, serum starved for 24 h and incubated with or 
without 5 and 10 μM Hex in the presence of 10 ng/ml EGF at 37 ◦C for 
the indicated periods of time. Cells were subsequently washed with ice- 
cold Ca2+, Mg2+ -free PBS and lysed in a modified RIPA buffer con-
taining 10 mM N-ethylmaleimide, 1 mM Na3VO4, and protease/phos-
phatase inhibitor cocktails. The EGFR was immunoprecipitated with a 
monoclonal mouse anti-EGFR antibody on agarose A/G beads for 1 h at 
4 ◦C. After centrifugation, beads were washed three time with the 
complete lysis buffer, resuspended in Laemmli sample buffer, and 
heated at 95 ◦C for 5 min. The lysates and immunoprecipitates were 

Fig. 3. Hex inhibits signal activation 
downstream the EGFR. Caco-2 cells were 
incubated without or with 2.5, 5 and 10 μM 
Hex for 30 min at 37 ◦C and subsequently 
incubated in the absence/presence of EGF 
(10 ng/ml) for 10 min at 37 ◦C. Western blot 
images show (A) p (Tyr1068)-EGFR, EGFR, p 
(Ser338)-cRaf, cRaf, p (Ser217/221)-MEK1/ 
2, MEK1/2, p (Thr202/204)-ERK1/2, ERK1/ 
2 and α-tubulin, and (B) p (Tyr458/199)- 
PI3K, PI3K p110γ, p (Ser473)-Akt, p 
(Thr308)-Akt, Akt and α-tubulin in total cell 
extracts. After Western blots, bands were 
quantified and values for the phosphorylated 
proteins were referred to the total content of 
the corresponding protein. Results were 
referred to control values (1, dashed line). 
Results are shown as mean ± SEM and are 
the average of at least five independent ex-
periments. Values having different super-
scripts are significantly different (p < 0.05, 
One way ANOVA).   
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resolved by 6% (w/v) SDS-PAGE followed by transfer to PVDF mem-
branes and blotting with antibodies against EGFR, p (Tyr 1068)-EGFR, c- 
Cbl and ubiquitin. 

2.12. Statistical analysis 

Data were analyzed by one-way analysis of variance (ANOVA) using 
Statview 5.0 (SAS Institute Inc., Cary, NC, USA). Fisher’s Least Signifi-
cance Difference test was used to examine differences between group 
means. A p value < 0.05 was considered statistically significant. Results 
are shown as mean ± SEM of at least three independent experiments. 

3. Results 

3.1. Evaluation of the antiproliferative activity of Hex and Erlotinib and 
combination analysis 

We initially investigated the potential interactions between Hex and 

the EGFR-targeting drug Erlotinib in decreasing Caco-2 cell viability 
(Fig. 1). Cells were incubated in the absence or presence of 0.5–30 μM 
Hex or Erlotinib for 72 h. Hex inhibited cell growth in a dose-dependent 
manner, with an IC50 value of 12 μM (Fig. 1A). The sensitivity of Caco-2 
cells to Erlotinib was not dose-dependent and cell growth inhibition did 
not reach 50% at the highest concentration tested (30 μM). Next, the 
growth-inhibitory effect of Hex in combination with Erlotinib was 
evaluated. Because drugs were not equipotent, the combination study 
was performed using non-fixed ratios, as described in methods, at the 
IC50 concentration for Hex and IC25 for Erlotinib (5 μM) (Fig. 1A and B). 
Fig. 1B shows the average of the combination index (CI) values for the 
Hex-Erlotinib treatment. These results indicate that the combined effect 
of Hex and Erlotinib on cell cytotoxicity is synergistic (CI < 1). 

3.2. Combined effects of Hex and Erlotinib at decreasing EGFR 
phosphorylation 

Erlotinib acts inhibiting the EGFR tyrosine kinase activity. We next 
investigated if Hex and Erlotinib synergism also occurs at the level of 
EGFR phosphorylation at Tyr1068. Cells were incubated with or without 
2.5 and 5 μM Hex, 100 and 500 nM Erlotinib or their combination 
(Fig. 2) followed by incubation in the presence or the absence of EGF for 
subsequent 10 min. EGFR Tyr1068 phosphorylation was evaluated by 
Western Blot. A partial inhibition in EGFR Tyr1068 was observed at 100 
and 500 nM Erlotinib (55 and 72%, respectively) and at 2.5 and 5 μM 
Hex (35 and 50%, respectively). However, simultaneous treatment with 
Hex and Erlotinib at the concentration that caused a 50% decrease of 
EGFR Tyr1068 phosphorylation (5 μM and 100 nM, respectively), fully 
inhibited EGF-induced EGFR phosphorylation (Fig. 2). 

3.3. Hex reduced EGF-induced activating phosphorylation of the EGFR 
and downstream target proteins 

Given the importance of the EGFR in human cancer by influencing 
cell proliferation, survival and metastatic potential [38], we next 
investigated the effects of Hex on the receptor tyrosine kinase activity 
and downstream proliferative signaling pathways. EGF caused a 4.5-fold 
increase in EGFR phosphorylation at the tyrosine residue 1068 (Fig. 3A). 
Hex decreased this phosphorylation in a concentration (2.5–10 
μM)-dependent manner (Fig. 3A). We next investigated the effects of 
Hex on the downstream activation of both Ras/MEK/ERK1/2 and 
PI3K/Akt cascades. As shown in Fig. 3A and B, Hex decreased in a 
dose-dependent manner the phosphorylation of c-Raf (Ser 338), 
MEK1/2 (Ser 217/221), ERK 1/2 (Thr 202/Tyr 204), PI3K (Tyr 
458/199) and Akt (Thr 308 and Ser 473). At 10 μM concentration, Hex 
almost fully inhibited EGF-induced activation of both pathways. 

3.4. Hex reduced EGFR dimer formation 

We next evaluated if Hex could inhibit the dimerization of the re-
ceptor occurring upon EGF binding. Caco-2 cells were pretreated with or 
without Hex (5 and 10 μM) and subsequently incubated for 1 h in the 
presence or the absence of EGF (10 ng/ml). Cells were subsequently 
incubated with the membrane-impermeable protein cross-linker BS3, 
and EGFR dimerization was evaluated by Western blot. EGF caused a 
2.1-fold increase in EGFR dimer formation compared to basal levels 
(Fig. 4). Incubation with 5 or 10 μM Hex decreased EGF-induced EGFR 
dimerization. 

3.5. Hex mitigates the NOX-dependent activation of the EGFR 

The activation of the EGFR is associated with NOX activation leading 
to transient ROS increases which enhance/extend the EGFR signaling 
pathway [31,39]. Thus, we next investigated if Hex could in part inhibit 
EGFR activation by decreasing EGF-mediated ROS increase. We studied 
the capacity of Hex and three NOX inhibitors to mitigate EGF-mediated 

Fig. 4. Effects of Hex on EGFR dimerization. 
Serum starved Caco-2 cells were treated with/without Hex (5 and/or 10 μM) 
and in the absence or presence of EGF (10 ng/ml), for 1 h at 4 ◦C. Cell mem-
brane receptors were cross-linked with 3 mM BS3 as described in methods. 
EGFR monomers and dimers were assessed by Western blot. Upon stimulation 
with EGF, EGFR dimers were identified as a band twice the molecular weight 
(340 kDa) of EGFR monomers (170 kDa). (A) Representative Western blot 
images, (B) protein loading was assessed by Ponceau staining and (C) bands 
were quantified and the ratio dimers/monomers calculated and referred to 
control (cells incubated in the absence of additions) values (1, dashed line). 
Results are shown as mean ± SEM and are the average of at least three inde-
pendent experiments. Values having different superscripts are significantly 
different (p < 0.05, One way ANOVA). 
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increases in cellular ROS and associated EGFR activation. ROS were 
assessed using three different probes; Amplex red, DCFDA and DHE. The 
fluorescence increase for the three probes reached a maximum after 10 
min incubation of Caco-2 cells in the presence of EGF (Fig. 5A). At this 
time point, Hex and the NOX inhibitors apocynin, VAS-2870 and DPI 
either partially (DCFDA) or fully (DHE, Amplex red) inhibited 
EGF-mediated fluorescence increases (Fig. 5 B-D). We next investigated 
the effects of apocynin, VAS-2870 and DPI on EGFR phosphorylation in 
Tyr1068 and downstream phosphorylation of ERK1/2 (Thr202/Tyr204) 
and Akt (Ser 473) (Fig. 5E). Similarly to that observed for 5 μM Hex, 
after 10 min incubation with EGF, NOX inhibitors caused a partial in-
hibition of EGFR Tyr1068 phosphorylation and a total or partial inhi-
bition of ERK1/2 and Akt phosphorylation. The only exception was a 

lack of VAS-2870 effect on EGF-triggered ERK1/2 phosphorylation. 

3.6. Hex affected EGFR activation and localization at plasma membrane 
lipid rafts 

The EGFR localizes within lipid rafts [40] and previous studies 
demonstrated that Hex could interact with the plasma membrane at the 
level of raft domains [28]. Therefore, we first determined the effects of 
Hex on the EGFR distribution within the plasma membrane of Caco-2 
cells. Plasma membrane lipid rafts were isolated on a density gradient 
using a detergent-free method. Six fractions were collected and analyzed 
by Western Blot for flotillin-1, EGFR and p (Tyr 1068)-EGFR levels. 
Flotillin-1, a protein localized at lipid rafts, was used as marker of lipid 

Fig. 5. Hex and NOX inhibitors mitigate 
EGF-mediated increase in ROS produc-
tion and EGFR signaling activation. A- 
Kinetics (0–2 h) of EGF-triggered oxidant 
production evaluated using the probes 
DCFDA (blue squares), DHE (grey circles) 
and Amplex red (red triangles), as described 
in methods. *Significantly different from 
cells incubated in the absence of additions 
(dashed line). (B-E) Caco-2 cells were pre-
incubated without or with 5 μM Hex (Hex), 
1 μM apocynin (Apo), 1 μM VAS-2870 (VAS) 
or 1 μM DPI (DPI) for 30 min at 37 ◦C and 
subsequently incubated in the absence/ 
presence of EGF (10 ng/ml) for 10 min at 
37 ◦C. (B-D) ROS production was measured 
with (B) DCFDA, (C) DHE or (D) Amplex 
red. (E) Phosphorylation levels of EGFR p 
(Tyr1068), ERK1/2 p (Thr202/204) and Akt 
p (Ser473) were evaluated as described in 
the legend to Fig. 3. Results are shown as 
mean ± SEM and are the average of at least 
four independent experiments. (B-E) Values 
having different superscripts are signifi-
cantly different (p < 0.05, One way 
ANOVA). (For interpretation of the refer-
ences to color in this figure legend, the 
reader is referred to the Web version of this 
article.)   
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rafts-containing fractions. EGFR and flotillin-1 both localized in fraction 
2, confirming the presence of the receptor within lipid raft micro-
domains of the Caco-2 cell plasma membrane (Fig. 6A). We next 
investigated if Hex could alter EGFR localization at lipid rafts, as such 
effect could inhibit EGF-induced EGFR activation/dimerization. Results 
showed that 5 and 10 μM Hex decreased (40–50%) the localization of 
the EGFR at lipid rafts and inhibited EGF-induced Tyr 1068 phosphor-
ylation of raft-located EGFR (Fig. 6B and C). 

3.7. Hex increased EGFR internalization 

Recent studies suggested the importance of lipid rafts in mediating 
EGFR endocytosis [41]. Thus, we next examined the effects of Hex on 
EGFR internalization using a cell-ELISA assay. Fig. 7A shows cell surface 
EGFR levels in Caco-2 cells treated with 2.5, 5 and 10 μM Hex for 30 min 
at 37 ◦C in the presence of 10 ng/ml EGF. The percentage of EGFR 
present at the cell membrane decreased in a dose-dependent manner in 
cells incubated with Hex and EGF compared to cells treated only with 
EGF. In the presence of EGF, Hex caused a 30% and 36% decrease in 
EGFR localized at the cell membrane at 5 and 10 μM concentrations, 
respectively. Moreover, the internalization occurred even when Hex was 
removed from the medium after 30 min of pre-incubation, and before 
EGF addition (Fig. 7A). Hex also promoted EGFR internalization in the 
absence of EGF stimulation (Fig. 7B). After 30 min incubation, Hex 
caused a significant reduction (22%) of cell membrane EGFR only at 10 
μM concentration. Similar effects were observed without or with 
removal of Hex from the medium after the 30 min pre-incubation 
(Fig. 7B). The above results support Hex-mediated internalization of 
the EGFR receptor. 

3.8. Hex promoted EGFR redistribution from the cell membrane to the 
cytoplasm 

The potential effects of Hex on EGFR subcellular localization were 
evaluated by confocal microscopy. In serum-starved conditions, EGFR 
(green fluorescence) was located along the plasma membrane (Fig. 8). In 
Hex-treated cells, at time 0 which corresponds to 30 min preincubation 
with Hex pretreatment, EGFR showed a diffuse localization throughout 
the cytoplasm. These findings are consistent with results on EGFR 
internalization evaluated by cell-ELISA assay (Fig. 7). In EGF-stimulated 
Caco-2 cells, both in the absence and the presence of Hex, the diffuse 
cytoplasmic EGFR-fluorescence was consistent with EGFR internaliza-
tion. After 20 min incubation, EGFR fluorescence co-localized with the 
red fluorescence of LAMP-1, a lysosomal marker. These results suggest 
that Hex can promote EGFR internalization and drive its lysosomal 
degradation. 

3.9. Hex-induced EGFR tyr 1045 phosphorylation promotes c-Cbl- 
mediated ubiquitination 

Following internalization, the EGFR can be either recycled back to 
the plasma membrane or sorted to lysosomes for degradation. EGFR 
endocytosis stimulated by ubiquitination leads the receptor to lysosomal 
degradation terminating the signaling cascade [42]. The Cbl ubiquitin 
ligases, especially c-Cbl, were found to be responsible for EGFR ubiq-
uitination through their direct interaction with EGFR p-Tyr 1045 resi-
dues [43]. We next assessed whether Hex-mediated EGFR 
internalization was associated with an increased receptor ubiquitina-
tion. Results showed that in EGF-stimulated cells, 5 μM Hex caused 40% 
higher EGFR Tyr 1045 phosphorylation levels compared to the effect of 
EGF alone (Fig. 9A). Since phosphorylation at Tyr 1045 creates docking 

Fig. 6. Effects of Hex on EGFR distribu-
tion and Tyr 1068 phosphorylation in 
lipid rafts. 
Detergent-free lipid rafts were isolated from 
Caco-2 cells treated with/without Hex (5, 
10 μM) for 30 min at 37 ◦C and incubated in 
the absence/presence of EGF (10 ng/ml) for 
10 min at 37 ◦C. Gradients were separated 
into 6 fractions and each fraction was 
analyzed by SDS-PAGE and immunoblotted 
with the indicated antibodies. (A) Repre-
sentative images for EGFR localization and 
phosphorylation at lipid rafts. After quanti-
fication of bands in fraction 2 (lipid rafts 
fraction) EGFR (B) and p-(Tyr1068)-EGFR 
(C) levels were referred to flotillin-1 and 
total EGFR content, respectively. (B) Results 
were referred to control values (1, dashed 
line). Results are shown as means ± SEM of 
four independent experiments. Values hav-
ing different superscripts are significantly 
different (p < 0.05, One way ANOVA).   
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site for the binding of endogenous ubiquitin ligases, we next assessed by 
EGFR immunoprecipitation, the binding of c-Cbl and ubiquitin. Western 
blots showed that Hex promoted c-Cbl binding to the EGFR and EGFR 
ubiquitination upon EGF-stimulation (Fig. 9B). 

4. Discussion 

This work showed that Hex could exert anti CRC effects through its 
capacity to inhibit the EGFR pathway. Hex acted decreasing EGFR 
location at lipid rafts, attenuating EGF-induced EGFR dimerization, 
activation and internalization, decreasing NOX-dependent ROS pro-
duction and inhibiting EGFR downstream activation of pro-proliferative 
and anti-apoptotic pathways, i.e. Raf/MEK/ERK1/2 and PI3K/Akt. Ev-
idence also supports the capacity of Hex to promote EGFR degradation 
via the ubiquitin/proteasome pathway. Additionally, Hex and the EGFR- 
targeted chemotherapeutic drug Erlotinib had synergistic actions 
decreasing Caco-2 cell growth. 

EGFR-targeted therapies have been developed and validated to treat 
different types of tumors, including CRC. However, increasing number 
and complexity of resistance mechanisms have limited the efficacy of 
these drugs [44]. For this reason, the identification of compounds that 
can target the EGFR through novel therapeutic and dietary strategies is 

an important goal both in the chemoprevention and treatment of 
EGFR-dependent tumors. PAC have been proposed to be an important 
class of bioactive compounds relevant in chemoprevention because of 
epidemiological evidence [21,45,46] and of their capacity to inhibit 
tumor cell growth both in vivo and in vitro [17,27,47,48]. In addition, 
studies have reported that PAC, used in combination with canonical 
chemotherapeutic drugs, enhance the efficacy of treatments [49]. Pre-
vious work from our laboratory showed that Hex could induce apoptosis 
and cell cycle G2/M phase arrest in the human CRC Caco-2 cell line [27]. 
The present follow-up work shows that large procyanidins in part exert 
anti-CRC actions through the modulation of the lipid raft-associated 
receptor EGFR. 

Cells expressing high level of EGFR, as the Caco-2 cell line [50], often 
show anticancer drug resistance [51]. We observed that Erlotinib only 
partially inhibited Caco-2 cell growth and that the synergistic anti-
proliferative effect of the combination was mainly due to the inhibitory 
action of Hex. Hex and Erlotinib also interacted at decreasing EGFR 
phosphorylation. The synergism between PAC and Erlotinib also sup-
ports the EGFR signaling pathway as a target of Hex anti-CRC actions. In 
fact, Hex inhibited EGFR activating phosphorylation (Tyr 1068) and 
downstream canonical activation of ERK1/2 and PI3K/Akt cascades, 
which are the two major proliferative and anti-apoptotic signaling 
pathways controlled by the receptor. The over-activation of these 
pathways is frequently observed in CRC, constituting a relevant target in 
cancer therapy [52–54]. Overall, the above findings emphasize the 
importance of PAC both: i) as components of a healthy diet that could 
contribute to decrease the risk for CRC development, and ii) as a po-
tential component of combination therapies for CRC treatment. 

Hex inhibited EGF-triggered EGFR internalization after cell pre-
incubation with Hex and subsequent incubation with EGF in the absence 
and in the presence of Hex. Similarly, even after removal from the cell 
media, Hex inhibited TNFα-triggered activation of NF-κB [25]. These 
findings suggest that an interaction of Hex with the ligand (EGF) is not 
an underlying mechanism in the inhibition of the EGFR signaling 
pathway. It also agrees with previous findings showing the capacity of 
Hex to interact with membranes [55]. Within the plasma membrane Hex 
particularly interacts with lipid rafts [28] We currently observed that 
Hex decreased the presence of EGFR in these domains. EGFR localization 
at lipid rafts regulates the ability of the receptor to dimerize and 
trans-phosphorylate [56]. Thus, Hex could inhibit the activation of the 
EGFR, i.e. dimerization upon ligand binding and activation (Tyr1068 
phosphorylation), through a direct interaction with the receptor and/or 
by changing the EGFR membrane environment through Hex binding to 
lipid rafts. 

Redox-regulated mechanisms contribute to enhance and prolong 
EGFR activation [31]. A transient elevation of cellular ROS due to NOX 
activation occurs upon binding of EGF to the EGFR [39]. This causes the 
oxidation of a critical cysteine residue within protein tyrosine phos-
phatases (PTPs) leading to enzyme inactivation. PTPs inactivate the 
EGFR via the removal of key EGFR phospho tyrosine groups. Other 
redox-regulated mechanism of EGFR inactivation involves the oxidation 
of a Cys797 residue within the receptor that occurs upon EGF binding 
and recruitment of NOX2 [57]. This oxidation increases the receptor 
tyrosine kinase activity [57]. Both, PTPs inactivation and EGFR tyrosine 
kinase activation can enhance and prolong the EGFR-regulated 
pathway. In agreement with previous findings of EGF-triggered NOX 
activation, we observed that EGF-mediated ROS transient increase was 
prevented by Hex and three NOX inhibitors. All these compounds also 
partially prevented EGFR Tyr 1068 phosphorylation, and caused full or 
partial inhibition of downstream Akt and ERK activation. The observed 
lack of effect of Vas-2870 on ERK1/2 phosphorylation could be due to 
Vas-2870 effects that are independent of EGFR-mediated ERK1/2 acti-
vation. Overall, results support the concept that the inhibition of NOX 
and consequent decreased O2

.-/H2O2 production in part contribute to the 
inhibition by Hex of EGF-mediated EGFR activation. Recent evidence 
showed that dysregulation of cell redox balance also affects EGFR 

Fig. 7. Effects of Hex on EGFR internalization. Caco-2 cells were treated 
with 2.5, 5, and 10 μM Hex for 30 min at 37 ◦C in the presence (A) or the 
absence (B) of 10 ng/ml EGF, then incubated at 4 ◦C for 30 min to allow ligand- 
receptor binding, and lastly, cells were placed at 37 ◦C for 15 min to allow 
receptor internalization. The Hex 10 ± condition corresponds to cells from 
which Hex was removed after 30 min of pre-incubation. The amount of cell 
surface EGFR was measured by cell-ELISA assay with an anti-EGFR antibody as 
described in Methods. Values were referred to those for: (A) cells treated only 
with EGF and (B) cells incubated in the absence of EGF. Results are shown as 
means ± SEM of three independent experiments. Values having different su-
perscripts are significantly different (p < 0.05, One way ANOVA). 
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Fig. 8. Effect of Hex on the internaliza-
tion and localization of the EGFR. Caco-2 
cells were incubated with 10 μM Hex for 30 
min at 37 ◦C and subsequently in the 
absence/presence of EGF (10 ng/ml) for 10 
and 20 min. Cells were fixed, permeabilized, 
and incubated with antibodies for EGFR 
(green fluorescence) and LAMP1 (red fluo-
rescence). Nuclei were stained using Hoescht 
33,342 (blue fluorescence). Confocal images 
were acquired. Yellow fluorescence indicates 
co-localization of EGFR and LAMP-1. . (For 
interpretation of the references to color in 
this figure legend, the reader is referred to 
the Web version of this article.)   

Fig. 9. Hex upregulates events leading to 
EGFR internalization and degradation. 
(A) Serum starved Caco-2 cells were incu-
bated with/without Hex (2.5, 5, 10 μM) for 
30 min and subsequently in the absence/ 
presence of EGF (10 ng/ml) for 10 min. 
EGFR phosphorylation at Tyr 1045 was 
measured by Western blot. (B, upper panel) 
cells were incubated with/without 5 μM Hex 
for 30 min at 37 ◦C and subsequently in the 
absence or presence of 10 ng/ml EGF for 15 
min. The EGFR was immunoprecipitated as 
described in Methods. Levels of p (Tyr1045)- 
EGFR, ubiquitin, c-Cbl and EGFR were 
measured in the immunoprecipitate by 
Western blot. Results are expressed as 
phosphorylated or co-immunoprecipitated 
protein/total EGFR levels and were referred 
to controls (1, dashed line). Results are 
shown as mean ± SEM of three independent 
experiments. Values having different super-
scripts are significantly different (p < 0.05, 
One way ANOVA). (B, lower panel): con-
trols for the specificity of the immunopre-
cipitation. Images of whole membranes for 
each protein are included in Supplemental 
Fig. 1.   
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nuclear localization and EGF-regulated gene expression in lung tumor 
cells, promoting tumorigenesis [58]. Although we have not measured 
these nuclear events, the redox regulation of EGFR nuclear localization 
could be another potential mechanism involved in the modulation by 
Hex of the EGFR pathway. 

Hex promoted EGFR internalization both in the absence and in the 
presence of EGF. Internalized EGFR can eventually continue signaling 
from endosomes, and subsequently be degraded into lysosome or recy-
cled to the plasma membrane [59]. The phosphorylation of the EGFR at 
Tyr1045 provides a docking site for the ubiquitin ligase c-Cbl, resulting 
in EGFR ubiquitylation. This signals the removal of the receptor from the 
cell membrane via endocytosis into an early endosomal compartment 
for subsequent degradation [60,61]. In support of the involvement of 
this mechanism in the action of Hex on EGFR internalization, in 
EGF-stimulated Caco-2 cells, Hex promoted EGFR Tyr 1045 phosphor-
ylation, the binding of c-Cbl and receptor ubiquitylation. Given that the 
EGFR could continue to signal from endosomes after its internalization 
[62], receptor lysosomal degradation and termination of the cascade is a 
crucial event in inhibiting this oncogenic pathway. In support of such 
mechanism, immunohistochemistry analysis showed that Hex promoted 
EGFR internalization and targeted the receptor to lysosomes. Choles-
terol- and sphingolipid-enriched raft domains shape the localization of 
EGFR at the plasma membrane, and determine the ability of the receptor 
to internalize [63]. Disruption of cholesterol-containing domains in-
duces EGFR clustering and inhibits endocytosis [64,65]. Findings that 
Hex preferentially binds cholesterol at both Caco-2 cell membranes and 
lipid-like liposomes [28] suggest that these interactions can participate 
in the currently observed capacity of Hex to promote EGFR 
internalization. 

In Caco-2 cells, the EGF receptor was found associated with flotillin-1 
within raft domains and it has been demonstrated that in mammal cells, 
endocytosis of flotillin-1-containing cargos is clathrin-independent 
(NCE) [66]. Physiologically, the EGFR-NCE pathway occurs at high 
EGF concentrations (>10–100 ng/ml), requires EGFR ubiquitylation, 
and is critical for the negative regulation of EGFR signaling by directing 
the receptor to lysosomes for degradation [67,68]. Current evidence 
suggest that Hex induced EGFR endocytosis through the 
flotillin-1-associated NCE route which defines receptor fate towards 
ubiquitination and degradation in EGF-stimulated cells. In the absence 
of Hex and at a high, nearly saturating, concentration of EGF (10 ng/ml), 
EGFR phosphorylation at Tyr 1045 increased, but c-Cbl binding and 
ubiquitylation did not follow up. This suggests that this mechanism of 
negative regulation of EGFR signaling is impaired in Caco-2 cells even in 
the presence of excess stimulus. Such alteration would contribute to the 
overactivation of the EGFR pathway and the promotion of cell prolif-
eration and resistance to apoptosis. Importantly, Hex reactivated EGFR 
Tyr1045 phosphorylation, c-Cbl binding and EGFR ubiquitylation which 
would promote EGFR degradation and contribute to signaling inacti-
vation and cell growth inhibition. 

In summary, the present study provides evidence that the capacity of 
high molecular weight PAC to exert anti-proliferative and pro-apoptotic 
actions in CRC cells occurs in part through the inhibition of EGFR- 
initiated signaling cascades. Hex acted modulating the EGFR pathway 
at different levels and through redox and non-redox mechanisms 
including: i) the inhibition of EGFR dimerization, ii) the inhibition of 
EGF-mediated activation of NOX and O2

.-/H2O2 production, decreasing 
EGFR activation/duration, iii) the promotion of EGFR internalization, 
and iv) the upregulation of EGFR degradation pathways. Considering 
that the over-activation or over-expression of the EGFR is implicated in 
the carcinogenic transformation of normal intestinal epithelial cells, the 
identification of dietary compounds that inactivate the EGFR, would 
help design dietary strategies for cancer chemoprevention. Furthermore, 
the synergistic activity of Hex with Erlotinib stresses the relevance of 
diet-chemotherapy interactions in optimizing anti CRC therapeutic 
approaches. 
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